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Preface

Less than 20 years ago the field of cannabis and the cannabinoids was still con-
sidered a minor, somewhat quaint, area of research. A few groups were active in
the field, but it was already being viewed as stagnating. The chemistry of cannabis
was well known, ∆9-tetrahydrocannabinol (∆9-THC), identified in 1964, being the
only major psychoactive constituent and cannabidiol, which is not psychoactive,
possibly contributing to some of the effects. These cannabinoids and several syn-
thetic analogs had been thoroughly investigated for their pharmacological effects.
Their mode of action was considered to be non-specific. The reasons for this as-
sumption were both technical and conceptual. On the technical side, it had been
shown that THC was active in both enantiomeric forms (though with a different
level of potency) and this observation was incompatible with action on biological
substrates—a receptor, an enzyme, an ion channel—which react with a single
stereoisomer only. The conceptual problem related to THC activity. This had been
pointed out by several highly regarded research groups that had shown that many
of the effects seen with cannabinoids were related to those of biologically active
lipophiles, and that many of the effects of THC, particularly chronic ones, were
comparable to those seen with anaesthetics and solvents. The technical problems
were eliminated when it was found, by several groups, that cannabinoid action is
actually stereospecific andmostof thepreviouswork,whichhadpointed toadiffer-
ent conclusion, was based on insufficiently purified samples. The conceptual hurdle
was overcome when Allyn Howlett’s group in 1988 brought out the first evidence
that a specific cannabinoid receptor exists in the brain. This receptor was cloned
shortly thereafter and a second receptor, which is not present in the brain, was
identified in the periphery. As, presumably, receptors do not exist in mammalian
brains for the sake of a plant constituent, several groups went ahead looking for
endogenous cannabinoids. The first such endocannabinoid, named anandamide,
was reported in 1992, and a second major one, 2-arachidonoylglycerol (2-AG), was
discovered in 1995. Several additional, apparently minor ones are now known.
A research flood followed. Antagonists to both receptors have been synthesized,
specific enzymes, which regulate endocannabinoid levels, have been found, and the
biosynthetic and degradation patterns have been established. The endocannabi-
noid system has turned out to be of major biochemical importance. It is involved in
many of our physiological processes—in the nervous, digestive, reproductive, pul-
monary and immune systems. Endocannabinoids enhance appetite, reduce pain,
act as neuroprotectants and regulators of cytokine production and are somehow
involved in the extinction of memories—to mention just a few of their effects.



VIII Preface

At cannabinoid meetings in the past, very few representatives of the pharmaceu-
tical companies were present. Now the picture has changed. At least two synthetic
cannabinoids are in advanced phase III clinical trials. SR-141716, a CB1 antagonist,
developed by Sanofi, represents a new type of appetite modulator, and HU-211,
developed by Pharmos, is a neuroprotectant in head trauma. If the clinical trials are
successful, both drugs may represent pharmaceutical breakthroughs in important
therapeutic areas. Numerous companies are following in their footsteps. Other
clinical conditions apparently are also being looked into. Sleep disorders, inflam-
matory conditions, neurodegenerative diseases, liver cirrhosis and even cancer
represent possible targets.

What can we expect in the future? Compared to the classical neurotransmit-
ters dopamine, serotonin, norepinephrine, and acetylcholine, we still know very
little about anandamide and 2-AG. There are strong indications that additional
anandamide/cannabinoid receptors exist, but their identification and cloning is
still elusive. As both anandamide and 2-AG are arachidonic acid derivatives,
their leukotriene-type and prostaglandin-type metabolites may be of biological
importance—but, are they? It has been shown that the cannabinoids are rather
unique retrograde messengers at the synapse. But the actual messengers have not
been identified. Are they anandamide and 2-AG? There are initial indications that
the endocannabinoid system is involved in numerous, additional, unrelated bio-
logical conditions suchas stress, bone formation, aggression, addictive behaviours.
We know very little of any possible endocannabinoid involvement. And the list is
long.

People smoke cannabis in order to change their mood. The tricyclic cannabi-
noids (and possibly the endocannabinoids) certainly alter mood, social behaviour
and emotions. But we know next to nothing of the chemistry of emotions. Until
quite recently the field of emotions was left to the poets and some psychologists
and psychiatrists. From the point of view of a chemist or a pharmacologist, un-
fortunately, we have very few tools to approach problems of emotions. Could the
endocannabinoids represent such tools?

The present book is an outstanding summary of many aspects of cannabinoid
research. It represents a stepping-stone to many unsolved problems in biochem-
istry, pharmacology, physiology and the clinic. Perhaps it will help generate novel
ideas, such as how to approach the scientific study of emotions.

Spring, 2005

Professor Raphael Mechoulam

Department of Medicinal Chemistry
and Natural Products, Medical Faculty,
Hebrew University,
Jerusalem 91120, Israel
(e-mail: mechou@cc.huji.ac.il)
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Abstract Mammalian tissues express at least two types of cannabinoid receptor,
CB1 andCB2, bothGproteincoupled.CB1 receptors are expressedpredominantly at
nerve terminalswhere theymediate inhibitionof transmitter release. CB2 receptors
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are found mainly on immune cells, one of their roles being to modulate cytokine
release. Endogenous ligands for these receptors (endocannabinoids) also exist.
These are all eicosanoids; prominent examples include arachidonoylethanolamide
(anandamide) and 2-arachidonoyl glycerol. These discoveries have led to the de-
velopment of CB1- and CB2-selective agonists and antagonists and of bioassays
for characterizing such ligands. Cannabinoid receptor antagonists include the
CB1-selective SR141716A, AM251, AM281 and LY320135, and the CB2-selective
SR144528 and AM630. These all behave as inverse agonists, one indication that
CB1 and CB2 receptors can exist in a constitutively active state. Neutral cannabi-
noid receptor antagonists that seem to lack inverse agonist properties have recently
also been developed. As well as acting on CB1 and CB2 receptors, there is convinc-
ing evidence that anandamide can activate transient receptor potential vanilloid
type 1 (TRPV1) receptors. Certain cannabinoids also appear to have non-CB1,
non-CB2, non-TRPV1 targets, for example CB2-like receptors that can mediate
antinociception and “abnormal-cannabidiol” receptors that mediate vasorelax-
ation and promote microglial cell migration. There is evidence too for TRPV1-like
receptors on glutamatergic neurons, for α2-adrenoceptor-like (imidazoline) re-
ceptors at sympathetic nerve terminals, for novel G protein-coupled receptors for
R-(+)-WIN55212 and anandamide in the brain and spinal cord, for novel recep-
tors for ∆9-tetrahydrocannabinol and cannabinol on perivascular sensory nerves
and for novel anandamide receptors in the gastro-intestinal tract. The presence
of allosteric sites for cannabinoids on various ion channels and non-cannabinoid
receptors has also been proposed. In addition, more information is beginning to
emerge about the pharmacological actions of the non-psychoactive plant cannabi-
noid, cannabidiol. These recent advances in cannabinoid pharmacology are all
discussed in this review.

Keywords Cannabinoid receptors · Cannabinoid receptor agonists and antago-
nists · Abnormal-cannabidiol · Cannabidiol · Inverse agonism

1
Introduction

“Cannabinoid” was originally the collective name given to a set of oxygen-contain-
ing C21 aromatic hydrocarbon compounds that occur naturally in the plant Canna-
bis sativa (ElSohly 2002; Mechoulam and Gaoni 1967). However, this term is now
generally also used for all naturally occurring or synthetic compounds that can
mimic theactionsofplant-derivedcannabinoidsor thathave structures that closely
resemble those of plant cannabinoids. Consequently, a separate term, “phyto-
cannabinoid”, has been coined for the cannabinoids produced by cannabis (Pate
1999). One phytocannabinoid, ∆9-tetrahydrocannabinol (∆9-THC; Fig. 1), has at-
tracted particular attention. This is because it is the main psychoactive constituent
of cannabis (reviewed in Pertwee 1988) and because it is one of just two cannabi-
noids to be licensed for medical use, the other being nabilone (Cesamet; Fig. 2),
a synthetic analogue of ∆9-THC (reviewed in the chapter by Robson, this vol-
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Fig. 1. The structures of four plant cannabinoids, ∆9-THC, ∆8-THC, cannabinol and cannabidiol

Fig. 2. The structure of nabilone

ume). Because of its high lipid solubility and low water solubility, ∆9-THC was
long thought to owe its pharmacological properties to an ability to perturb the
phospholipid constituents of biological membranes (reviewed in Pertwee 1988).
However, all this changed in the late 1980s with the discovery in mammalian tissues
of specific cannabinoid receptors.

Two types of cannabinoid receptor have so far been identified (reviewed in
Howlett et al. 2002). These are CB1, cloned in Tom Bonner’s laboratory in the USA
in 1990, and CB2, cloned by Sean Munro in the UK in 1993. Both these receptors
are coupled through Gi/o proteins, negatively to adenylate cyclase and positively
to mitogen-activated protein kinase. CB1 receptors are also coupled through Gi/o

proteins, positively to A-type and inwardly rectifying potassium channels and
negatively to N-type and P/Q-type calcium channels and to D-type potassium
channels. In addition, there are reports that CB1 and CB2 receptors can enhance
intracellular free Ca2+ concentrations (Fan and Yazulla 2003; Rubovitch et al. 2002;
Sugiura et al. 1996, 1997, 2000). It is unclear whether this enhancement is Gi/o
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mediated. In experiments with NG108-15 cells, Sugiura et al. (1996) found CB1-
mediated increases in intracellular free Ca2+ levels to be abolished by pretreatment
with pertussis toxin, pointing to an involvement of Gi/o proteins. However, in
experiments with N18TG2 neuroblastoma cells, Rubovich et al. (2002) reported
that pertussis toxin failed to prevent CB1-mediated enhancement of intracellular
free Ca2+ levels by low concentrations of desacetyl-l-nantradol, a cannabinoid
receptor agonist (Sect. 3.1), and instead unmasked a stimulatory effect of higher
concentrations of this agonist that in the absence of pertussis toxin did not alter
intracellular free Ca2+ levels at all. Rubovich et al. (2002) also obtained evidence
that the stimulatory effect of desacetyl-l-nantradol on intracellular Ca2+ release
depended on an ability to delay the inactivation of open L-type voltage-dependent
calciumchannelsand that itwasmediatedmainlybycyclicAMP-dependentprotein
kinase (PKA).

Although there is no doubt that Gi/o proteins play a major role in cannabinoid
receptor signalling, there is also no doubt that transfected and naturally expressed
CB1 receptors can act through Gs proteins to activate adenylate cyclase (Calandra et
al. 1999; Glass and Felder 1997; Maneuf and Brotchie 1997). The extent to which CB1

receptors signal through Gs proteins may be determined by CB1 receptor location
or by cross-talk with colocalized G protein-coupled non-CB1 receptors (Breivogel
and Childers 2000; Calandra et al. 1999; Glass and Felder 1997; Jarrahian et al.
2004). As proposed by Calandra et al. (1999), it is also possible that there are
distinct subpopulations CB1 receptors, one coupled to Gi/o proteins and the other
to Gs. Additional signalling mechanisms for cannabinoid CB1 and CB2 receptors
have been proposed and descriptions of these can be found elsewhere (Howlett et
al. 2002; see also the chapter by Howlett, this volume).

CB1 receptors are expressed by central and peripheral neurons and also by some
nonneuronal cells (reviewed in Howlett et al. 2002; Pertwee 1997; see also the chap-
ter by Mackie, this volume). Within the central nervous system, the distribution
pattern of CB1 receptors is heterogeneous and can account for several of the char-
acteristic pharmacological properties of CB1 receptor agonists. For example, the
presence of large populations of CB1 receptors in cerebral cortex, hippocampus,
caudate-putamen, substantia nigra pars reticulata, globus pallidus, entopeduncu-
lar nucleus and cerebellum, as well as in some areas of the brain and spinal cord
that process or modulate nociceptive information, probably accounts for the ability
of CB1 receptor agonists to impair cognition and memory, to alter the control of
motor function and to produce antinociception (reviewed in Iversen 2003; Pertwee
2001; see also the chapters by Riedel and Davies, Fernández-Ruiz and González,
and Walker and Hohmann, this volume). Some CB1 receptors are located at central
and peripheral nerve terminals. Here they modulate the release of excitatory and
inhibitory neurotransmitters when activated (Howlett et al. 2002). Although the
effect of CB1 receptor agonists on release that has been most often observed is
one of inhibition, there has been one report that the CB1/CB2 receptor agonist,
R-(+)-WIN55212 (Sect. 3.1), can act through CB1 receptors to stimulate release of
glutamate from primary cultures of rat cerebral cortical neurons (Ferraro et al.
2001). This effect, which disappeared when the concentration of R-(+)-WIN55212
was increased from 1 or 10 nM to 100 nM, was most probably triggered by cal-
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Fig. 3. The structures of five putative endogenous cannabinoids

cium released from inositol 1,4,5-triphosphate-controlled intracellular stores in
response to a CB1 receptor-mediated activation of phospholipase C. CB2 receptors
are expressed mainly by immune cells that include lymphocytes, macrophages,
mast cells, natural killer cells, peripheral mononuclear cells and microglia (re-
viewed in Howlett et al. 2002; Pertwee 1997; see also the chapter by Cabral and
Staab, this volume). Less is known about the roles of CB2 than of CB1 receptors,
although there is good evidence that CB2 receptors can trigger microglial cell mi-
gration (Sect. 4.1.5) and regulate cytokine release. Thus, one property CB1 and CB2

receptors share is the ability to modulate ongoing release of chemical messengers.
The discovery of cannabinoid receptors was followed by the demonstration that

mammalian tissues can produce endogenous agonists for these receptors, all of
whichhave so farproved tobederivativesof arachidonicacid (reviewed inDiMarzo
et al. 1998; Hillard 2000; Mechoulam et al. 1998; see also the chapter by Di Marzo
et al., this volume). The most investigated of these “endocannabinoids” have been
arachidonoylethanolamide (anandamide) and 2-arachidonoyl glycerol (Fig. 3),
bothofwhicharesynthesizedondemandrather thanstored.Othercompounds that
may be endocannabinoids include 2-arachidonylglyceryl ether (noladin ether), O-
arachidonoylethanolamine (virodhamine) and N-arachidonoyldopamine (How-
lett et al. 2002; Porter et al. 2002; Walker et al. 2002). Endocannabinoids together
with cannabinoid receptors constitute what is now usually referred to as the “en-
docannabinoid system”. It is likely that endocannabinoids function as both neu-
romodulators and immunomodulators and indeed, there is already evidence that
within the central nervous system they serve as retrograde synaptic messengers
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(reviewed in the chapter by Vaughan and Christie, this volume). There is also evi-
dence that following their release, anandamide and 2-arachidonoyl glycerol enter
cells by a combination of simple diffusion and facilitated, carrier-mediated trans-
port (reviewed in Hillard and Jarrahian 2003) and are then metabolized by intra-
cellular enzymes, anandamide by fatty acid amide hydrolase and 2-arachidonoyl
glycerol mainly by monoacylglycerol lipase (monoglyceride lipase) but also by
fatty acid amide hydrolase (reviewed in Cravatt and Lichtman 2002; Dinh et
al. 2002; Ueda 2002; van der Stelt and Di Marzo 2004; see also the chapter by
Di Marzo et al., this volume). Noladin ether also seems to be a substrate for
anandamide/2-arachidonoyl glycerol membrane transporter(s) (Fezza et al. 2002).
The processes responsible for the production, membrane transport and enzymic
inactivation of endocannabinoids are all pharmacological targets through which
the activity of the endocannabinoid system can or might be modulated to ex-
perimental or therapeutic advantage (reviewed in the chapters by Howlett and
by Di Marzo et al., this volume). There is evidence that such modulation may
also take place naturally as a result of the co-release of endogenous fatty acid
derivatives such as palmitoylethanolamide and oleamide, which can potentiate
anandamide, or of 2-linoleyl glycerol and 2-palmitoyl glycerol, which can poten-
tiate 2-arachidonoyl glycerol (Mechoulam et al. 1998). For anandamide, mecha-
nisms through which co-released ligands induce this “entourage effect” include
not only inhibition of its metabolism by fatty acid amide hydrolase but also in-
creases in the sensitivity of CB1 or vanilloid receptors or of other pharmacological
targets for anandamide through allosteric or other mechanisms (De Petrocel-
lis et al. 2001b, 2002; Franklin et al. 2003; Mechoulam et al. 1998; Smart et al.
2002).

This chapter describes the in vitro and in vivo bioassays that have been most
widely used to characterize ligands for CB1 and/or CB2 receptors and reviews the
ability of compounds commonly used in cannabinoid research as experimental
tools to activate or block these receptors. The likelihood that the most widely
used cannabinoid receptor antagonists are inverse agonists rather than neutral
antagonists is also discussed, as is evidence for the presence in mammalian tissues
of non-CB1, non-CB2 pharmacological targets for cannabinoids.

2
Bioassays for Characterizing CB1 and CB2 Receptor Ligands

2.1
In Vitro Binding Assays

Several cannabinoid receptor ligands have been radiolabelled with tritium, and
these have been used both to determine the CB1 and CB2 receptor affinities of unla-
belled cannabinoids in displacement assays and to establish the tissue distribution
patterns of these receptors (reviewed in Howlett et al. 2002; Pertwee 1999a). As
indicated in Tables 1, 2 and 3, some of these compounds bind more readily to CB1

or to CB2 receptors, whilst the others bind more or less equally well to both these
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Table 1. Typical dissociation constant (KD) values of radiolabelled ligands at cannabinoid receptor CB1 and
CB2 binding sites

Radioligand Source of membranes Receptor KD (nM) Reference(s)

[3H]SR141716A Rat braina rCB1 0.19–1.20 For references,
Guinea-pig forebrain g-pCB1 1.24 see Pertwee 1999a

[123I]AM251 Rat cerebellum rCB1 0.25

[3H]R-(+)-WIN55212 Rat cerebellum rCB1 1.89, 4.67, 8.6
Guinea-pig forebrain g-pCB1 2.34
Cultured cellsb rCB1 2.60
Cultured cellsb hCB1 16.2, 11.9
Cultured cellsb hCB2 3.7, 3.8

[3H]HU-210 Rat brain minus brain stem rCB1 0.045
(HU-243) Cultured cellsb hCB2 0.061

[3H]CP55940 Cultured cellsb hCB1 0.4 to 3.3 For references,
Cultured cellsb rCB1 4 see Pertwee
Rat braina rCB1 0.07 to 2.3 1997, 1999a
Mouse whole brain mCB1 3.4
Cultured cellsb hCB2 0.2 to 7.4
Cultured cellsb mCB2 0.39

[3H]CP55940 Rat cerebellum rCB1 2.37 Mauler et al. 2002
Human cerebral cortex hCB1 1.29
Cultured cellsb hCB1 1.10
Cultured cellsb hCB2 4.20

[3H]BAY 38-7271 Rat cerebellum rCB1 1.84 Mauler et al. 2002
Human cerebral cortex hCB1 2.10
Cultured cellsb hCB1 2.91
Cultured cellsb hCB2 4.24

g-pCB1, Guinea-pig CB1 receptors; hCB1 and hCB2, human cannabinoid receptors; mCB1 and mCB2, mouse
cannabinoid receptors; rCB1 and rCB2, rat cannabinoid receptors.
aWhole brain or a discrete area.
bCells transfected with CB1 or CB2 receptors.

receptor types. It is noteworthy, therefore, that CB1 or CB2 selectivity can still be
achieved in displacement assays with the non-selective radiolabelled ligands by
using membranes obtained from cannabinoid receptor-free cultured cells that have
been transfected with CB1 or CB2 receptors or membranes obtained from brain
(CB1-rich) or spleen (CB2-rich). Some care is needed in interpreting binding data
obtained with brain or spleen membranes. Thus, whilst there is little evidence that
CB2 receptors are expressed by central neurons, these receptors are expressed by
microglial cells (Howlett et al. 2002). Similarly, although it is mainly CB2 receptors
that are present in spleen, this tissue also expresses some CB1 receptors (reviewed
in Howlett et al. 2002; Pertwee 1997). Moreover, there is growing evidence for
the presence in brain and other tissues of non-CB1, non-CB2 cannabinoid recep-
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Table 2. Examples of K i values of certain cannabinoid CB1 and/or CB2 receptor agonists for the in vitro
displacement of [3H]CP55940, [3H]HU243 or [3H]BAY-38-7271 from CB1- and CB2-specific binding sites
(continued on next page)

Agonist CB1 CB2 Reference
K i value (nM) K i value (nM)

CB1-selective agonists in order of decreasing CB1/CB2 selectivity
ACEA 1.4a,b >2,000a,b Hillard et al. 1999

5.29a,b 195c Lin et al. 1998
O-1812 3.4b 3,870b Di Marzo et al. 2001
ACPA 2.2a,b 715a,b Hillard et al. 1999
2-Arachidonyl glyceryl ether 21.2b >3,000d Hanus et al. 2001
R-(+)-methanandamide 17.9a,b 868c Lin et al. 1998

20a,b 815c Khanolkar et al. 1996
28.3b 868c Goutopoulos et al. 2001

Agonists without any marked CB1 or CB2 selectivity
Anandamide 61a,b 1,930c Lin et al. 1998

78.2a,b 1,926c Khanolkar et al. 1996
89a 371a Showalter et al. 1996

543 1,940 Felder et al. 1995
71.7a,b 279a,b Hillard et al. 1999

252e,d 581e,d Mechoulam et al. 1995
BAY 38-7271 1.85f 5.96f Mauler et al. 2002
2-Arachidonoyl glycerol 472e,d 1,400e,d Mechoulam et al. 1995

58.3e,d 145e,d Ben-Shabat et al. 1998
O-1057 4.4 11.2 Pertwee et al. 2000
HU-210 0.0608 0.524 Felder et al. 1995

0.1e,b 0.17e Rhee et al. 1997
0.73 0.22 Showalter et al. 1996

CP55940 5 1.8 Ross et al. 1999a
3.72 2.55 Felder et al. 1995
1.37b 1.37b Rinaldi-Carmona et al. 1994
0.58 0.69 Showalter et al. 1996
0.50a,b 2.80a,b Hillard et al. 1999

∆9-THC 53.3 75.3 Felder et al. 1995
39.5e,b 40e Bayewitch et al. 1996
40.7 36.4 Showalter et al. 1996
80.3e,b 32.2e Rhee et al. 1997
35.3b 3.9b Rinaldi-Carmona et al. 1994
5.05 3.13 Iwamura et al. 2001

Nabilone 1.84 2.19 Gareau et al. 1996
∆8-THC 47.6b 39.3c Busch-Petersen et al. 1996

44b 44 Huffman et al. 1999
Cannabinol 211.2e,b 126.4e Rhee et al. 1997

308 96.3 Showalter et al. 1996
1,130 301 Felder et al. 1995

CP56667 61.7 23.6 Showalter et al. 1996
R-(+)-WIN55212 9.94b 16.2b Rinaldi-Carmona et al. 1994

4.4a,b 1.2a,b Hillard et al. 1999
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Table 2. (continued)

Agonist CB1 CB2 Reference
K i value (nM) K i value (nM)

1.89 0.28 Showalter et al. 1996
62.3 3.3 Felder et al. 1995

123 4.1 Shire et al. 1996
9.87 0.29 Iwamura et al. 2001

CB2-selective agonists in order of increasing CB2/CB1 selectivity
AM1241 280b 3.4c Ibrahim et al. 2003
3-(1′1′-dimethylbutyl)-1- 677b 3.4 Huffman et al. 1999
deoxy-∆8-THC (JWH-133)

L-759633 1,043 6.4 Ross et al. 1999a
15,850 20 Gareau et al. 1996

L-759656 529b 35 Huffman et al. 1999
713b 57 Huffman et al. 2002

4,888 11.8 Ross et al. 1999a
>20,000 19.4 Gareau et al. 1996

HU-308 >10,000e,b 22.7e,d Hanus et al. 1999

See Figs. 1 to 9 for the structures of the compounds listed in this table.
DMH, dimethylheptyl; ND, not determined; THC, tetrahydrocannabinol.
aWith phenylmethylsulphonyl fluoride (PMSF) in order to inhibit enzymic hydrolysis.
bBinding to rat cannabinoid receptors on transfected cells or on brain (CB1) or spleen tissue (CB2).
cBinding to mouse brain (CB1) or spleen tissue (CB2).
dSpecies unspecified. All other data from experiments with human cannabinoid receptors.
eDisplacement of [3H]HU243 from CB1- and CB2-specific binding sites.
fDisplacement of [3H]BAY-38-7271 from CB1- and CB2-specific binding sites.

tors to which at least some CB1 and/or CB2 receptor ligands can bind (Sect. 4).
Radiolabelled probes for single photon emission computed tomography (SPECT)
or positron emission tomography (PET) have also been developed (reviewed in
Gifford et al. 2002; see also the chapter by Lindsey et al., this volume).

2.2
In Vitro Functional Bioassays

2.2.1
Assays Using Whole Cells or Cell Membranes

The most commonly employed assays using whole cells or cell membranes are
the [35S]guanosine-5′-O-(3-thiotriphosphate) ([35S]GTPγS) binding assay and the
cyclic AMP assay. The first measures cannabinoid receptor agonist-stimulated
binding to G proteins of the hydrolysis-resistant GTP analogue, [35S]GTPγS,
whereas the cyclic AMP assay relies on cannabinoid receptor-mediated inhibition
(usual effect) or enhancement of basal or drug-induced cyclic AMP production
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Table 3. Ki values of cannabinoid receptor antagonists/inverse agonists for the in vitro displacement of
[3H]CP55940 from CB1- and CB2-specific binding sites

Ligand CB1 CB2 Reference
K i value (nM) K i value (nM)

CB1-selective antagonists/inverse agonists
NESS 0327 0.00035a 21a Ruiu et al. 2003
SR141716A 11.8 13,200 Felder et al. 1998

11.8 973 Felder et al. 1995
12.3 702 Showalter et al. 1996
5.6 >1,000 Rinaldi-Carmona et al. 1994
1.98b >1,000b Rinaldi-Carmona et al. 1994
1.8a 514a Ruiu et al. 2003

AM281 12b 4,200a Lan et al. 1999a
AM251 (compound 12) 7.49b 2,290a Lan et al. 1999b
LY320135 141 14,900 Felder et al. 1998

CB2-selective antagonists/inverse agonists
AM 630 5,152 31.2 Ross et al. 1999a
SR144528 437 0.60 Rinaldi-Carmona et al. 1998

305b 0.30b Rinaldi-Carmona et al. 1998
>10,000 5.6 Ross et al. 1999a

70a 0.28a Ruiu et al. 2003
50.3 1.99 Iwamura et al. 2001

See Figs. 10 and 11 for the structures of the compounds listed in this table.
aBinding to mouse brain (CB1) or spleen tissue (CB2).
bBinding to rat cannabinoid receptors on transfected cells or on brain (CB1) or spleen tissue (CB2).
All other data from experiments with human cannabinoid receptor.

(reviewed in Howlett et al. 2002; Pertwee 1997, 1999a). Both assays can be per-
formed with membranes obtained from brain tissue or from cultured cells that
express CB1 or CB2 receptors either naturally or after transfection. In addition, the
cyclic AMP assay can be performed with whole cells, including primary cultures of
central neurons, and the [35S]GTPγS assay can be used in autoradiography exper-
iments with tissue sections (Breivogel et al. 1997; Selley et al. 1996; Sim et al. 1995).
The cyclic AMP assay is more sensitive than the [35S]GTPγS assay. Presumably
this is because modulation of cyclic AMP production takes place further along the
signalling cascade than [35S]GTPγS binding so that there is greater signal amplifi-
cation. For the [35S]GTPγS assay, it is important to include guanosine diphosphate
(GDP) and sodium chloride at appropriate concentrations (Breivogel et al. 1998;
Selley et al. 1996; Sim et al. 1995). GDP increases the ratio of agonist-stimulated
to basal [35S]GTPγS binding (signal-to-noise ratio) but also decreases the abso-
lute levels of both agonist-stimulated and basal [35S]GTPγS binding. In addition,
it magnifies the differences in efficacy exhibited in this assay by full and partial
agonists (Savinainen et al. 2001). The signal-to-noise ratio in this bioassay can be
further improved by including an adenosine A1 receptor antagonist (Savinainen



Pharmacological Actions of Cannabinoids 11

et al. 2003). It has also proved possible to assay cannabinoid receptor agonists
by exploiting their ability to increase intracellular free Ca2+ levels (CB1 and CB2

agonists) (Bisogno et al. 2000; Rubovitch et al. 2002; Sugiura et al. 1996, 1997, 2000;
Suhara et al. 2001) or to inhibit lipopolysaccharide-induced release of tumour
necrosis factor-α (CB2 agonists) (Wrobleski et al. 2003). Some information about
the pharmacological properties of cannabinoid receptor ligands has also been ob-
tained using bioassays performed with cultured neurons that exploit the negative
coupling of the CB1 receptor to N- and P/Q-type calcium channels (reviewed in
Pertwee 1997, 1999a).

2.2.2
Isolated Nerve–Smooth Muscle Preparations

Preparations in which cannabinoid receptor agonists can act through neuronal
CB1 receptors to produce a concentration-related inhibition both of electrically-
evoked contractile transmitter release (Schlicker et al. 2003; Trendelenburg et
al. 2000) and of the contractions caused by this release (reviewed in Howlett
et al. 2002; Pertwee 1997; Pertwee et al. 1996a; Schlicker and Kathmann 2001)
are called isolated nerve–smooth muscle preparations. The ones most commonly
used are the mouse vas deferens and the myenteric plexus-longitudinal mus-
cle preparation of guinea-pig small intestine. However, CB1 receptor agonists
also show activity in other isolated nerve-smooth muscle preparations, for ex-
ample the rat vas deferens and the mouse urinary bladder. The usual mea-
sured response in these bioassays is inhibition of electrically evoked contrac-
tions, a response that can also be elicited in these tissues by agonists for several
types of non-cannabinoid receptor. Consequently, to establish whether or not the
production of such inhibition by a test compound is CB1 receptor-mediated, it
is necessary to measure the susceptibility of this compound to antagonism by
a selective CB1 antagonist. For the mouse vas deferens, an alternative strategy
for meeting this objective has been to exploit the ability of a cannabinoid re-
ceptor agonist (∆9-THC) to induce cannabinoid tolerance without affecting the
sensitivity of the twitch response to inhibition by non-cannabinoids (Pertwee
1997).

2.3
In Vivo Bioassays

Probably the most commonly used in vivo bioassay is the mouse tetrad assay, in
which the ability of a test compound to produce four effects in the same animal
is determined. These effects, hypokinesia, hypothermia, catalepsy in the Pertwee
ring test and antinociception in the tail-flick or hot plate test, are usually pro-
duced by a CB1 receptor agonist over a relatively narrow dose range (reviewed
in Howlett et al. 2002; Martin et al. 1995). One or other of these effects can be
produced by some centrally active non-CB1 receptor agonists or antagonists. How-
ever, when performed together, the tetrad tests provide at least some degree of
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selectivity since, in contrast to established CB1 receptor agonists, many other
classes of centrally active agent lack activity in at least one of the tests (Wiley and
Martin 2003). This feature of the tetrad assay was particularly important when
it was first devised, as selective CB1 receptor antagonists had still to be devel-
oped. Now that such antagonists are available (Sect. 3.2), there is less need for
a bioassay with CB1 receptor selectivity. Some non-CB1 receptor ligands do show
activity in all four tetrad tests. These include stearoylethanolamide (Maccarrone
et al. 2002), the anandamide analogue, O-2093 (Di Marzo et al. 2002), metabolites
of anandamide (reviewed in Pertwee and Ross 2002) and certain anti-psychotic
agents (Wiley and Martin 2003). Moreover, although the endocannabinoid anan-
damide shows cannabimimetic activity in the mouse tetrad assay, it is only an-
tagonized by SR141716A when protected from enzymic hydrolysis (reviewed in
Pertwee and Ross 2002). However, other CB1 receptor agonists do show suscep-
tibility to antagonism by SR141716A in this bioassay (reviewed in Howlett et al.
2002).

Other in vivo bioassays for CB1 receptor agonists include the dog static ataxia
test, the monkey behavioural test, the rat catalepsy test and the drug discrimination
test,which isusually carriedoutwithmonkeys, ratsorpigeons (reviewed inHowlett
et al. 2002; Martin et al. 1995). The potencies shown by some cannabinoids in drug
discrimination experiments performed with rats have been found to correlate
well with their psychoactive potencies in humans (Balster and Prescott 1992). In
vivo bioassays that provide measures of other CB1 receptor-mediated effects in
animals, for example changes in memory, have also been developed (reviewed
in Howlett et al. 2002; see also the chapter by Riedel and Davies, this volume).
However, these have not been used widely for characterizing novel cannabinoid
receptor ligands. Methods for evaluating cannabinoids in humans have also been
developed (Howlett et al. 2002).

2.4
Cannabinoid Receptor Knockout Mice

One important advance has been the development of transgenic CB1
–/–, CB2

–/– and
CB1

–/–/CB2
–/– mice that lack CB1, CB2 or both CB1 and CB2 receptors (reviewed

in Howlett et al. 2002; see also the chapters by Abood and by Valverde et al., this
volume). The availability of such animals provides a useful additional method
for establishing whether or not responses to test compounds are CB1 and/or CB2

receptor mediated and, indeed, an important means of detecting the presence of
new types of cannabinoid receptor (Sect. 4.1). Cannabinoid receptor knockout
mice are also being used to help determine the physiological roles of CB1 and CB2

receptors.
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3
CB1 and CB2 Cannabinoid Receptor Ligands

3.1
Cannabinoid Receptor Agonists

In terms of chemical structure, established cannabinoid receptor agonists fall
essentially into four main groups: classical, nonclassical, aminoalkylindole and
eicosanoid (reviewed in Howlett et al. 2002; Pertwee 1999a).

– Theclassical groupconsistsofdibenzopyranderivatives thatareeithercannabis-
derived compounds (phytocannabinoids) or their synthetic analogues. Notable
examples are the phytocannabinoids ∆9-THC, ∆8-THC and cannabinol (Fig. 1),
and the synthetic cannabinoids, 11-hydroxy-∆8-THC-dimethylheptyl (HU-210),
JWH-133, L-759633, L-759656, l-nantradol and desacetyl-l-nantradol (Figs. 4
and 5).

Fig. 4. The structures of five synthetic classical cannabinoids
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Fig. 5. The structures of four nonclassical cannabinoids

– Nonclassical cannabinoids consist of bicyclic and tricyclic analogues of ∆9-THC
that lack a pyran ring; examples include CP55940, CP47497, CP55244 and HU-
308 (Fig. 6). They are, therefore, closely related to the classical cannabinoids.

– Incontrast, theaminoalkylindolegroupofcannabinoidreceptoragonists (Fig. 7)
have structures that are completely different from those of other cannabinoids.
Indeed, results from experiments performed with wild-type and mutant CB1

receptors (Chin et al. 1998; Petitet et al. 1996; Song and Bonner 1996; Tao and
Abood 1998) suggest that R-(+)-WIN55212 (WIN55212-2), the most widely
investigated of the aminoalkylindoles, binds differently to the CB1 receptor
than classical, nonclassical or eicosanoid cannabinoids, albeit it in a man-
ner that still allows mutual competition between R-(+)-WIN55212 and non-
aminoalkylindole cannabinoids for binding sites on the wild-type receptor.

– Membersof theeicosanoidgroupofcannabinoidreceptoragonistshavemarked-
ly different structures both from the aminoalkylindoles and from classical and
nonclassical cannabinoids. Important members of this group are the endo-
cannabinoids, arachidonoylethanolamide(anandamide),O-arachidonoylethan-
olamine (virodhamine), 2-arachidonoyl glycerol and 2-arachidonyl glyceryl
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Fig. 6. The structures of four nonclassical cannabinoids. The (+)-enantiomer of CP55940 is CP56667

Fig. 7. The structures of R-(+)-WIN55212, JWH-015, AM1241, L-768242 and BML-190

ether (noladin ether) (Fig. 3) and several synthetic analogues of anandamide,
including R-(+)-methanandamide, arachidonyl-2′-chloroethylamide (ACEA),
arachidonylcyclopropylamide (ACPA), O-689 and O-1812 (Fig. 8) (Howlett et
al. 2002; Pertwee 1999a; Porter et al. 2002).
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Fig. 8. The structures of eight structural analogues of anandamide

Many cannabinoid receptor agonists exhibit marked stereoselectivity in phar-
macological assays, reflecting the presence of chiral centres in these compounds
(reviewed in Howlett et al. 2002). Classical and nonclassical cannabinoids with the
same absolute stereochemistry as (–)-∆9-THC at 6a and 10a, trans (6aR, 10aR), are
more active than their cis (6aS, 10aS) enantiomers, whilst R-(+)-WIN55212 is more
active than S-(–)-WIN55212. Although anandamide does not contain any chiral
centres, some of its synthetic analogues do. One of these is methanandamide, the
R-(+)-isomer of which exhibits nine times higher affinity for CB1 receptors than
the S-(–)-isomer (Abadji et al. 1994).

Several cannabinoid receptor agonists bind more or less equally well to CB1

and CB2 receptors (Table 2), although they do exhibit different relative intrinsic
activities at these receptors. Among these are HU-210, CP55940, R-(+)-WIN55212,
(–)-∆9-THC, anandamide and 2-arachidonoyl glycerol (reviewed in Howlett et al.
2002; Pertwee 1999a).

– HU-210 has particularly high affinity for both CB1 and CB2 receptors. It also
exhibits high relative intrinsic activities at these receptors. Indeed, it is remark-
ably potent as a cannabinoid receptor agonist and exhibits an exceptionally long
duration of action in vivo. The marked affinity and efficacy that HU-210 shows
at cannabinoid receptors is due largely to the replacement of the pentyl side
chain of ∆8-THC with a dimethylheptyl group.

– CP55940 and R-(+)-WIN55212 have CB1 and CB2 relative intrinsic activities of
the same order as those of HU-210 and, although they have lower CB1 and CB2

affinities than HU-210, are still reasonably potent as they bind to these receptors
at concentrations in the low nanomolar range.
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– (–)-∆9-THC has lower CB1 and CB2 affinities and relative intrinsic activities than
HU-210, CP55940 or R-(+)-WIN55212. Whilst it behaves as a partial agonist at
both these receptor types, it exhibits less efficacy at CB2 than at CB1 receptors
to the extent that in one bioassay system it has been found to behave as a CB2

receptor antagonist (Bayewitch et al. 1996). (–)-∆9-THC can also produce CB1

receptor antagonism. Thus, it has been found to oppose CB1 receptor activation
by the higher efficacy agonist, 2-arachidonoyl glycerol, in hippocampal cultures
that may have contained neurons with rather low CB1 receptor density (Kelley
and Thayer 2004). This it did with an IC50 of 42 nM, which is close to its reported
CB1 Ki values (Table 2).

– Anandamide resembles (–)-∆9-THC in its affinity for CB1 receptors, in behaving
as a CB1 and CB2 receptor partial agonist (Gonsiorek et al. 2000; Hillard 2000;
Mackie et al. 1993; Savinainen et al. 2001; Sugiura et al. 1996, 2000) and in having
lower CB2 than CB1 intrinsic activity (reviewed in Howlett et al. 2002; Pertwee
1999a). It has also been found that, like (–)-∆9-THC, anandamide can behave as
a CB2 receptor antagonist in at least one bioassay system (Gonsiorek et al. 2000).
In contrast to R-(+)-WIN55212, which has slightly higher CB2 than CB1 affinity,
anandamide binds marginally more readily to CB1 than to CB2 receptors.

– 2-Arachidonoyl glycerol is known to activate both CB1 and CB2 receptors. It
binds about equally well to both receptor types (Table 2) and has been reported
to exhibit greater CB1 intrinsic activity but less CB1 potency than CP55940
and greater CB1 intrinsic activity and potency than anandamide (Gonsiorek et
al. 2000; Savinainen et al. 2001, 2003; Sugiura et al. 1996). This endocannabi-
noid also has greater CB2 potency than anandamide or 1-arachidonoyl glycerol
(Gonsiorek et al. 2000; Sugiura et al. 2000).

One recently developed synthetic cannabinoid receptor agonist that interacts
almost as well with CB2 as with CB1 receptors (Tables 1 and 2) is BAY 38-7271 (De
Vry and Jentzsch 2002; Mauler et al. 2002, 2003). This compound has a structure
that is not classical, non-classical, aminoalkylindole or eicosanoid (Fig. 9).

Phytocannabinoids other than ∆9-THC that are known to activate cannabinoid
receptors are (–)-∆8-THC and cannabinol (reviewed in Pertwee 1999a). Of these,
(–)-∆8-THC resembles (–)-∆9-THC both in its CB1 and CB2 receptor affinities
(Table 2) and in its relative intrinsic activity at the CB1 receptor (Gérard et al.
1991; Howlett and Fleming 1984; Matsuda et al. 1990). Cannabinol also behaves as
a partial agonist at CB1 receptors but has even less relative intrinsic activity than
(–)-∆9-THC (Howlett 1987; Matsuda et al. 1990; Petitet et al. 1997, 1998). Whilst
there is one report that cannabinol activates CB2 receptors in the cyclic AMP assay
more effectively than ∆9-THC (Rhee et al. 1997), there is another that in the GTPγS
binding assay, it behaves as a CB2 receptor inverse agonist (MacLennan et al. 1998).

As to the endocannabinoid virodhamine, Porter et al. (2002) have shown that
this activates both CB1 and CB2 receptors. Their experiments with transfected
cells yielded CB1 and CB2 EC50 values in the GTPγS binding assay of 1.9 and
1.4 µM, respectively, for this endocannabinoid, indicating it to be less potent
than anandamide, 2-arachidonoyl glycerol or R-(+)-WIN55212. The CB2 intrinsic
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Fig. 9. The structures of BAY 38-7271, JTE-907, ajulemic acid and O-1057

activity of virodhamine matched that of anandamide which, however, behaved as
a full agonist in this investigation, suggesting that the CB2 expression level of the
cell line used may have been rather high. In contrast, the CB1 intrinsic activity
of virodhamine was less than that of anandamide, and indeed it was found that
virodhamine could attenuate anandamide-induced activation of CB1 receptors. No
binding data are yet available for virodhamine.

Turning now to potent cannabinoid receptor agonists that interact more readily
with CB1 or CB2 receptors, a number of these have been developed. The starting
point for all current CB1-selective agonists has been anandamide. Thus, results
from binding experiments have shown that it is possible to enhance the marginal
CB1 selectivity exhibited by anandamide by replacing a hydrogen atom on the
1′ or 2 carbon with a methyl group to form R-(+)-methanandamide or O-689
(Fig. 8) (Abadji et al. 1994; Showalter et al. 1996). As well as increasing CB1 se-
lectivity, insertion of a methyl group on the 1′ or 2 carbon of anandamide in-
creases resistance to the hydrolytic action of fatty acid amide hydrolase (FAAH)
(Abadji et al. 1994; Adams et al. 1995). Anandamide analogues that exhibit par-
ticularly marked CB1-selectivity in binding assays are ACEA, ACPA and a cyano
analogue of methanandamide (O-1812) (Table 2; Fig. 8). All three behave as potent
CB1 receptor agonists (Di Marzo et al. 2001; Hillard et al. 1999). O-1812 appears
to lack significant susceptibility to hydrolysis by FAAH, presumably because it
resembles R-(+)-methanandamide in having a methyl group attached to its 1′-
carbon. ACEA and ACPA, which do not have the 1′-carbon methyl substituent of
R-(+)-methanandamide, show no sign of reduced susceptibility to enzymic hy-
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Table 4. Ki values of certain other ligands for the in vitro displacement of [3H]CP55940 or [3H]HU243a from
CB1- and CB2-specific binding sites

Ligand CB1 CB2 Reference
K i value (nM) K i value (nM)

CB1-selective ligands in order of decreasing CB1/CB2 selectivity
R-N-(1-methyl-2-hydroxyethyl)- 7.42b,c 1,952d Goutopoulos et al. 2001

2-R-methyl-arachidonamide
O-585 8.6b 324b Showalter et al. 1996
O-689 5.7b 132b Showalter et al. 1996

Ligands without any marked CB1 or CB2 selectivity

Ajulemic acid (CT-3) 32.3a,c 170.5a Rhee et al. 1997
11-OH-cannabinol-DMH 0.1a,c 0.2a Rhee et al. 1997
3-(1′,1′-dimethyl-cyclohexyl)-∆8-THC 0.57 0.65 Krishnamurthy et al. 2003
11-OH-cannabinol 38a,c 26.6a Rhee et al. 1997
∆9-THC-DMH 0.241a,c 0.199a Rhee et al. 1997
Cannabinol-DMH 2a,c 1.5a Rhee et al. 1997
Cannabidiol 4,350 2,860 Showalter et al. 1996

>10a,c >10a,e Bisogno et al. 2001
11-OH-∆8-THC 25.8a,c 7.4a Rhee et al. 1997
1-Deoxy-∆8-THC-DMH 23c 2.9 Huffman et al. 1996
3-(1′,1′-cyclopropyl-heptyl)-∆8-THC 0.44c 0.86d Papahatjis et al. 2002
O-1184 5.25 7.41 Ross et al. 1999b
cis (6aS, 10aS)-3-(1′,1′-DMH)- 1,990 >10,000 Showalter et al. 1996

11-hydroxy-∆8-THC (HU-211)
Abnormal-cannabidiol >10,000 >10,000 Showalter et al. 1996

CB2-selective ligands in order of increasing CB1/CB2 selectivity
JWH-015 383 13.8 Showalter et al. 1996
1-Deoxy-11-hydroxy- 1.2c 0.032 Huffman et al. 1996

∆8-THC-DMH (JWH-051)
JTE-907 2,370 35.9 Iwamura et al. 2001
L-768242 1,917 12 Gallant et al. 1996
3-(1′1′-dimethylpropyl)- 2,290c 14 Huffman et al. 1999

1-deoxy-∆8-THC (JWH-139)
3-(1′1′-dimethylhexyl)- 3,134c 18 Huffman et al. 2002

1-methoxy-∆8-THC
1-Deoxy-∆8-THC >10,000c 32 Huffman et al. 1999

See Figs. 1, 4, 5, 7, 8, 9, 11 and 12 for the structures of some of the compounds listed in this table.
DMH, dimethylheptyl; ND, not determined; THC, tetrahydrocannabinol.
bWith phenylmethylsulphonyl fluoride (PMSF) in order to inhibit enzymic hydrolysis.
cBinding to rat cannabinoid receptors on transfected cells or on brain (CB1) or spleen tissue (CB2).
dBinding to mouse brain (CB1) or spleen tissue (CB2).
eSpecies unspecified. All other data from experiments with human cannabinoid receptors.

drolysis. Although insertion of this group into ACEA does markedly reduce the
susceptibility of this molecule to FAAH-mediated hydrolysis, it also decreases the
affinity of ACEA for CB1 receptors by about 14-fold (Jarrahian et al. 2000). R-N-(1-
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methyl-2-hydroxyethyl)-2-R-methyl-arachidonamide, which also exhibits marked
CB1-selectivity in binding assays (Table 4), has less metabolic stability than R-
(+)-methanandamide (Goutopoulos et al. 2001). Another CB1-selective agonist of
note is the endocannabinoid 2-arachidonyl glyceryl ether (Hanus et al. 2001), the
CB1 intrinsic activity of which has been reported to match that of CP55940 and
to be less than that of 2-arachidonoyl glycerol. 2-Arachidonyl glyceryl ether ex-
hibits less potency at CB1 receptors than either CP55940 or 2-arachidonoyl glycerol
(Savinainen et al. 2001, 2003; Suhara et al. 2000, 2001).

The best CB2-selective agonists to have been developed to date are all non-
eicosanoid cannabinoids (Howlett et al. 2002; Ibrahim et al. 2003; Pertwee 1999a).
They include the classical cannabinoids, L-759633, L-759656 and JWH-133, the
non-classical cannabinoid HU-308, and the aminoalkylindole AM1241 (Figs. 5, 6
and 7). All these ligands bind more readily to CB2 than to CB1 receptors (Table 2)
and have also been shown to behave as potent CB2-selective agonists in functional
bioassays (Hanus et al. 1999; Ibrahim et al. 2003; Pertwee 2000; Ross et al. 1999a).

One other cannabinoid receptor agonist of note is 3-(5′-cyano-1′,1′-dimethyl-
pentyl)-1-(4-N-morpholinobutyryloxy)-∆8-THC hydrochloride (O-1057). Thus,
unlike all established cannabinoid receptor agonists, this is readily soluble in
water and yet, compared to CP55940, its potency in the cyclic AMP assay is just
2.9 times less at CB1 receptors and 6.5 times less at CB2 receptors (Pertwee et al.
2000). The finding that it is possible to solubilize a cannabinoid and yet retain
pharmacological activity has important implications for cannabinoid delivery not
only in the laboratory but also in the clinic. As to structure–activity relationships
for cannabinoid receptor agonists, the salient features of these have been well de-
scribed elsewhere (Howlett et al. 2002; Pertwee 1999a). Recent findings of special
interest are that the CB1 and CB2 affinities of ∆8-THC can be greatly enhanced
both by replacing its C3 pentyl side chain with a 1′,1′-dimethyl-1′-cyclohexyl moi-
ety (Fig. 4; Table 4) (Krishnamurthy et al. 2003) and by changing this side chain
from pentyl to heptyl and introducing a cyclopropyl group at the 1′ position (Fig. 4;
Table 4) (Papahatjis et al. 2002).

3.2
Cannabinoid CB1 and CB2 Receptor Antagonists

3.2.1
Selective CB1 Receptor Antagonists

The first selective CB1 receptor antagonist, the diarylpyrazole SR141716A (Fig. 10),
was developed by Sanofi Recherche (Rinaldi-Carmona et al. 1994). This readily pre-
vents or reverses effects induced by cannabinoids at CB1 receptors, both in vitro
and in vivo (reviewed in Howlett et al. 2002; Pertwee 1997). It binds with signifi-
cantly higher affinity to CB1 than CB2 receptors (Table 3), lacks significant affinity
for a wide range of non-cannabinoid receptors and does not exhibit detectable
agonist activity at CB1 and CB2 receptors (Hirst et al. 1996; Rinaldi-Carmona et al.
1994, 1996a,b; Shire et al. 1996). Other established CB1-selective antagonists are
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Fig. 10. The structures of several CB1- or CB2-selective antagonists/inverse agonists

LY320135, AM251 and AM281 (Fig. 10). LY320135, developed by Eli Lilly, also binds
with lower affinity to CB1 than CB2 receptors (Table 3). However, its CB1 affinity
is less than that of SR141716A. Moreover, at concentrations in the low micromo-
lar range, LY320135 also binds to muscarinic and 5-hydroxytryptamine (5-HT)2

receptors (Ki<10 µM) and, at higher concentrations, to histamine H1 receptors
(KI=12.9 µM), α1- and α2-adrenoceptors and dopamine D1 and D2 receptors
(Felder et al. 1998).AM251andAM281areboth structural analoguesofSR141716A.
They have been found to displace [3H]SR141716A from binding sites on mouse
cerebellar membranes with respectively three and eight times less potency than
SR141716A (Gatley et al. 1998), and both compounds have also been shown to bind
more readily to CB1 than CB2 receptors (Table 3). There are numerous reports that,
like SR141716A, AM251 and AM281 can attenuate in vivo or in vitro responses to
established cannabinoid receptor agonists (e.g. Cosenza et al. 2000; Gifford et al.
1997; Hájos and Freund 2002a; Lan et al. 1999a; Simoneau et al. 2001).

Although SR141716A is CB1-selective, it is not CB1-specific. Thus, results from
binding experiments indicate that whilst it may be reasonable to assume that
concentrations of this ligand in the low or mid nanomolar range will interact
mainly with the CB1 receptors when it is applied to tissues that contain both CB1

and CB2 receptors, this is not so for higher concentrations of SR141716A (Table 3).
Results obtained in vitro from functional bioassays also suggest that CB1 receptors
are not the only pharmacological targets with which this compound can interact
at micromolar concentrations. For example, it has been found that SR141716A can
stimulate extracellular-signal-regulated protein kinase (ERK) at 1 µM (Berdyshev
et al. 2001) and antagonize anandamide-induced vasodilation in the mesenteric
arteries of CB1

–/– mice at 1 and 5 µM (Járai et al. 1999). In addition there are
reports that at concentrations above 1 µM, SR141716A can both block and activate
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transient receptor potential vanilloid type 1 (TRPV1) receptors (previously known
as VR1 receptors), suggesting that it may be a TRPV1 receptor partial agonist (De
Petrocellis et al. 2001a; Zygmunt et al. 1999), block adenosine A1 receptors (as can
AM251) (Savinainen et al. 2003), oppose vasorelaxation induced by acetylcholine
in ring preparations of rabbit preconstricted isolated superior mesenteric arteries
(Chaytor et al. 1999) and by bradykinin in human preconstricted myometrial small
arteries (Kenny et al. 2002), and block potassium and L-type calcium channels in
rat isolated mesenteric arteries (White and Hiley 1998) and gap junctions between
COS-7 cells (Chaytor et al. 1999).

Unexpectedly, in spite of the close similarity between the structures of AM251,
AM281 and SR141716A, differences in their pharmacological profiles have been
detected in vitro in experiments with cardiovascular tissue (reviewed in Pertwee
2004a). It has also been found that the ability of R-(+)-WIN55212 to reduce gluta-
matergic transmission is opposed by 1 µM SR141716A in CB1

–/– mouse hippocam-
pal slices but not by 2 µM AM251 in rat hippocampal slices (Hájos and Freund
2002a; Hájos et al. 2001).

3.2.2
Selective CB2 Receptor Antagonists

The most important selective CB2 receptor antagonists are the diarylpyrazole
SR144528 and the aminoalkylindole 6-iodopravadoline (AM630) (Fig. 10). Both
bind with markedly higher affinity to CB2 than CB1 receptors (Table 3) and prevent
or reverse in vitro effects mediated by CB2 receptors (Portier et al. 1999; Rinaldi-
Carmona et al. 1998; Ross et al. 1999a). Evidence also exists that on the one hand,
SR144528 lacks significant affinity for a wide range of established non-cannabinoid
receptors (Rinaldi-Carmona et al. 1998), and on the other hand it is an antagonist
for a putative CB2-like receptor that is activated by palmitoylethanolamide, a ligand
that does not have significant CB2 receptor affinity (Sect. 4.1.3). Interestingly, it has
proved possible to develop diarylpyrazoles with even greater CB2 selectivity and
affinity than SR144528 (Mussinu et al. 2003). This has been achieved by making
these molecules less flexible.

Turning now to AM630, particularly with regard to its behaviour at the CB1

receptor, there are several reports that when administered at concentrations in
the micromolar range, it exhibits the mixed agonist-antagonist properties typical
of a weak partial agonist for this receptor (reviewed in Pertwee 1999a). However,
there are also reports that AM630 can behave as a CB1 receptor inverse agonist
(Landsman et al. 1998; Vásquez et al. 2003).

3.3
Inverse Agonism at Cannabinoid Receptors

There is good evidence that when administered by itself in vivo or in vitro,
SR141716A is capable of producing inverse cannabimimetic effects, i.e. effects
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that are opposite in direction to those produced by the activation of CB1 receptors
(reviewed in Pertwee 2003). There are also reports that such inverse effects can
be induced by the other cannabinoid receptor antagonists described in Sect. 3.2:
AM251 (Vásquez et al. 2003), AM281 (Cosenza et al. 2000; Gifford et al. 1997; Izzo et
al. 2000; Vásquez et al. 2003), LY320135 (Felder et al. 1998) and AM630 (Sect. 3.2.2)
at CB1 receptors and SR144528 (Portier et al. 1999; Rinaldi-Carmona et al. 1998;
Ross et al. 1999b), AM630 (New and Wong 2003; Ross et al. 1999a) and AM251
(New and Wong 2003) at CB2 receptors. These effects include SR141716A- and
AM281-induced hyperkinesia in rats and/or mice (Compton et al. 1996; Cosenza
et al. 2000; Costa and Colleoni 1999) and the attenuation in vitro of CB1 or CB2

receptor signalling. Two other compounds, the CB2-selective ligands JTE-907 and
BML-190 (Figs. 7 and 9), also behave as CB2 receptor inverse agonists (Iwamura et
al. 2001; New and Wong 2003). However, whether JTE-907 or BML-190 produces
antagonism at CB2 receptors has not been reported.

Whereas some inverse cannabimimetic effects of SR141716A may be produced
as a result of antagonism of responses to endogenously released endocannabinoids,
there is evidence that others are not, prompting the hypothesis that this compound
is an inverse agonist that can elicit responses at CB1 receptors that are opposite in
direction from those elicited by conventional agonists. This turn has been taken to
indicate that CB1 receptors can exist in two or more interchangeable conformations
(reviewed in Pertwee 2003, 2005). More specifically, it has been proposed that these
are (1) a constitutively active “on” state in which the receptors are functionally
coupled to their effector mechanisms even in the absence of exogenously added
or endogenously produced cannabinoid receptor agonists and (2) one or more
“off” states in which the receptors are uncoupled from their effector mechanisms.
According to this hypothesis, agonists increase the proportion of receptors in the
“on” state, inverse agonists increase the proportion of receptors in the “off” state(s)
and neutral antagonists leave the number of receptors in each state unchanged.

There is evidence that SR141716A exhibits greater potency in opposing effects
induced by CB1 agonists than in producing inverse effects at CB1 receptors by
itself (e.g. Sim-Selley et al. 2001). This raises the possibilities, first, that SR141716A
may be a neutral CB1 receptor antagonist at low concentrations that exhibits
additional CB1 inverse agonist activity only at higher concentrations, and secondly,
that SR141716A may have two sites of action on the CB1 receptor, one at which
it displaces agonists to produce antagonism and another at which it somehow
induces inverse agonism, perhaps through an allosteric mechanism (Sim-Selley et
al. 2001).

Although it is likely that at least someof the inverseeffectsproducedbySR144528
or AM630 at CB2 receptors are also due to inverse agonism, no attempts have been
made to establish this conclusively. It is noteworthy, therefore, that the finding
that a maximal concentration of SR144528 enhances forskolin-stimulated cyclic
AMP production by human (h)CB2-transfected CHO cells considerably more than
a maximal concentration of AM630 (Ross et al. 1999a,b) can be better explained
in terms of inverse agonism at the CB2 receptor than in terms of antagonism of
endogenously releasedendocannabinoids.This isbecause the simplest explanation
for this difference between the maximal inverse effects of these two ligands is that
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SR144528 has greater inverse intrinsic activity than AM630. If this interpretation
of the data is valid, it is of course an indication that just as the intrinsic activities
of CB1 and CB2 receptor agonists can vary from compound to compound, so too
the (inverse) intrinsic activities of cannabinoid receptor inverse agonists will not
be the same for all such ligands.

Whilst there is little doubt that the presence of CB1 receptors is a prerequisite
for the production by SR141716A of many of its inverse cannabimimetic effects, it
is noteworthy that this compound has been found to produce an effect on GTPγS
binding to whole brain membranes obtained from CB1

–/– mice (enhancement) op-
posite to that produced by R-(+)-WIN55212 or anandamide (inhibition) (Breivogel
et al. 2001). This finding supports the hypothesis that at least some apparent inverse
effects of SR141716A may be induced at sites that are not located on CB1 recep-
tors (Sim-Selley et al. 2001). Indeed, it is already known that SR141716A not only
binds to CB2 receptors at concentrations in the high nanomolar range and above
(Table 3) but also behaves as a CB2 receptor inverse agonist at such concentrations,
as measured by inhibition of [35S]GTPγS binding to hCB2 receptors on CHO cell
membranes (MacLennan et al. 1998).

3.4
Neutral Antagonism at Cannabinoid Receptors

An important recent pharmacological objective has been the development of
cannabinoid receptor ligands for CB1 and CB2 receptors that completely lack both
inverse agonist and agonist properties (neutral antagonists). One cannabinoid
receptor ligand that comes close to being a neutral antagonist is 6′-azidohex-2′-
yne-∆8-THC (O-1184; Fig. 11 and Table 4), as this behaves as a high-affinity, low-
efficacy agonist at CB1 receptors and as a high-affinity, low-efficacy inverse agonist
at CB2 receptors, and as it produces potent antagonism of R-(+)-WIN55212 and
CP55940 in the myenteric plexus–longitudinal muscle preparation of guinea-pig
small intestine (Ross et al. 1998, 1999b). More recently, an analogue of SR141716A,
NESS 0327, has been developed that behaves as a neutral CB1 receptor antagonist
and is markedly more potent and CB1-selective than SR141716A (Table 3) (Ruiu
et al. 2003). This was achieved by reducing the molecule’s flexibility through the
introduction of a seven-membered ring (Fig. 11). Evidence has also emerged that
insertion of a 6′′-azidohex-2′′-yne side chain into cannabidiol (Fig. 1) converts
this molecule into a neutral cannabinoid receptor antagonist (Thomas et al. 2004).
This compound, O-2654 (Fig. 11), has markedly higher affinity than cannabidiol
for CB1 receptors and antagonizes R-(+)-WIN55212-induced inhibition of elec-
trically evoked contractions of the mouse isolated vas deferens in a competitive,
surmountable manner with a KB (85.7 nM) that is close to its Ki for displacing
[3H]CP55940 from CB1 receptors (114 nM). The conclusion that O-2654 may be
a neutral antagonist is based on the observation that at concentrations of up to
10 µM, it exhibits no detectable CB1 agonist or inverse agonist properties in the
mouse isolated vas deferens. Thus, unlike SR141716A (Pertwee et al. 1996b), O-
2654 does not increase the amplitude of electrically evoked contractions of this
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Fig. 11. The structure of O-1184 and of some putative neutral cannabinoid receptor antagonists

preparation. Nor does it share the ability of the CB1 partial agonist, O-1184, to
inhibit these contractions (Ross et al. 1999b). O-2050, a sulphonamide analogue
of ∆8-THC with an acetylenic side chain also behaves as a neutral CB1 receptor
antagonist in the mouse vas deferens (Martin et al. 2002). Another compound that
seems to be a neutral CB1 antagonist is VCHSR (Fig. 11). This is an analogue of
SR141716A that lacks hydrogen bonding capability in its C3 substituent region and
has a CB1 Ki value in the low nanomolar range. VCHSR (1 µM) has been found to
share the ability of SR141716A to attenuate R-(+)-WIN55212-induced inhibition of
Ca2+ current in rat superior cervical ganglion neurons expressing the human CB1

receptor but to differ from SR141716A in not affecting Ca2+ current in these neu-
rons when administered by itself at 1 or 10 µM (Hurst et al. 2002; Pan et al. 1998).
In terms of the two-state model of inverse agonism (see Pertwee 2003, 2005 and
Sect. 3.3), this finding suggests that preferential binding by SR141716A to the “off”
state of the CB1 receptor is determined by hydrogen bond formation between the
C3 substituent of this molecule and the receptor. Further experiments are required
to establish whether putative neutral antagonists, such as NESS 0327, O-2654 and
O-2050, resemble SR141716A (Sect. 3.3) in exhibiting inverse agonist properties at
concentrations above those at which they behave as neutral antagonists.
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4
Other Pharmacological Targets for Cannabinoids in Mammalian Tissues

As discussed in greater detail elsewhere (Hájos and Freund 2002b; Howlett et
al. 2002; Pertwee 1999b, 2004a; Pertwee and Ross 2002; Wiley and Martin 2002),
evidence is emerging that in addition to CB1 and CB2 receptors, there are other
pharmacological targets inmammalian tissueswithwhichat least someestablished
CB1 and/or CB2 receptor agonists can interact to elicit pharmacological responses.

4.1
Receptors

4.1.1
Vanilloid Receptors

It is now generally accepted that the endogenous CB1/CB2 receptor agonist, anan-
damide, and certain of its analogues are agonists for the TRPV1 receptor (reviewed
in Howlett et al. 2002; Pertwee 2004a; Pertwee and Ross 2002; Ross 2003). This re-
ceptor is anon-selective cation channel that is present on sensoryneurons in tissues
such as skin, heart, blood vessels and lung, and an important consequence of its
activation is the release of sensory neuropeptides that then produce effects such as
pain, tachycardia, vasodilationandbronchoconstriction. It is noteworthy, however,
that anandamide has less TRPV1 intrinsic activity than the well-known TRPV1
receptor agonist capsaicin (Ross 2003; Ross et al. 2001). R-(+)-methanandamide is
even less potent or effective than anandamide at activating TRPV1 receptors (Ross
et al. 2001; Zygmunt et al. 1999), whereas lipoxygenase metabolites of anandamide
show greater potency at these receptors than their parent compound, at least in
guinea-pig bronchus (Craib et al. 2001; Pertwee and Ross 2002). The TRPV1 re-
ceptor is not activated by 2-arachidonoyl glycerol or by non-eicosanoid CB1/CB2

receptor agonists (Zygmunt et al. 1999), although it is activated by micromolar
concentrations of the phytocannabinoid cannabidiol (Bisogno et al. 2001). One
compound that behaves as a potent agonist at both TRPV1 and CB1 receptors is
the synthetic anandamide analogue O-1861 (Fig. 8) (Di Marzo et al. 2001). TRPV1
and CB1 receptors have opposite effects on calcium channel conductance, and
there are several reports that in cells such as cultured dorsal root ganglion neurons
that co-express these receptors, responses elicited by TRPV1 receptor activation
can be opposed by the simultaneous activation of CB1 receptors (Ahluwalia et al.
2003; Ellington et al. 2002; Millns et al. 2001; Richardson et al. 1998; Ross 2003).
Unexpectedly, however, there is also a report that in human embryonic kidney
cells co-transfected with CB1 and TRPV1 receptors, activation of the CB1 receptors
increases the sensitivity of the TRPV1 receptors to subsequent (but not simulta-
neous) activation (Hermann et al. 2003). Under physiological conditions, TRPV1
receptors on primary sensory neurons are less sensitive to anandamide than CB1

receptors (Németh et al. 2003; Tognetto et al. 2001). There is also evidence that
anandamide production increases during inflammation, raising the possibility that
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in healthy tissue, one role of anandamide may be to act through CB1 receptors to
oppose any increase in the excitability of sensory neurons, whilst in pathologi-
cal states such as inflammation, anandamide concentrations and TRPV1 receptor
sensitivity increase to the extent that anandamide-induced activation of TRPV1
receptors becomes sufficient to cause an increase in the excitability of sensory
neurons (Ahluwalia et al. 2003). Although there is little doubt that anandamide is
an endogenous agonist for CB1 and CB2 receptors, the question of whether it also
serves as an endogenous TRPV1 agonist under normal or pathological conditions
has still to be resolved. Also currently uncertain is the extent to which CB1 and
TRPV1 receptors are co-expressed on the same neurons (reviewed in Ross 2003).

4.1.2
CB1 Receptor Subtypes

Shire et al. (1995) have isolated a spliced variant of CB1 cDNA (CB1A) from a human
lung cDNA library. CB1A mRNA is present in human brain tissue, its distribution
pattern matching that of CB1 mRNA. It has also been detected in peripheral tissues.
The spliced variant resembles the CB1 receptor in its affinity for ∆9-THC, CP55940
and R-(+)-WIN55212, and it also has at least two signal transduction mechanisms
in common with the CB1 receptor (Rinaldi-Carmona et al. 1996a). However, the
central and peripheral concentrations of CB1A mRNA are far below those of CB1

mRNA (Shire et al. 1995). Onaivi et al. (1996) have discovered three distinct CB1

mRNAs in brain tissue from C57BL/6 mice, although only one CB1 receptor cDNA.
C57BL/6 mice were less sensitive to the hypothermic and antinociceptive effects of
∆9-THC than two other mouse strains in which only one CB1 mRNA was detectable.

Results from pharmacological experiments with rats and mice performed by
Sandra Welch’s group also suggest that there may be more than one subtype of CB1

receptor (reviewed in Howlett et al. 2002; Pertwee 2001). In mouse experiments,
for example, it was found that intraperitoneal SR141716A was more effective in
opposing the antinociceptive effects of some CB1 receptor agonists than of other
such agonists when these were administered intrathecally and that intrathecal
morphine interacted synergistically with intrathecal THC but not with intrathecal
CP55940. Apparent differences between mouse cannabinoid receptors in brain and
spinal cord were also detected.

4.1.3
CB2-Like Receptors

It is possible that palmitoylethanolamide may produce antinociception in rat and
mouse models of inflammatory or neuropathic pain by acting on a CB2-like re-
ceptor (Calignano et al. 1998, 2001; Conti et al. 2002; Farquhar-Smith et al. 2002;
Farquhar-Smith and Rice 2001; Helyes et al. 2003). The existence of such a re-
ceptor is supported by the finding that even though palmitoylethanolamide lacks
significant CB2 receptor affinity or efficacy (Griffin et al. 2000; Lambert et al. 1999;
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Sheskin et al. 1997; Showalter et al. 1996), the antinociceptive effects of this fatty
acid amide are opposed by SR144528. Evidence for CB2-like receptors has also
been obtained from experiments with the mouse vas deferens (Griffin et al. 1997).
Other possibilities, i.e. that palmitoylethanolamide acts through CB1 or TRPV1
receptors, can be ruled out. Thus, it produces antinociceptive effects that are not
opposed by SR141716A (Calignano et al. 1998, 2001; Farquhar-Smith et al. 2002;
Farquhar-Smith and Rice 2001) and it has been found not to attenuate nociceptive
behaviour induced in mice by intraplantar injection of capsaicin (Calignano et al.
2001). Also, palmitoylethanolamide does not bind to or activate CB1 receptors at
concentrations below 1 or 10 µM (Devane et al. 1992; Felder et al. 1993; Griffin et
al. 2000; Lambert et al. 1999; Showalter et al. 1996). Anandamide shares the ability
of palmitoylethanolamide to induce antinociception in mice and rats. However,
unlike palmitoylethanolamide, it has been found to be susceptible to SR141716A
-induced antagonism and resistant to SR144528-induced antagonism in several
pain models (Calignano et al. 1998, 2001; Farquhar-Smith and Rice 2001). Also, in
contrast to palmitoylethanolamide, anandamide attenuates nociceptive behaviour
induced in mice by intraplantar injection of capsaicin (Calignano et al. 2001).
Another observation—that palmitoylethanolamide and anandamide interact syn-
ergistically rather thanadditively in themouse formalinpawandabdominal stretch
tests—also supports the hypothesis that they have different antinociceptive mech-
anisms (Calignano et al. 1998, 2001).

4.1.4
Neuronal Non-CB1, Non-CB2, Non-TRPV1 Receptors

Central G Protein-Coupled Receptors for Anandamide and R-(+)-WIN55212

Evidence for the presence of a G protein-coupled non-CB1, non-CB2 receptor for
anandamide and R-(+)-WIN55212 has come from experiments in which it was
found that [35S]GTPγS binding to whole-brain membranes from CB1

–/– C57BL/6
mice or to cerebellar homogenates from CB1

–/– CD1 mice could be enhanced
by these two cannabinoids (Breivogel et al. 2001; Di Marzo et al. 2000; Monory
et al. 2002). Near maximal concentrations of anandamide and R-(+)-WIN55212
were not fully additive in their effects on [35S]GTPγS binding to CB1

–/– C57BL/6
brain membranes, supporting the hypothesis that these two agents were acting
through a common mechanism (Breivogel et al. 2001). This putative receptor for
anandamide and R-(+)-WIN55212 appears not to be a TRPV1 receptor (Sect. 4.1.1)
or to resemble the proposed abnormal-cannabidiol receptor (Sect. 4.1.5) as neither
of these pharmacological targets is R-(+)-WIN55212-sensitive and as the TRPV1
receptor is not G protein coupled. However, the possibility does remain that it may
be a novel metabotropic “vanilloid-like” receptor (see below). The proposed new
receptor also differs from established cannabinoid receptors in several ways.
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– It is not sensitive to activation by the established CB1/CB2 receptor agonists, ∆9-
THC, CP55940 or HU-210 (Breivogel et al. 2001; Di Marzo et al. 2000; Monory
et al. 2002).

– It is not coupled to adenylate cyclase, at least in the cerebellum of CB1
–/– CD1

mice (Monory et al. 2002).

– It differs from the CB1 receptor in its central distribution pattern (Breivogel et
al. 2001; Monory et al. 2002).

– SR141716A and SR144528 do not appear to be competitive antagonists for this
putative receptor (Breivogel et al. 2001; Monory et al. 2002).

– There are no specific binding sites for [3H]CP55940 on CB1
–/– C57BL/6 mouse

brain membranes (Breivogel et al. 2001).

It has also been found that [3H]R-(+)-WIN55212 undergoes selective binding to
CB1

–/– C57BL/6 membranes obtained from brain areas in which R-(+)-WIN55212
enhances [35S]GTPγS binding (cerebral cortex, hippocampus and brain stem)
(Breivogel et al. 2001). Furthermore, CB1

–/– C57BL/6 brain areas that are unre-
sponsive to R-(+)-WIN55212-induced enhancement of [35S]GTPγS binding seem
to lack [3H]R-(+)-WIN55212 binding sites (Breivogel et al. 2001). It is notewor-
thy, however, that some WIN55212-sensitive brain areas of CB1

–/– C57BL/6 mice
(midbrain and diencephalon) and of CB1

–/– CD1 mice (cerebellum) also seem
to lack [3H]R-(+)-WIN55212 binding sites (Breivogel et al. 2001; Ledent et al.
1999; Monory et al. 2002). Although CB1

–/– C57BL/6 mouse brain does contain
specific binding sites for both [3H]SR141716A and [3H]R-(+)-WIN55212, these
two binding site populations have different distribution patterns (Breivogel et al.
2001). This is further evidence that SR141716A lacks affinity for the proposed
R-(+)-WIN55212/anandamide receptor.

A pharmacological property that the proposed R-(+)-WIN55212/anandamide
receptor may share with the CB1 receptor is the ability to mediate antinociception,
catalepsy and hypokinesia. Thus, whilst ∆9-THC produced these effects only in the
wild-type mice, anandamide was essentially as potent and effective in producing
these effects in CB1

–/– as in CB1
+/+ C57BL/6 mice (Di Marzo et al. 2000). Indeed,

this putative new receptor may well prove to be a novel target for anti-spasticity
and analgesic drugs (Brooks et al. 2002). The presence of specific binding sites
for [3H]SR141716A on CB1

–/– C57BL/6 mouse brain membranes may explain the
ability of SR141716A both to inhibit [35S]GTPγS binding to such membranes
(Breivogel et al. 2001) and to reduce milk intake and survival of newborn CB1

–/–

C57BL/6 mice (Fride et al. 2003).

Central TRPV1-Like Receptors

Evidence has emerged for the presence of G protein-coupled, non-CB1 recep-
tors on glutamatergic axonal terminals in the hippocampus with which at least
some cannabinoid receptor agonists can interact to inhibit glutamate release. More
specifically, results from electrophysiological experiments with hippocampal slices
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obtained from rats or CB1
+/+ CD1 mice have shown that R-(+)-WIN55212 reduces

both excitatory postsynaptic currents (EPSCs) evoked in CA1 pyramidal cells or
dentate granule cells and paired pulse facilitation of EPSCs, even though it has
not proved possible to detect CB1 receptor immunostaining on axonal terminals
that form glutamatergic synapses in rat hippocampus (Hájos and Freund 2002a;
Hájos et al. 2000, 2001). Similar results have been obtained in experiments with
CB1

–/– CD1 mouse hippocampal slices (Hájos et al. 2001). R-(+)-WIN55212 also
inhibits potassium-evoked glutamate release from hippocampal synaptosomes
obtained from rats or from CB1

+/+ or CB1
–/– mice in an SR141716A- and AM251-

independent manner (Köfalvi et al. 2003). Evidence for an involvement of G pro-
teins in the apparent inhibitory effect of R-(+)-WIN55212 on glutamate release
in mouse hippocampal slices comes from the finding that this effect is pertussis
toxin-sensitive (Misner and Sullivan 1999).

The ability of R-(+)-WIN55212 to reduce evoked EPSCs in rat hippocampal
slices is shared by CP55940 and capsaicin, and all three of these agonists are
antagonized by the TRPV1 receptor antagonist capsazepine (Hájos and Freund
2002a). Because the peripheral TRPV1 receptor is neither activated by R-(+)-
WIN55212 or CP55940 nor coupled to G proteins, it may be that R-(+)-WIN55212,
CP55940 and capsaicin modulate central glutamate release by acting through
a novel metabotropic “vanilloid-like” receptor. Consequently, it would be of in-
terest to establish first whether capsaicin enhances GTPγS binding to brain mem-
branes, and secondly whether R-(+)-WIN55212-induced enhancement of GTPγS
binding to CB1

–/– mouse brain membranes (see above) can be antagonized by
capsazepine.

Evidence for the presence of vanilloid-like receptors in the hippocampus has
also been obtained by Al-Hayani et al. (2001). They found paired-pulse depression
in the CA1 region of rat hippocampal slices to be increased both by anandamide
and by two other TRPV1 receptor agonists, capsaicin and resiniferatoxin, in a man-
ner that was sensitive to antagonism by capsazepine but not by the CB1 receptor
antagonist AM281. Given the results obtained by Hájos et al. (see above), it is possi-
ble that these agonists were acting through central vanilloid-like receptors to cause
a decrease in excitatory glutamatergic transmission. Alternatively, they may have
been acting through these putative receptors to cause an increase in inhibitory γ-
aminobutyric acid (GABA)ergic transmission. If anandamide was acting through
vanilloid-like receptors, then it apparently activates them more readily than CB1

receptors, which contrasts with reports that this endocannabinoid interacts less
potently with established TRPV1 receptors than with CB1 receptors (Sect. 4.1.1). In
contrast to anandamide, both R-(+)-WIN55212 and 2-arachidonoyl glycerol were
found to decrease paired-pulse depression in an SR141716A or AM281-sensitive
manner (Al-Hayani et al. 2001; Paton et al. 1998). This would suggest that un-
like anandamide, these two agonists interact preferentially with CB1 receptors in
this experimental model. There is evidence that anandamide and/or capsaicin can
modulate glutamatergic transmission in brain areas other than the hippocampus
in a manner that is CB1-independent and susceptible to antagonism by capsazepine
and/or iodoresiniferatoxin. These brain areas include rat locus coeruleus, substan-
tia nigra and medullary dorsal horn (Jennings et al. 2003; Marinelli et al. 2002,
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2003). In these experiments, however, glutamatergic transmission was facilitated
by anandamide and/or capsaicin.

There is currently no support for the hypothesis that R-(+)-WIN55212 inhibits
glutamate release in the hippocampus by acting on the non-CB1, non-CB2 molec-
ular target that is thought to mediate its enhancement of GTPγS binding to central
neuronal membranes (see above). Thus, although R-(+)-WIN55212 does suppress
evoked EPSCs and paired pulse facilitation in CB1

–/– CD1 mouse hippocampal
slices (Hájos et al. 2001), it does not enhance GTPγS binding to CB1

–/– CD1 mouse
hippocampal membranes (Monory et al. 2002). Also, whilst CP55940 suppresses
evoked EPSCs in rat hippocampal slices (Hájos and Freund 2002a) and potassium-
evoked glutamate release from rat hippocampal synaptosomes (Köfalvi et al. 2003),
it does not share the ability of R-(+)-WIN55212 or anandamide to enhance GTPγS
binding to CB1

–/– C57BL/6 mouse brain membranes (Breivogel et al. 2001).

Peripheral Nervous System

Results from experiments with phenylephrine-precontracted rat isolated mesen-
teric and hepatic arteries suggest that ∆9-THC can relax these vessels by acting
on capsaicin-sensitive perivascular sensory neurons to induce release of calci-
tonin gene-related peptide (Zygmunt et al. 2002). The underlying mechanism
is most probably CB1 and CB2 receptor-independent, as this relaxant effect of
∆9-THC was not prevented by 300 nM SR141716A or by 30 nM AM251 and as
the CB1/CB2 receptor agonists HU-210 and CP55940 lacked detectable relaxant
activity, whereas cannabinol, which has relatively low activity as a cannabinoid
receptor agonist (Sect. 3.1), was equipotent with ∆9-THC. The possibility, that
∆9-THC was acting through ionotropic or metabotropic glutamate receptors was
also excluded. Other observations made in this investigation were that ∆9-THC-
and cannabinol-induced activation of CGRP release from rat arterial segments
could be prevented by capsaicin pretreatment and that ∆9-THC- and cannabinol-
induced relaxations of precontracted arterial segments could be attenuated by the
noncompetitive TRPV1 antagonist ruthenium red. However, these cannabinoids
were most probably not acting through TRPV1 receptors in these experiments.
Thus, the competitive TRPV1 antagonist capsazepine did not attenuate the va-
sorelaxant effects of ∆9-THC and cannabinol, and in contrast to both capsaicin
and anandamide, ∆9-THC also relaxed phenylephrine-precontracted mesenteric
arterial segments that had been obtained from TRPV1–/– mice. In more recent ex-
periments, Jordt et al. (2004) have obtained evidence that ∆9-THC and cannabinol
may have induced vasorelaxation by acting through ANKTM1, another member
of the transient receptor potential (TRP) family of ion channels that, unlike the
TRPV1 receptor, appears to be insensitive to anandamide and is implicated in
the detection of noxious cold. ANKTMI was found to be insensitive to HU-210,
CP55940 and 2-arachidonoyl glycerol.

It has also been proposed that the terminals of sympathetic neurons supplying
cardiovascular tissue express a non-I1, non-I2 subtype of the putative imidazo-
line receptor that is both CB1 receptor-like and α2-adrenoceptor-like and that
mediates inhibition of evoked noradrenaline release when activated (reviewed in
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Göthert et al. 1999;Molderings andGöthert 1999; Pertwee2004a).There is evidence
that this putative receptor can be activated both by the cannabinoids—CP55940,
R-(+)-WIN55212 and anandamide—and by non-CB1, non-CB2 ligands such as
aganodine and clonidine, and that this activation is sensitive to antagonism by
SR141716A (1 µM), LY320135 (0.1 or 1 µM) and rauwolscine (30 µM) (reviewed
in Pertwee 2004a). It also appears that this proposed receptor may belong to the
G protein-coupled receptor family originally known as endothelial differentiation
gene (EDG) receptors and that it can be activated by 1-oleoyl-lysophosphatidic
acid (Molderings et al. 2002).

Mang et al. (2001) have obtained evidence that anandamide can act on nerve ter-
minals of the myenteric plexus–longitudinal muscle preparation of the guinea-pig
ileum to inhibit electrically evoked release of the contractile transmitter acetyl-
choline through a mechanism that is independent of both TRPV1 and CB1 recep-
tors. Thus, the inhibitory effects of anandamide on electrically evoked release of
[3H]acetylcholine and on electrically evoked contractions of this isolated tissue
preparation were insensitive to antagonism by 1 µM capsazepine. They were also
much less sensitive to antagonism by SR141716A than expected for CB1-mediated
effects. Results from other experiments with this tissue preparation suggest that
anandamide can increase both basal acetylcholine release from neurons and lon-
gitudinal muscle tone by acting on neuronal TRPV1 receptors (Mang et al. 2001).
Additional support for the presence of a non-CB1 receptor for anandamide in the
gastro-intestinal tract comes from experiments both with the strips of longitudinal
muscle obtained from guinea-pig distal colon (Kojima et al. 2002) and with the
rat isolated gastric fundus (Storr et al. 2002). In the colon experiments, evidence
was obtained that anandamide, possibly after its conversion to active metabolites,
can induce contractions by acting through a TRPV1 and CB1 receptor-independent
mechanism (Kojima et al. 2002). 2-Arachidonoyl glycerol also seems to act through
such a mechanism to induce contractions of this tissue preparation (Kojima et al.
2002). In the gastric fundus experiments it was found that at 10 µM, the CB2-
selective antagonist AM630 attenuated anandamide- but not R-(+)-WIN55212-
induced inhibition of electrically evoked contractions (Storr et al. 2002). It is
likely that anandamide was acting on prejunctional neurons in this tissue, as it
did not affect contractions produced by 5-HT or carbachol. AM630 has also been
found to antagonize ∆9-THC, CP55940, R-(+)-WIN55212, methanandamide and
anandamide in the mouse isolated vas deferens in an agonist-dependent and com-
petitive manner. However, in this bioassay system, AM630 was less potent as an
antagonist of anandamide than of R-(+)-WIN55212 (Pertwee et al. 1995). In view
of evidence that the mouse vas deferens expresses neuronal CB2-like receptors
that can mediate inhibition of electrically evoked contractions (Griffin et al. 1997;
Sect. 4.1.3), it may be that AM630 was producing its antagonism of cannabinoids
in this tissue by competing for these putative CB2-like receptors.
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4.1.5
Receptors for Abnormal-Cannabidiol

Cardiovascular System

There is evidence, mainly from in vitro experiments with rat or mouse phenyl-
ephrine- or methoxamine-precontracted buffer-perfused isolated mesenteric arte-
rial beds or isolated mesenteric arterial segments, for the presence in these tissues
of non-CB1, non-CB2 receptors with which anandamide and methanandamide can
interact to induce a relaxant effect (reviewed in Howlett et al. 2002; Pertwee 2004a;
Wiley and Martin 2002). There are several reasons for believing that these are not
CB1 or CB2 receptors. First, relaxation is not induced in rat precontracted mesen-
teric arterial beds by 2-arachidonoyl glycerol or by established non-eicosanoid
cannabinoid receptor agonists such as ∆9-THC or R-(+)-WIN55212 (Wagner et
al. 1999) but is induced in rat and mouse precontracted mesenteric arterial beds
or rat precontracted mesenteric arterial segments by two cannabidiol analogues,
abnormal-cannabidiol and O-1602 (Fig. 12), neither of which exhibits signifi-
cant affinity for CB1 receptors (Ho and Hiley 2003; Járai et al. 1999; Offertáler
et al. 2003; Showalter et al. 1996). Second, anandamide, methanandamide and
abnormal-cannabidiol also relax precontracted buffer-perfused mesenteric arte-
rial beds of CB1

–/– knockout or CB1
–/–/CB2

–/– double-knockout C57BL6J mice
(Járai et al. 1999). Third, the CB1-selective antagonist AM281 (1 µM) and the
CB2-selective antagonist AM630 (10 µM) do not attenuate abnormal-cannabidiol-
induced relaxations of rat precontracted mesenteric arterial segments (Ho and
Hiley 2003). Although SR141716A has been found to oppose the vasorelaxant ef-
fects of abnormal-cannabidiol, methanandamide and anandamide in rat or mouse
precontracted mesenteric arterial beds or segments, this is generally with a po-
tency lower than expected from its affinity for CB1 receptors (Ho and Hiley 2003;
Járai et al. 1999). Negative results obtained with capsaicin and capsazepine also
make it unlikely that the putative “abnormal-cannabidiol” receptor is a TRPV1
receptor (Ho and Hiley 2003; Járai et al. 1999; Offertáler et al. 2003).

Fig. 12. The structures of abnormal cannabidiol, O-1602 and O-1918
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One cannabidiol analogue has been found to behave as a selective abnormal-
cannabidiol receptor antagonist. This is O-1918 (Fig. 12), which lacks detectable
affinity for CB1 and CB2 receptors and, at concentrations of 1 to 30 µM, opposes
abnormal-cannabidiol and anandamide-induced relaxations of rat arterial seg-
ments and does not reduce vasomotor tone when administered alone (Offertáler
et al. 2003). It has also been found to attenuate abnormal-cannabidiol-induced
hypotension in anaesthetized mice at doses not affecting hypotension induced by
the CB1/CB2 receptor agonist HU -210 (Offertáler et al. 2003). Cannabidiol also
behaves as a selective abnormal-cannabidiol receptor antagonist in both the rat
mesenteric arterial bed and the anaesthetized mouse (Járai et al. 1999). However, in
contrast to O-1918, it has been found to share the ability of abnormal-cannabidiol
to relax rat precontracted mesenteric arterial segments (Offertáler et al. 2003).

It is likely that there are two sub-types of abnormal-cannabidiol-sensitive re-
ceptor in mesenteric arteries capable of mediating a relaxant effect, one expressed
by endothelial cells and the second by non-endothelial cells (reviewed in Pertwee
2004a). Activation of the endothelial receptor appears to open large conductance
calcium-activated potassium (BKCa) channels, whereas the non-endothelial recep-
tor seems to signal mainly through inhibition of L-type calcium channels (Begg
et al. 2003; Ho and Hiley 2003; Járai et al. 1999; Offertáler et al. 2003). There is
also now evidence that abnormal-cannabidiol receptors can mediate stimulation
of the migration of vascular endothelial cells through a mechanism that is Gi/o

protein-coupled and susceptible to antagonism by O-1918 (Mo et al. 2004).

Microglial Cells

Experiments with the mouse microglial cell line BV-2 (Walter et al. 2003) have
provided evidence that microglial cells express receptors that have certain prop-
erties in common with the putative vascular abnormal-cannabidiol receptor dis-
cussed above. These include susceptibility to activation by abnormal-cannabidiol
and anandamide and to blockade by O-1918 and lack of sensitivity to activation
by ∆9-THC, at least at concentrations below 3 µM. When activated, these pro-
posed abnormal-cannabidiol-sensitive receptors appear to trigger chemokinetic
and chemotaxic migration of microglial cells. Such migration can also be in-
duced by 2-arachidonoyl glycerol (EC50=25 nM). This endocannabinoid seems to
act through both microglial CB2 receptors and microglial abnormal-cannabidiol-
sensitive receptors, since it is antagonized by cannabidiol at 300 nM and by
SR144528 at 30 nM but not by 30 nM SR141716A (Walter et al. 2003). Indeed,
it has been proposed that microglial CB2 receptors and abnormal-cannabidiol
receptors interact in a synergistic manner when triggering the migration of mi-
croglial cells (Walter et al. 2003). This could explain why the CB1-selective agonist
ACPA (Sect. 3.1), induces microglial cell migration at concentrations well below
those at which it has been reported to bind to CB2 receptors, as this compound
appears to induce migration by acting on both abnormal-cannabidiol-sensitive
receptors and CB2 receptors (Franklin and Stella 2003). By itself, cannabidiol be-
haves as a weak partial agonist, producing a slight enhancement of basal migration
(EC50=250 nM) (Walter et al. 2003). Microglial cells are thought to migrate towards
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neuroinflammatory lesion sites and to release proinflammatory cytokines and cy-
totoxic agents at these sites. Consequently, since Walter et al. (2003) also obtained
evidence that the production of 2-arachidonoyl glycerol by microglial cells can
be increased by a pathological stimulus, it may be that a CB2 receptor antago-
nist and/or an antagonist of the putative abnormal-cannabidiol receptor could
come to play a part in the clinical management of neuroinflammation. More re-
cently, evidence has emerged that BV-2 microglial cells express non-CB1, non-CB2,
non-CB2-like, non-TRPV1, non-abnormal-cannabidiol Gi/Go-coupled-receptors
upon which the endogenous fatty acid amide palmitoylethanolamide can act at
concentrations in the low nanomolar range to potentiate anandamide- but not
2-arachidonoyl glycerol-induced migration of these cells (Franklin et al. 2003).
There is also evidence for the presence in rat migroglial cells of non-CB1, non-CB2,
pertussis toxin-insensitive receptors with which R-(+)- but not S-(–)-WIN55212
can interact to inhibit lipopolysaccharide-induced release of the proinflammatory
cytokine tumour necrosis factor-α (Facchinetti et al. 2003).

Mouse Vas Deferens

Afinding thatabnormal-cannabidiol andcannabidiol canattenuatephenylephrine-
induced contractions of the mouse isolated vas deferens points to the presence of
abnormal-cannabidiol-sensitive receptors in the smooth muscle cells of this tissue
(Pertwee et al. 2002; Thomas et al. 2004). Cannabidiol also decreases methoxamine
and noradrenaline-induced contractions of the mouse vas deferens and antago-
nizes phenylephrine and noradrenaline in an insurmountable manner (Pertwee
et al. 2002). It may be, therefore, that cannabidiol, and possibly also abnormal-
cannabidiol, are negative allosteric modulators of the α1-adrenoceptor.

4.2
Allosteric Sites

There is evidence for the presence of allosteric sites for anandamide and/or certain
other cannabinoids on several non-cannabinoid receptors (reviewed in Pertwee
2004a). These are 5-HT2 receptors (Cheer et al. 1999), 5-HT3 receptors (Barann
et al. 2002; Fan 1995; Godlewski et al. 2003; Oz et al. 2002), α1-adrenoceptors
(Sect. 4.1.5), M1 and M4 muscarinic receptors (Christopoulos and Wilson 2001)
and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) GLUA1 and
GLUA3 glutamate receptors (Akinsholaet al. 1999a,b).The functional consequences
of occupation of the proposed allosteric sites on 5-HT2 receptors (by HU-210) and
on M1 and M4 receptors (by anandamide, methanandamide and SR141716A) have
yet to be determined. However, cannabinoids have been found to inhibit currents
triggered by the activation of GLUA1 and GLUA3 receptors (anandamide) or 5-HT3

receptors (∆9-THC, R-(+)-WIN55212, anandamide, JWH-015 (Fig. 7), CP55940
and the CB1 receptor antagonist, LY320135). Cannabinoids have also been found
to attenuate the von Bezold-Jarisch reflex induced in urethane-anaesthetized rats
by 5-HT3 receptor activation (CP55940 and R-(+)-WIN55212) and to oppose α1-
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adrenoceptor-mediated contractions of the mouse vas deferens (cannabidiol). In
addition, there are reports that 2-arachidonoyl glycerol and 5-HT each binds
more readily to washed human platelets in the presence of the other compound
(Maccarrone et al. 2003) and that 5-HT enhances binding of R-(+)-WIN55212
to CB1 receptors (Devlin and Christopoulos 2002). Importantly, cannabinoids in-
hibited 5-HT3 receptor currents in transfected human embryonic kidney cells
with a rank order of potency, ∆9-THC>R-(+)-WIN55212>anandamide>JWH-
015>LY320135>CP55940 (Barann et al. 2002), that does not correlate with their
CB1 orCB2 receptor affinities or intrinsic activities (Sect. 3). The IC50 valuesof these
ligands were 38, 104, 130, 147, 523 and 648 nM, respectively (Barann et al. 2002).
In contrast, the IC50 values of anandamide for inhibition of kainate-activated cur-
rents in GLUA1- and GLUA3-transfected Xenopus laevis oocytes exceeded 100 µM
(Akinshola et al. 1999b). In addition, some cannabinoids, including anandamide,
methanandamide, R-(+)-WIN55212, ∆9-THC and cannabidiol, may serve as neg-
ative modulators of delayed rectifier potassium channels (reviewed in Pertwee
2004a). There is also evidence that nanomolar concentrations of anandamide can
block low-voltage-activated (T-type) calcium channels through a mechanism that
is independent of CB1 and CB2 receptors and of G proteins (Chemin et al. 2001).
Evidence has also recently emerged for the presence of an allosteric site on the
cannabinoid CB1 receptor (R. Pertwee, R. Ross and M. Price, unpublished).

4.3
Some CB1- and CB2-Independent Actions of Cannabidiol, HU-211
and Other Phenol-Containing Cannabinoids

4.3.1
Neuroprotective Actions

Cannabinoids that contain a phenol group possess anti-oxidant (electron donor)
activity that is sufficient to protect neurons against oxidative stress associated,
for example, with glutamate-induced excitoxicity. Thus, as discussed in greater
detail elsewhere (El-Remessy et al. 2003; Fowler 2003; Hampson et al. 1998, 2000;
Marsicano et al. 2002; Mechoulam et al. 2002; Pertwee 2004b; Platt and Drysdale
2004; van der Stelt et al. 2002), this anti-oxidant activity is apparently indepen-
dent of CB1 or CB2 receptors as it is exhibited both by the CB1/CB2 agonists
∆9-THC, HU-210 and CP55940, and by the non-psychoactive phytocannabinoid
cannabidiol (Fig. 1) and the cis (6aS, 10aS) enantiomer of 11-hydroxy-∆8-THC-
dimethylheptyl, HU-211 (Fig. 4), neither of which has significant affinity for CB1

or CB2 receptors (Table 4). Moreover, neurons of CB1
–/– mice are no less well

protected from oxidative stress by phenolic cannabinoids than neurons of CB1
+/+

mice (Marsicano et al. 2002). The neuroprotective properties of HU-211 are also
thought to stem from its ability to behave as a non-competitive antagonist at
N-methyl-d-aspartate (NMDA) receptors and to inhibit tumour necrosis factor-
α production (Mechoulam et al. 2002; Darlington 2003), and it is possible that
cannabidiol may also protect from glutamate-induced excitotoxicity by opposing
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metabotropic glutamate receptor-mediated release of calcium from intracellular
stores (Drysdale et al. 2004). Non-phenolic cannabinoids have been reported to
lack anti-oxidant activity (Marsicano et al. 2002). Even so, some non-phenolic (and
phenolic) cannabinoids can protect against glutamate-induced excitotoxicity by
acting through receptors to inhibit neuronal glutamate release (possibly putative
TRPV1-like receptors; Sect. 4.1.4) and calcium entry into neurons through N- and
P/Q-type channels (CB1 receptors) (Fowler 2003; Mechoulam et al. 2002; van der
Stelt et al. 2002).

4.3.2
Other Actions of Cannabidiol

Results from in vitro experiments suggest that cannabidiol has a number of
CB1/CB2 receptor-independent actions through which it may affect neurotrans-
mission (reviewed in Pertwee 1988, 2004b). For example, there is evidence that
at concentrations in the nanomolar or low micromolar range, this cannabinoid
enhances spontaneous or evoked release of certain transmitters, antagonizes R-
(+)-WIN55212- and CP55940-induced inhibition of electrically evoked contractile
transmitter release in the mouse isolated vas deferens through a CB1-independent
mechanism and inhibits the uptake of calcium, 5-HT, noradrenaline and dopamine
by rat or mouse synaptosomes. Higher concentrations of cannabidiol inhibit anan-
damide uptake by rat basophilic leukaemia cells, the metabolism of this endo-
cannabinoid by fatty acid amide hydrolase and the synaptosomal uptake of GABA.
There is also evidence that cannabidiol is a TRPV1 receptor agonist, a ligand for
the putative abnormal-cannabidiol receptor (Sect. 4.1.5) and a negative allosteric
modulator of α1-adrenoceptors (Sect. 4.1.5) and delayed rectifier potassium chan-
nels (Sect. 4.2). In addition, cannabidiol inhibits/induces certain cytochrome P450
(CYP450) enzymes, has anti-tumour activity and possesses anti-inflammatory
properties that may be due at least in part to inhibition of lipoxygenase activity
and cytokine release (Pertwee 2004b).

The CB1 and CB2 affinities of cannabidiol can be greatly enhanced both by
changing its stereochemistry from (–)-(3R, 4R) to (+)-(3S, 4S) and by making
certain structural modifications (reviewed in Howlett et al. 2002; Pertwee 2004b).
Cannabidiol analogues with particularly high affinities for CB1 and CB2 recep-
tors are (+)-(3S, 4S)-4′-dimethylheptyl-cannabidiol and (+)-(3S, 4S)-7-hydroxy-4′-
dimethylheptyl-cannabidiol (Bisogno et al. 2001). Several (–)-(3R, 4R)-analogues
of cannabidiol with high CB1 and CB2 affinities have also been developed, for
example O-1660, O-1871 and O-1422 (Wiley et al. 2002). Whether these (+)-(3S,
4S)- and (–)-(3R, 4R)-analogues of cannabidiol are agonists or antagonists re-
mains to be established. However, one (–)-(3R, 4R)-cannabidiol analogue that is
already known to be a potent CB2-selective agonist is HU-308 (Sect. 3.1), whilst an-
other cannabidiol analogue, O-2654, behaves as a reasonably potent CB1 receptor
antagonist (Sect. 3.4).

Finally, there is evidence that cannabidiol can induce apoptosis in cultures of
at least some types of human cancer cell: HL-60 myeloblastic leukaemia cells and
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glioma cells. More specifically, it has been reported to produce signs of apoptosis
at 3.2 µM in γ-irradiated HL-60 cells, at 12.7 µM in non-irradiated HL-60 cells
and at 25 µM but not 10 µM in U87 and U373 glioma cells (Gallily et al. 2003;
Massi et al. 2004). At these or higher concentrations, cannabidiol did not induce
detectable apoptosis in γ-irradiated or non-irradiated monocytes obtained from
normal individuals (Gallily et al. 2003).

5
CB1 Receptor Oligomerization

There is some evidence that the CB1 receptor can exist as a homodimer and also
that it may form heterodimers or oligomers with one or more other classes of
co-expressed G protein-coupled receptor (e.g. dopamine D2 and opioid receptors)
(Wager-Miller et al. 2002). Resulting cross-talk between CB1 and non CB1 receptors
may involve the sequestration of G proteins either from other receptor types by CB1

receptors (reviewed in Pertwee 2003) or conversely, from CB1 receptors by other
receptor types. For example, results obtained from experiments with primary
cultures of rat striatal neurons (Glass and Felder 1997) and with human embryonic
kidney cells co-transfected with CB1 and dopamine D2 receptors (Jarrahian et al.
2004) suggest that D2 receptors can sequester Gαi/o so as to cause co-expressed CB1

receptors to switch coupling from Gαi/o to Gαs. Interestingly, Jarrahian et al. (2004)
also found that in the human embryonic kidney cells expressing both CB1 and D2

receptors, persistent activation of the D2 receptors promoted the re-establishment
of CB1 receptor coupling with Gαi/o. Results from other in vitro experiments have
provided evidence that in the presence of ongoing Gαs-mediated adenylate cyclase
stimulation by adenosine A2 receptor activation, D2 and CB1 receptor agonists
can interact synergistically through their respective receptors to produce further
adenylate cyclase stimulation via βγ-subunits released from Gαi/o (Yao et al. 2003).

6
Future Directions

Clearly there is now incontrovertible evidence for the existence of a mammalian
endocannabinoid system that consists of at least two types of cannabinoid receptor,
CB1 and CB2, and of endogenous agonists (endocannabinoids) for these receptors.
Agonists that activate both these receptor types with similar potency or that show
marked selectivity for one or other receptor type have been discovered, as have
potent CB1- and CB2-selective cannabinoid receptor antagonists. Quantitative and
sensitive in vitro and in vivo bioassays for these ligands are also available, and
these have played a crucial role in determining the CB1 and CB2 receptor affinities
and intrinsic activities of a number of cannabinoids. There is good evidence that
the endocannabinoid system can become tonically active and that this is due in
some instances to endocannabinoid release and in other instances to the ability of
cannabinoid receptors to exist in a constitutively activity state, not only when over-
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expressed in cultured cells but also when expressed naturally. The existence of such
constitutive activity is reflected in the pharmacological properties of established
cannabinoid receptor antagonists, all of which appear to be inverse agonists rather
than neutral antagonists. Ligands that behave as neutral cannabinoid receptor
antagonists are beginning to be described in the literature. These now need to be
characterized more fully, as such antagonists would serve as important additional
pharmacological tools and might also possess advantages over inverse agonists in
the clinic. Evidence for the presence of non-CB1, non-CB2 pharmacological targets
for at least some cannabinoid receptor agonists is emerging, prompting a need
to establish the extent to which these proposed additional targets contribute to
the pharmacology of these agonists. For some of these targets, ligands that do
not also interact with CB1 or CB2 receptors have already been identified, and it
will now be important to characterize the actions of these ligands more fully and
to investigate the possibility of developing potent and selective non-CB1, non-
CB2 agonists for all the proposed new targets. This in turn will greatly facilitate
a fuller understanding of these targets as well as the discovery of any additional
targets. The extent to which cross-talk can occur between identical (e.g. CB1-
CB1) or different pharmacological targets for cannabinoids (e.g. between CB2 and
abnormal cannabidiol receptors), or between cannabinoid and non-cannabinoid
targets (e.g. between CB1 and dopamine D2 receptors), and the nature of the
mechanisms that underlie such cross-talk also merit further investigation.
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Abstract The cannabinoid receptor family currently includes two types: CB1, char-
acterized in neuronal cells and brain, and CB2, characterized in immune cells
and tissues. CB1 and CB2 receptors are members of the superfamily of seven-
transmembrane-spanning (7-TM) receptors, having a protein structure defined
by an array of seven membrane-spanning helices with intervening intracellular
loops and a C-terminal domain that can associate with G proteins. Cannabinoid
receptors are associated with G proteins of the Gi/o family (Gi1,2 and 3, and Go1
and 2). Signal transduction via Gi inhibits adenylyl cyclase in most tissues and
cells, although signaling via Gs stimulates adenylyl cyclase in some experimen-
tal models. Evidence exists for cannabinoid receptor-mediated Ca2+ fluxes and
stimulation of phospholipases A and C. Stimulation of CB1 and CB2 cannabinoid
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receptors leads to phosphorylation and activation of p42/p44 mitogen-activated
protein kinase (MAPK), p38 MAPK and Jun N-terminal kinase (JNK) as signaling
pathways to regulate nuclear transcription factors. The CB1 receptor regulates K+

and Ca2+ ion channels, probably via Go. Ion channel regulation serves as an im-
portant component of neurotransmission modulation by endogenous cannabinoid
compounds released in response to neuronal depolarization. Cannabinoid recep-
tor signaling via G proteins results from interactions with the second, third and
fourth intracellular loops of the receptor. Desensitization of signal transduction
pathways that couple through the G proteins probably entails phosphorylation of
critical amino acid residues on these intracellular surfaces.

Keywords Adenylyl cyclase · Aminoalkylindole · Anandamide · Ca2+ · Cannabi-
noid · Cyclic AMP · Depolarization suppression of inhibition or excitation ·
Desensitization · Endocannabinoid · G proteins · Ion channels · Mitogen ac-
tivated protein kinases · Neurotransmission · Nitric oxide · Serine/threonine
kinases · Seven-transmembrane spanning receptors · Synaptic plasticity · Tyro-
sine kinases

1
Introduction

Cannabinoid receptors are members of the rhodopsin-like family of seven-trans-
membrane-spanning (7-TM) receptors that are formed by the interaction of the
seven transmembrane helices, and generally couple to G proteins at their intra-
cellular surface as one mechanism for their signal transduction. The cannabinoid
receptor family currently includes two types: CB1, found in neuronal cells and
brain, and CB2, found in immune cells and tissues (see Howlett et al. 2002 for a
comprehensive review of cannabinoid receptor pharmacology). Until the discov-
ery of cannabinoid receptors, the mechanism of action of cannabinoid drugs was
generally attributed to their lipid solubility properties, with the membrane/buffer
partition coefficients for ∆9-tetrahydrocannabinol (∆9-THC) reported to be in the
range of 500 to 12,500 (Seeman et al. 1972; Roth and Williams 1979). ∆9-THC in the
3 µM to 10 µM range could increase fluidity of synaptic plasma membranes (Hillard
et al. 1985). The ability of both psychoactive and inactive cannabinoid drugs to
influence ATPase and monoamine oxidase activities, hormone and neurotransmit-
ter binding, and synaptosomal uptake of neurotransmitters in in vitro assays was
attributed to their ability to intercalate into cellular membranes (for discussion see
Martin 1986; Pertwee 1988). The discovery that sub-micromolar concentrations of
psychoactive cannabinoid drugs could attenuate cyclic AMP accumulation in cul-
tured neuronal cells and inhibit adenylyl cyclase activity in membranes (Howlett
and Fleming 1984; Howlett 1984, 1985) led to the notion that cannabinoid com-
pounds must be working through signal transduction mechanisms comparable to
those defined for hormones and neurotransmitters. The involvement of G proteins
in the response to active cannabinoid drugs was demonstrated as the characteristic
requirement of sub-millimolar Mg2+ concentrations and micromolar guanosine
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triphosphate (GTP) concentrations for Gi-mediated inhibition of adenylyl cyclase
(Howlett 1985). The elimination of the response to cannabinoid drugs by pre-
treatment of the neuronal cells or membranes with pertussis toxin confirmed
that a member of the pertussis toxin-sensitive Gi/o family mediated the response
(Howlett et al. 1986). The observation that the order of potency for this signal
transduction pathway paralleled that for in vivo biological responses of antinoci-
ception, immobility, and hypothermia (Howlett et al. 1988; Little et al. 1988; Melvin
and Johnson 1987; Howlett 1987) led to the understanding that a cellular receptor
was responsible for the effects rather than membrane fluidity changes (Howlett et
al. 1989; Thomas et al. 1990).

The development of a high-affinity, stereoselective radioligand, [3H]CP55940,
led to the pharmacological characterization of a binding site in brain membranes
that could be shown to correlate with the pharmacology of in vivo biological re-
sponses (Devane et al. 1988; Howlett et al. 1988). [3H]CP55940 was subsequently
used to describe structure–activity relationships for the brain cannabinoid recep-
tor (Howlett et al. 1990; Melvin et al. 1993, 1995) and to define brain regional
localization of the receptor (Herkenham et al. 1990, 1991). It was soon determined
that high-affinity [3H]CP55940 binding could be attributed to two receptor types:
the CB1 receptor cloned from rat and human brain cDNA libraries (Matsuda et al.
1990; Gerard et al. 1990), and the CB2 receptor cloned from HL60 promyelocytic
cells (Munro et al. 1993).

Cannabinoid pharmacology progressed with the discovery of a number of po-
tent ligands; however, until recently little pharmacological specificity for CB1 and
CB2 receptors was identified. Increased potency and efficacy for both receptors was
found for HU210, a dimethylheptyl analog of ∆9-THC (Howlett et al. 1990; Felder et
al. 1995). A number of non-classical AC-bicyclic (e.g., CP55940) and ACD-tricyclic
cannabinoid (e.g., CP55244) compounds also exhibited high potency but limited
receptor specificity (Johnson et al. 1981). This class of compounds resembles the
classical cannabinoid ABC-tricyclic ring structures with the exception that the
pyran “B” ring is eliminated in these structures. WIN55212-2, an aminoalkylin-
dole compound, was discovered as a highly potent, full agonist for both cannabi-
noid receptor types (Compton et al. 1992; Pacheco et al. 1991). The endogenous
agonists for cannabinoid receptors are arachidonic acid metabolites, including
arachidonylethanolamide (anandamide), 2-arachidonoylglycerol (2-AG), and 2-
arachidonylglyceryl ether (noladin ether) (see Di Marzo et al. 1999; Freund et al.
2003; Giuffrida et al. 2001; Howlett and Mukhopadhyay 2000; Martin et al. 1999;
Schmid 2000; Sugiura and Waku 2000; Reggio and Traore 2000 for review). The first
specific antagonist for the CB1 cannabinoid receptor was SR141716 (rimonabant),
an aryl pyrazole compound discovered at Sanofi Recherche (Rinaldi-Carmona et
al. 1994; Barth and Rinaldi-Carmona 1999). A specific CB2 receptor antagonist,
SR144528, has structural similarities to the CB1 receptor antagonist (Rinaldi-
Carmona et al. 1998). These compounds have been the prevalent ligands utilized
in studies of signal transduction pathways for cannabinoid receptors.



56 A.C. Howlett

2
The Cyclic AMP and Protein Kinase A Signal Transduction Pathway

2.1
Cannabinoid Receptor-Mediated Inhibition of Cyclic AMP Production

Cannabinoid receptor-regulated signal transduction through the cyclic AMP sys-
tem has been reviewed (Howlett 1995; Pertwee 1997, 1999). For the CB1 receptor,
inhibition of cyclic AMP production is the characteristic response to cannabi-
noid agonists in brain tissue (Bidaut-Russell and Howlett 1991; Childers et al.
1994). Pharmacological studies have been performed using N18TG2 neuroblas-
toma cells expressing endogenous CB1 receptors (Howlett et al. 1988; Pinto et
al. 1994) and cell lines expressing recombinant CB1 receptors (Matsuda et al.
1990; Felder et al. 1993, 1995; Vogel et al. 1993). CB1 receptor-mediated inhi-
bition of adenylyl cyclase is pertussis toxin-sensitive, indicating the require-
ment for Gi/o proteins (Howlett et al. 1986; Pacheco et al. 1993; Vogel et al.
1993).

Regulation of cellular activities by cyclic AMP-dependent protein kinase (PKA)
is a critical pathway in neuronal responses via the potassium channel A-current
(Childers and Deadwyler 1996). In rat hippocampal cells, PKA phosphorylation
of the potassium channel produced a negative shift in the voltage-dependence
(Deadwyler et al. 1995). CB1 receptor stimulation resulted in a decrease in intracel-
lular cyclic AMP, net dephosphorylation of the channels, activation of the A-type
potassium currents, and hyperpolarization of the membrane (Deadwyler et al.
1995; Hampson et al. 1995). The significance of cannabinoid-mediated hyperpo-
larization of the axon terminals is that it can cause a depression in the response
to depolarizing stimuli and failure in neurotransmitter release at the synapse
(Childers and Deadwyler 1996).

Synaptic plasticity and neuronal remodeling can be modified by cannabinoid
receptors via the cyclic AMP/PKA pathway. CB1 receptor agonists induced neurite
retraction in a neuroblastoma cell model (Zhou and Song 2001) and inhibition
of nerve growth factor (NGF)-induced neurite extension in neural progenitor
cells or PC12 pheochromocytoma cells transfected with the CB1 receptor (Rueda
et al. 2002). CB1 receptors could attenuate the NGF-mediated signaling through
p42/p44 MAPK (see below). A cannabinoid receptor-mediated decrease in cyclic
AMP and PKA activity was demonstrated to be the mechanism from evidence
that this response could be reversed by forskolin or hormone-stimulated cyclic
AMP production (Rueda et al. 2002). Cannabinoid receptor-stimulation led to
Tyr-phosphorylation of focal adhesion kinase (pp125 FAK) in hippocampal slices,
and this response was blocked by SR141716 and pertussis toxin, demonstrating its
mediation by CB1 receptors and Gi/o (Derkinderen et al. 1996; Derkinderen et al.
2001b). Evidence demonstrating that Gi-mediated inhibition of adenylyl cyclase is
integral to this pathway comes from studies in which Tyr-phosphorylation of both
FAK in brain slices (Derkinderen et al. 1996) and FAK-related non-kinase (FRNK)
(Zhou and Song 2002) were reversed by 8-Br-cyclic AMP, and mimicked by PKA
inhibitors.
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Inhibition of forskolin-stimulated cyclic AMP production has been pharmaco-
logically characterized in human lymphocytes and mouse spleen cells expressing
endogenous CB2 receptors, and in CHO cells expressing recombinant CB2 recep-
tors (Felder et al. 1995; Gonsiorek et al. 2000; Slipetz et al. 1995). This response
was blocked by pertussis toxin, indicating the involvement of Gi/o proteins (Felder
et al. 1995). The ramifications of the cellular response to a CB2 receptor-mediated
decrease in cyclic AMP have not been fully characterized in immune cells.

2.2
Cannabinoid Receptor-Mediated Stimulation of Cyclic AMP Production

In contrast to the above studies, stimulation of cyclic AMP production has also
been observed in response to cannabinoid drugs. Cannabinoid receptor agonists
produced an increase in basal cyclic AMP production in globus pallidus slice
preparations (Maneuf and Brotchie 1997). Evidence that the same (CB1) receptor
type mediates both the inhibitory and stimulatory components stems from find-
ings that the order of potency for various agonists was the same, and SR141716
was a competitive inhibitor for both components (Bonhaus et al. 1998). Several
mechanisms have been reported that might explain this response. One mechanism
might be the cellular production of an endogenous stimulator of adenylyl cy-
clase. The cannabinoid-mediated production of prostaglandins has been reported
(Burstein et al. 1986, 1994), and prostaglandin synthesis has been implicated in
cannabinoid-mediated cyclic AMP production (Hillard and Bloom 1983).

A second mechanism for cannabinoid receptor-mediated stimulation of cyclic
AMPproductioncoulddependuponwhich isoformof adenylyl cyclase is expressed
in target cells and the way that the particular isoform responds to Gi/o-mediated
regulation. Inhibition of adenylyl cyclase by recombinant CB1 or CB2 receptors was
observed in cells that co-express either the isoform 5/6 family or the 1/3/8 family
(Rhee et al. 1998) as a result of inhibition by Gi (α subunit). On the other hand,
stimulation of adenylyl cyclase was observed in cells coexpressing cannabinoid
receptors and the adenylyl cyclase isoform 2/4/7 family, as a result of augmentation
of a Gs response by the Gβγ dimers released from Gi due to cannabinoid receptor
stimulation (Rhee et al. 1998).

A third mechanism could be the direct interaction between CB1 receptors and
Gs. Evidence for this mechanism has come from findings that pertussis toxin treat-
ment of neurons and CHO cells expressing recombinant CB1 receptors resulted in
cannabinoid agonist stimulation of cyclic AMP accumulation (Glass and Felder
1997; Felder et al. 1998; Bonhaus et al. 1998). In cultured striatal cells, stimulation
by combinations of dopamine and cannabinoid agonists resulted in an increase in
cyclic AMP production (Glass and Felder 1997). To further investigate this phe-
nomenon, Jarrahian and colleagues (2004) transfected recombinant D2 dopamine
and CB1 receptors into HEK293 cells, and found that the expression of D2 dopamine
receptors was sufficient to convert the inhibition of forskolin-stimulated cyclic
AMP production by CP55940 to a stimulation of cyclic AMP production. Pertussis
toxin attenuated the inhibition but not the stimulation of cyclic AMP production,
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consistent with Gi mediation of the inhibition component and Gs mediation of the
stimulation component. The finding that overexpression of Gαi1 could overcome
the stimulatory component led these researchers to suggest that the D2 dopamine
receptors could sequester Gi proteins, resembling the response to pertussis toxin
treatment, and thereby preclude their coupling to the CB1 receptors (Jarrahian et al.
2004). The CB1 receptor-mediated stimulation of cyclic AMP production required
greater concentrations of CP55940 than did inhibition (Jarrahian et al. 2004). The
efficacies of cannabinoid receptor agonists for regulation of Gs were not as great as
for regulation of Gi (Bonhaus et al. 1998). HU210, CP55940, and WIN55212-2 were
full agonists to inhibit forskolin-stimulated cyclic AMP accumulation by Gi, and
∆9-THC and anandamide were partial agonists. Following pertussis toxin treat-
ment, WIN55212-2 was a full agonist to stimulate cyclic AMP accumulation, but
HU210, CP55940, ∆9-THC, and anandamide behaved as partial agonists for this
response.

3
Cannabinoid Receptor-Mediated Ca2+ Fluxes and Phospholipases C and A

Cannabinoid and endocannabinoid compounds increased intracellular free Ca2+

as determined by fura-2 fluorescence in undifferentiated N18TG2 neuroblastoma
and NG108-15 neuroblastoma-glioma hybrid cells (Sugiura et al. 1996, 1997a,
1999). The CB1 receptor and Gi/o proteins were implicated because this response
was blocked by SR141716 and pertussis toxin (Sugiura et al. 1996, 1999). From
studies directly measuring isotopic Ca2+ influx into N18TG2 neuroblastoma cells,
the evidence suggests that desacetyllevonantradol stimulated Ca2+ uptake via CB1

receptor coupling to Gs, cyclic AMP production, and PKA activation (Bash et al.
2003). Further evidence suggested that a second component of Ca2+ influx was due
to CB1 receptor coupling to Gi/o, leading to receptor Tyr kinase transactivation,
PKC phosphorylation, and regulation of MAPK (Rubovitch et al. 2004). Evidence
for a CB1 receptor-mediated Tyr phosphorylation of N18TG2 cell proteins that can
be immunoprecipitated with the CB1 receptor has been reported (Peterson et al.
2004).

Some controversy exists regarding the ability of cannabinoid receptors to signal
through the inositol 1,4,5-triphosphate (IP3)-Ca2+ mobilization pathway. In studies
using Ca2+ reporter fura-2 fluorometry, Ca2+ mobilization in N18TG2 neuroblas-
toma cells was blocked by a phospholipase C (PLC) inhibitor, indicating that PLCβ
could be the effector (Sugiura et al. 1996, 1997a). CB1 receptor activation in cul-
tured cerebellar granule cells resulted in an augmented Ca2+ signal in response to
depolarization by glutamate receptors or high K+ (Netzeband et al. 1999). In these
cells, Ca2+ was mobilized from a caffeine-sensitive and IP3 receptor-sensitive pool.
This Ca2+ signal was attenuated by SR141716, pertussis toxin, and a PLC inhibitor
(Netzeband et al. 1999), indicative of a CB1 receptor-mediated PLC mechanism for
Ca2+ mobilization from endoplasmic reticulum stores.

Theprimaryevidenceagainst aPLC-mediatedpathway is thatagonist-stimulated
CB1 receptors that were heterologously expressed in competent CHO cells failed to
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couple to IP3 or phosphatidic acid release (Felder et al. 1992, 1995). Furthermore,
cannabinoid compounds inhibited (rather than augmented) neurotransmitter-
stimulated inositol phospholipid production in hippocampal preparations (Nah et
al. 1993). Anandamide and WIN55212-2 both failed to activate PLC in competent
CHO cells expressing recombinant CB2 receptors (Felder et al. 1992, 1993, 1995).

Some evidence exists for phospholipase A2 (PLA2) activity that could be regu-
lated by cannabinoid receptors. Cannabinoid-induced arachidonic acid release has
been observed in several cell culture systems, and this is believed to be mediated
both by phospholipase activity and G proteins (Burstein 1991; Burstein et al. 1994;
Shivachar et al. 1996).

4
Cannabinoid Receptor-Mediated Regulation of Ion Channels

Studies of the effects of cannabinoid drugs on neurophysiological responses in the
years prior to the elucidation of the existence of a cannabinoid receptor were tar-
getedat investigatingamechanismfor theanticonvulsantpropertiesof cannabidiol
and mixed excitatory properties of ∆9-THC (for a description and other original
references see Karler and Turkanis 1981; Turkanis and Karler 1981). The labora-
tory of Karler and Turkanis used an in vivo model of cat spinal motor neurons
to observe changes in amplitude of excitatory post-synaptic potentials evoked by
these cannabinoid compounds (Turkanis and Karler 1983, 1986). These researchers
also used cultured neuroblastoma cells to identify ∆9-THC and 11-OH-∆9-THC-
induced depression of inward Na+ currents, suggesting a possible mechanism for
CNS depression by these compounds (Turkanis et al. 1991).

4.1
Voltage-Gated Ca2+-Channels

The first reports of the CB1 receptor and Gi/o protein regulation of Ca2+ cur-
rents described a cannabinoid agonist-mediated inhibition of N-type voltage-gated
Ca2+ channels in differentiated N18 neuroblastoma and NG108-15 neuroblastoma-
glioma hybrid cells (Caulfield and Brown 1992; Mackie and Hille 1992; Mackie et al.
1993; Priller et al. 1995; Pan et al. 1996). WIN55212-2 and CP55940 elicited a max-
imal response, anandamide produced agonist/antagonist actions, and SR141716
antagonized this response (Mackie et al. 1993). In studies using fura-2 fluores-
cence to measure intracellular Ca2+ levels, 2-AG and anandamide inhibited the
depolarization-evoked intracellular Ca2+ increase in differentiated NG108-15 cells
(Sugiura et al. 1997b). Further investigations on the mechanism of inhibition of
N-type currents have been carried out using neuronal expression systems (Priller
et al. 1995; Pan et al. 1996, 1998; Vasquez and Lewis 1999; Guo and Ikeda 2004).

Q-type Ca2+ currents were inhibited by WIN55212-2 and anandamide in AtT-
20 pituitary cells expressing recombinant CB1, but not CB2 receptors (Mackie
et al. 1995). Pertussis toxin-sensitivity indicated that Gi/o proteins mediated the
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response. P/Q-type Ca2+ fluxes, detected by fura-2 fluorescence in rat cortical and
cerebellar preparations, were inhibited by anandamide (Hampson et al. 1998). This
response was blocked by SR141716 and pertussis toxin, indicating mediation by
CB1 receptors and Gi/o proteins.

L-type Ca2+ currents were inhibited by anandamide and WIN55212-2 in cat
brain arterial smooth muscle cells that endogenously express the CB1 receptor
(Gebremedhin et al. 1999). This response was blocked by SR141716 and pertussis
toxin, indicating a critical role for CB1 receptors and Gi/o. Regulation of L-type
Ca2+ channels in these smooth muscle cells could be pharmacologically correlated
with vascular relaxation in cat cerebral arterial rings (Gebremedhin et al. 1999).

4.2
G Protein-Coupled Inwardly-Rectifying K+ Channels

In AtT-20 pituitary tumor cells exogenously expressing CB1 receptors, cannabinoid
receptor agonists anandamide and WIN55212-2 activated the inwardly rectifying
K+ currents (Kir). This was a pertussis toxin-sensitive response, indicating the
mediationby Gi/oproteins (Mackie et al. 1995;Henry andChavkin1995;McAllister
et al. 1999).Areduction incyclicAMPandPKAactivitywasnot required, providing
evidence that a direct interaction exists between G protein subunits and the ion
channel proteins. Cannabinoid receptor-mediated regulation of these channels
was also demonstrated in Xenopus laevis oocytes (McAllister et al. 1999) and rat
sympathetic neurons (Guo and Ikeda 2004) coexpressing the CB1 receptor and G
Protein-Coupled Inwardly-Rectifying K+ (GIRK1) and GIRK4 channels.

4.3
Depolarization-Induced Suppression of Inhibition and Excitation

The above-described neurophysiological mechanisms of CB1 receptor signaling
permit a critical function for endocannabinoids as retrograde regulators of neu-
ronal excitability via a mechanism referred to as depolarization-induced suppres-
sion of inhibition (DSI) or excitation (DSE) (Wilson and Nicoll 2001, 2002; Wilson
et al. 2001). DSI, or DSE, is the feedback mechanism by which a depolarized post-
synaptic cell can release a neuromodulator that diffuses to neighboring neurons
in the synaptic network to block release of an inhibitory, or excitatory, neuro-
transmitter (Alger 2002). Wilson, Nicoll, and colleagues showed that DSI could
be blocked by the CB1 antagonist SR141716 and was absent in CB1 receptor (–
/–) knock-out mice, implicating release of endocannabinoids and participation
of presynaptic CB1 receptors (Wilson and Nicoll 2001; Wilson et al. 2001). Ac-
cording to the proposed schema, endocannabinoid production and diffusion from
the postsynaptic cell would stimulate CB1 receptors on presynaptic terminals of
a subclass of interneurons in the hippocampus, leading to decreased release of
γ-aminobutyric acid (GABA) (Wilson and Nicoll 2001, 2002; Wilson et al. 2001). In
addition to hippocampal circuits (Hoffman et al. 2003; Ohno-Shosaku et al. 2002b;
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Misner and Sullivan 1999), other brain areas in which neurotransmission appears
to be modulated by endocannabinoid release include basal forebrain (Harkany et
al. 2003; Steffens et al. 2003), striatum (Gerdeman et al. 2002), and cerebellum
(Breivogel et al. 2004; Kreitzer et al. 2002; Maejima et al. 2001b).

In the hippocampus, depolarization-induced opening of pyramidal cell N-type
voltage-gated Ca2+ channels (Wilson and Nicoll 2002) would lead to release of
endocannabinoid neuromodulators (Piomelli 2003). This response did not occur
with a high probability in hippocampal cells firing under normal conditions,
leading some researchers to suggest that high frequency discharges would be more
likely to evoke elevated intracellular Ca2+ levels via activated voltage-gated Ca2+

channels (Hampson et al. 2003; Zhuang et al. 2003; Alger et al. 1996; Beau and Alger
1998; Morishita et al. 1998). Other synaptic events that might occur concurrently to
promote endocannabinoid release in DSI or DSE include convergence of multiple
signals that increase intracellular Ca2+ (Kim et al. 2002; Brenowitz and Regehr
2003), signal transduction directed by metabotropic glutamate receptors (Galante
and Diana 2004; Maejima et al. 2001a; Morishita et al. 1998; Ohno-Shosaku et al.
2002a; Varma et al. 2001), and regulation of post-synaptic transport mechanisms
for these retrograde modulators (Ronesi et al. 2004).

The mechanism by which cannabinoid receptors modulate neurotransmitter
release is not understood. Some evidence suggests that this could involve K+ chan-
nels (Daniel et al. 2004; Kreitzer et al. 2002). Alternatively, regulation of N or
P/Q voltage-gated Ca2+ channels might be the mechanism for endocannabinoid
agonist action (Shen and Thayer 1998; Guo and Ikeda 2004). Synergism between
endocannabinoid-stimulated cellular responses and signal transduction pathways
initiated by other synaptic events might be important in the regulation of neuro-
transmitter release (Netzeband et al. 1999).

5
Cannabinoid Receptor-Mediated Signal Transduction to the Nucleus

5.1
p42/p44 Mitogen-Activated Protein Kinases
(Extracellular Signal-Regulated Kinase 1 and 2)

Although in vivo administration of ∆9-THC can activate brain p42/p44 mitogen-
activated protein kinases (MAPK), also known as extracellular signal-regulated
kinase 1 and 2 (ERK1 and ERK2), it is likely that this response could reflect multi-
synaptic cellular events involving multiple neuromodulators, including dopamine
(Valjent et al. 2004). Thus, signal transduction studies have been performed using
cultured cell model systems. p42/p44 MAPK activation by an SR141716-sensitive
and pertussis toxin-sensitive pathway was first identified in several cell types,
including WI-38 fibroblasts, U373MG astrocytic cells, C6 glioma cells and pri-
mary astrocytes, and various host cells expressing recombinant CB1 receptors
(Bouaboula et al. 1995b; Guzman and Sanchez 1999; Sanchez et al. 1998; Wart-
mann et al. 1995).
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One mechanism for p42/p44 MAPK activation by CB1 receptors coupled to Gi/o
could utilize the Gβγ dimer to provide a scaffold for proteins in the MAPK acti-
vation complex. According to this schema, recruitment of phosphatidylinositol-
3-kinase (PI3K) and phosphorylation of membrane inositol phospholipids would
recruit protein kinase B (PKB, also known as Akt). This would result in the se-
quential phosphorylation and activation of the three-kinase module consisting of
Raf-1, MAP-ERK kinase (MEK) and p42/p44 MAPK. Evidence for this mechanism
comes from studies in which CB1 receptor-mediated signaling via p42/p44 MAPK
was blocked by the PI3K inhibitors wortmannin and LY294002 (Bouaboula et al.
1995b; Galve-Roperh et al. 2002; Wartmann et al. 1995). ∆9-THC, HU210, and
CP55940 produced an SR141716-sensitive activation of the PKB isoform IB in the
human astrocytoma cell line U373MG and in CHO cells expressing recombinant
CB1 receptors (Galve-Roperh et al. 2002; Gomez et al. 2000). ∆9-THC promoted
PI3K and tyrosine phosphorylation of Raf-1 and its translocation to the membrane
in rat cortical astrocytes (Sanchez et al. 1998).

An alternative mechanism for regulation of p42/p44 MAPK could be the release
of the inhibitory regulation of c-Raf that results from the phosphorylation of
Raf by PKA. CB1 receptor/Gi-mediated inhibition of cyclic AMP production and
reductionofPKAactivitywouldpromoteanetdephosphorylationof c-Raf, thereby
permitting the Raf kinase to serve as an activator of MEK in the p42/p44 MAPK
activation module. Evidence for this pathway has been described for WIN55212-2-
stimulated N1E-115 neuroblastoma cells (Davis et al. 2003) and hippocampal slice
preparations (Derkinderen et al. 2003).

Activation of p42/p44 MAPK can be linked to expression of immediate early
genes, as has been demonstrated for krox-24 expression induced by CB1 receptors
in U373MG human astrocytoma cells (Bouaboula et al. 1995a). Administration
of ∆9-THC to mice led to the p42/p44 MAPK-dependent expression of c-fos and
zif268 in the hippocampus (Derkinderen et al. 2003). These transcription factors
modulate the gene expression pattern for proteins involved in cellular functions
associated with synaptic plasticity, cell survival, and differentiation.

CB2 receptors promoted the phosphorylation of 42/p44 MAPK in cultured hu-
man promyelocytic-HL60 cells, and in CHO cells expressing recombinant CB2

receptors (Bouaboula et al. 1996). The mediation by pertussis toxin-sensitive G
proteins was demonstrated for HL60 cells (Kobayashi et al. 2001). A PI3K pathway
was not the mechanism for regulation by CB2 receptors in HL60 cells inasmuch
as cannabinoid agonists failed to activate PKB/Akt (Gomez del Pulgar et al. 2000).
Stimulation of CB2 receptors by 2-AG in rat RTMGL1 microglial cells led to p42
MAPK activation and cell proliferation (Carrier et al. 2004). It should be pointed
out that regulation of p42/p44 MAPK signaling is often by a complex network
involving multiple stimuli. For example, sustained p42/p44 MAPK phosphoryla-
tion in mouse splenocytes resulted from stimulation of PKC by phorbol esters in
addition to calmodulin kinase by Ca2+ ionophores (Faubert Kaplan and Kaminski
2003). Under these conditions, cannabinoid compounds were able to block the
response (Faubert Kaplan and Kaminski 2003).

Krox-24 expression was induced by CB2 receptors in HL60 promyelocytes
(Bouaboula et al. 1996). A gene expression profile for CB2 receptor-activated HL60
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cells showed an induction of genes involved in cytokine synthesis, regulation of
transcription, and cell differentiation (Derocq et al. 2000).

5.2
p38 MAPK and Jun N-Terminal Kinases

p38 MAPK was activated by cannabinoid receptor agonists in CHO cells expressing
recombinant CB1 receptors (Rueda et al. 2000) and in human vein endothelial cells
possessing endogenous CB1 receptors (Liu et al. 2000). Anandamide, 2-AG, and
∆9-THC activated p38 MAPK via the CB1 receptor in mouse hippocampal slices
(Derkinderen et al. 2001a).

Jun N-terminal kinases (JNK1 and JNK2) were activated in response to cannabi-
noid receptor agonists in CHO cells expressing recombinant CB1 receptors, and
this was mediated through a pathway that included Gi/o, PI3K and Ras (Rueda et
al. 2000). In the CHO cells (a fibroblast cell line), the transactivation of platelet-
derived growth factor receptor was implicated in the JNK activation mechanism
(Rueda et al. 2000).

Cellular kinase activation and sequelae in the absence of evidence of cannabi-
noid receptor participation should be interpreted with caution. Mechanisms other
than cannabinoid receptor-mediated signal transduction could be possible. For ex-
ample, anandamide stimulated p38 MAPK and JNK activation in PC12 pheochro-
mocytoma cells (Sarker et al. 2003) and human umbilical vein endothelial cells
(Yamaji et al. 2003), and these activated kinases were associated with triggering
processes leading to apoptotic cell death. Further investigation indicated that ac-
tivation of these kinases, leading to apoptosis in a number of cultured cell models
(PC12, C6 glioma, Neuro-2A, CHO, HEK, Jurkat, and HL60), is a non-CB1, non-
CB2 receptor-mediated process that involves anandamide and membrane lipids
(Sarker and Maruyama 2003). In a second example, cannabinol and ∆9-THC at
high micromolar concentrations activated p42/p44 MAPK, leading to inhibition
of gap junction function in a liver epithelial cell line by an undefined non-CB1,
non-CB2 receptor-mediated process (Upham et al. 2003).

6
Cannabinoid Receptor-Mediated Nitric Oxide Production

Cannabinoid receptor agonists stimulate the production and release of nitric ox-
ide (NO) by a CB1 receptor-mediated mechanism utilizing one of the NO synthase
(NOS) isoforms in neuronal tissues and model cells (see Fimiani et al. 1999a for
review). The signal transduction pathway between CB1 receptors and neuronal
NOS (nNOS) regulation is believed to be important for mediating the effects of
∆9-THC on hypothermia and locomotor activity (but not antinociception), as de-
termined by the absence of these responses in nNOS (–/–) knock-out mice (Azad
et al. 2001). NO production was stimulated by anandamide via SR141716-sensitive
CB1 receptors in rat median eminence slices, but it was not clear from these studies
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whether NOS in neurons was responsible (Prevot et al. 1998). The presence of Ca2+-
dependent constitutiveNOS inN18neuroblastomahomogenateswas inferred from
a cyclic guanosine monophosphate (cGMP) reporter assay (Simmons and Murphy
1992), and demonstrated by Western blot identification (Mukhopadhyay et al.
2002b; Norford et al. 2002). NO production was stimulated by anandamide and
CP55940 in leech or mussel ganglia by an SR141716-sensitive mechanism, impli-
cating the involvement of a CB1-like receptor (Stefano et al. 1997a,b). Antagonism
by the NOS inhibitor l-N-arg-methyl ester is evidence that this CB1-like receptor
initiates a signal transduction pathway leading to regulation of one of the isoforms
of NOS (Prevot et al. 1998).

It is possible that the CB1-mediated NO signal transduction pathway may play
a role in inhibition of neurotransmitter release by cannabimimetic agonists. Both
anandamide and the NO generating agent S-nitroso-N-acetyl-penicillamine could
inhibit the release of preloaded radiolabeled dopamine from invertebrate ganglia,
leading Stefano and coworkers to postulate a role for NO in mediating anan-
damide’s effects on neurotransmitter release (Stefano et al. 1997a). Glutamate
release from neurons in the rat medulla was blocked by NO donors SIN-1 and
spermine NONOate (Huang et al. 2004). This response was blocked by a per-
oxynitrite decomposition catalyst but not by an NO-stimulated guanylyl cyclase
inhibitor, indicating that generation of peroxynitrite was the mechanism (Huang
et al. 2004). Further studies indicated that adenosine released in response to the
peroxynitrite might mediate the inhibition of glutamatergic neurotransmission
(Huang et al. 2004).

In non-neuronal cells, anandamide and HU210 stimulated NO production in
human saphenous vein segments (Stefano et al. 1998), cultured human arterial
endothelial cells (Fimiani et al. 1999b; Mombouli et al. 1999), cultured human
umbilical vein endothelial cells (Maccarrone et al. 2000), and human monocytes
(Stefano et al. 1996) in an SR141716-sensitive manner, implicating CB1 receptors.
NO production in cultured human arterial endothelial cells followed a rapid in-
tracellular Ca2+ mobilization (Fimiani et al. 1999b; Mombouli et al. 1999). The
generation of NO in saphenous vein endothelial cells required extracellular Ca2+

(Stefano et al. 1998). Although the isoform(s) of NOS was not identified in these cell
lines, these characteristics of NO production are consistent with the stimulation
of a Ca2+-regulated constitutive NOS, perhaps endothelial NOS (eNOS).

NO and peroxynitrite in human endothelial cells, human embryonic kidney
(HEK) cells, and C6 glioma cells promoted activation of the anandamide and
2-AG transporter(s) (Maccarrone et al. 2000; Bisogno et al. 2001; De Petrocellis
et al. 2001). This phenomenon may have ramifications for cellular mechanisms
that require anandamide as a regulator. For example, indomethacin is thought to
augment anandamide’s stimulation of CB1 receptors in a model of inflammatory
hyperalgesia by reducing spinal NO and relieving the activation of the anandamide
transporter (Guhring et al. 2002). The net result would be increased extracellular
concentrations of anandamide with decreased concentrations of NO, producing
an antinociceptive response that was not reversed by prostaglandin E2 (Guhring
et al. 2002). Another example is the potential for NO to activate the anandamide
transporter leading to increased intracellular accumulation of anandamide where



Cannabinoid Receptor Signaling 65

it can serve as a regulator of transient receptor potential vanilloid type 1 (TRPV1,
formerly VR1) (De Petrocellis et al. 2001).

Inhibition of iNOS induction is an important function of cannabinoid receptor
agonists in inflammatory reactions, and may be a critical contributor to their anti-
inflammatory and neuroprotective effects. Lipopolysaccharide plus interferon-γ
induced iNOS expression in saphenous vein endothelium, and this was inhibited
by anandamide (Stefano et al. 1998). A similar phenomenon was reported for
CP55940 in rat microglial cells (Cabral et al. 2001) and mouse astrocytes (Molina-
Holgado et al. 1997; Molina-Holgado et al. 2002), and for WIN55212-2 in rat C6
astrocytoma cells (Esposito et al. 2002). The mechanism could involve feedback
by NO, inasmuch as it could be mimicked by NO donors (Esposito et al. 2002;
Stefano et al. 1998). The mechanism also appears to involve stimulation of the
CB1 receptor and a reduction in cellular cyclic AMP, presumably via production
of NO (Esposito et al. 2002; Molina-Holgado et al. 2002; Stefano et al. 1998). ∆9-
THC inhibited iNOS induction in RAW264.7 macrophage cells by a mechanism
that involves CB2 receptors and a reduction in cyclic AMP (Jeon et al. 1996). A
final common pathway for the CB1- and CB2-mediated responses is the release of
the cytokine interleukin-1 receptor antagonist (IL-1ra), which suppresses iNOS
expression (Molina-Holgado et al. 2003).

7
Mechanisms by Which the CB1 Receptor Signals Through G Proteins

Studies fromourown laboratoryhave investigateddomainsof theCB1 receptor that
are important for activating selective Gi/o proteins, using strategies that include
use of peptides that mimic intracellular domains and co-immunoprecipitation
of G proteins to determine selectivity of protein–protein associations. When the
CB1 receptor was immunoprecipitated from detergent-solubilized rat brain mem-
branes, Gαo and various Gαi subtypes were found to be associated with the CB1

receptor (Houston and Howlett 1998; Mukhopadhyay et al. 2000; Mukhopadhyay
and Howlett 2001). Similar immunoprecipitation of CB1 receptors solubilized from
N18TG2 neuroblastoma cell membranes revealed an association with Gαi1, Gαi2,
and Gαi3. Pertussis toxin treatment disrupted the CB1 receptor-Gα association,
demonstrating that these complexes represent a functional equilibrium with the
receptor–G protein complex as the preferred state (Howlett et al. 1999; Mukhopad-
hyay et al. 2000).

The domains of the CB1 receptor that interact with G proteins were studied
using peptides representing the juxtamembrane C-terminal region or a series of
peptide analogs (Howlett et al. 1998; Mukhopadhyay et al. 1999). Palmitoylation
of a cys residue anchors the C-terminal domain to the plasma membrane distal
to the putative helical intracellular domain (Mukhopadhyay et al. 2002a). Thus,
this region is also referred to as the fourth intracellular loop (IC4). The peptide
mimicking the juxtamembrane C-terminal domain promoted G protein activation
in rat brain membranes and the inhibition of Gs-stimulated or forskolin-activated
adenylyl cyclase in N18TG2 membranes (Howlett et al. 1999; Mukhopadhyay et
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al. 1999; Howlett et al. 1998). In solubilized brain or N18TG2 membrane prepa-
rations, the juxtamembrane C-terminal peptide competed for the protein–protein
association of the CB1 receptor with Gαo or Gαi3 (Mukhopadhyay et al. 2000;
Mukhopadhyay and Howlett 2001). Because this peptide failed to disrupt the CB1

receptor interaction with Gαi1 or Gαi2, it is believed that the C-terminal IC4 do-
main interacts primarily with Gαo or Gαi3 proteins. The IC4 peptide was able to
form a helical structure only in a negatively charged environment (Mukhopadhyay
et al. 1999), suggesting that changes in the seventh transmembrane helix (TM7)
that would alter the positions of critical amino acids could promote activation of
Gαo or Gαi3. CB1 receptor mutants that are truncated two residues distal to the
palmitoylated cys showed perturbed regulation of Ca2+ currents (Nie and Lewis
2001). However, mutants truncated such that the entire IC4 region was deleted were
devoid of Ca2+ channel regulation (Nie and Lewis 2001), as would be expected if
this region were critical for interaction with Go as the transducer of this response.

Three peptides comprising the third intracellular loop (IC3) of the CB1 receptor
were able to disrupt the CB1 receptor association with Gαi1 or Gαi2 in solubilized
preparations of rat brain or N18TG2 membranes (Mukhopadhyay et al. 2000;
Mukhopadhyay and Howlett 2001). The C-terminal side of IC3 was considered to
be most important for the activation of G proteins, presumed to be Gαi1 or Gαi2
(Howlett et al. 1998). In support of this, a nine-amino acid peptide, mimicking
the C-terminal side of IC3 at the membrane-cytosol interface, promoted GTPase
activity of a pure preparation of Gαi1 (Ulfers et al. 2002b). The structure of a larger
peptide comprising the entire IC3 loop was shown by nuclear magnetic resonance
(NMR) analysis to be helical at the N-terminal side distal to TM5 (Ulfers et al.
2002a). The peptide appeared to be amorphous at the middle third except for
a turn occurring at an intracellular Gly residue, and exhibited helical structure
beginning within the C-terminal third approximately two turns proximal to TM6
(Ulfers et al. 2002a). NMR analysis of a peptide representing this C-terminal region
indicated that this peptide was also helical in the presence of Gαi1 (Ulfers et al.
2002b). A Leu-Ala-Lys-Thr sequence at the membrane interface may be critical to
Gi interaction because reversal of this Leu-Ala sequence to Ala-Leu in a mutated
CB1 receptor resulted in a loss of coupling to Gi, thereby attenuating inhibition of
cyclic AMP production (Abadji et al. 1999). This mutation also promoted coupling
to Gs when Gi proteins were inactivated by pertussis toxin (Ulfers et al. 2002b).

Computational modeling studies have made some predictions regarding how
the movement of transmembrane helices might be associated with activation of
the CB1 receptor. Shim and colleagues (Shim et al. 2003) have developed a CB1

cannabinoid receptor homology model based upon the ground-state structure of
rhodopsin. A docking site for non-classical cannabinoid ligands was deduced, and
included interactions with multiple amino acid residues, including a hydrophobic
binding pocket that would accommodate the aromatic A ring and the alkyl side
chain of non-classical cannabinoid ligands (Shim et al. 2003). Assuming that the
conformationof the ligandthat isnecessary toconformto theground-state receptor
was not the lowest energy conformation, Shim and Howlett (Shim and Howlett
2004) predicted potential ligand conformations that would release the constrained
energy. As the ligand achieved lower free energy states, steric clash with amino
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acid residues in TM3 and TM6 would be predicted, which may release inter-helical
bonds and trigger a conformational change in the CB1 receptor. Reggio’s laboratory
has envisioned that helical translocation may occur in a manner similar to what
has been predicted for rhodopsin and the β-adrenergic receptor. Starting with a
model based on the ground state of rhodopsin, these researchers have modified
helical structure to predict a receptor conformation that could represent one of the
agonist-activated states of the receptor–G protein cycle (Singh et al. 2002). These
modeling studies envision changes in the TM3 and TM6 that might be directed
at regulation of movement of the IC3. Future studies will be necessary to test
these hypotheses, and to extend them to other intracellular domains that could be
important for G protein coupling.

8
Cellular Changes in Signal Transduction upon Chronic Exposure to Agonists

Chronic exposure to ∆9-THC and other cannabinoid receptor agonists generally
leads to biological adaptive mechanisms that may be related to the phenomenon
of tolerance. Cellular modifications in response to chronic agonist stimulation
have included cannabinoid receptor down-regulation, as well as desensitization of
signal transduction pathways. These effects have been recently reviewed in detail
(Sim-Selley 2003).

CB1 cannabinoid receptor numbers in the brain have been reported to decrease
after prolonged treatment of animals with agonist drugs (Fan et al. 1996; Oviedo
et al. 1993; Rodriguez de Fonseca et al. 1994; Romero et al. 1997). In other studies
that used different drugs, concentrations and times of exposure, this decline in
CB1 receptor levels was not observed (Romero et al. 1995; Abood et al. 1993).
Differences in the rates and magnitudes of receptor down-regulation across brain
regions have been demonstrated (Breivogel et al. 1999). Chronic ∆9-THC treatment
abrogated G protein activation by cannabinoid receptors ([35S]GTPγS binding) in
a number of rat brain regions that are expected to be important for cannabinoid
effects (Sim et al. 1996). The time course of the decrease in cannabinoid-stimulated
[35S]GTPγS binding to G proteins differed between brain regions (Breivogel et al.
1999). More distal responses may not be obviously correlated with the changes
in receptor number and coupling to G proteins. Chronic treatment of animals
with CP55940 did not produce a measurable change in adenylyl cyclase in cere-
bellar membranes even though cannabinoid receptor numbers were reduced (Fan
et al. 1996). Chronic exposure of rodents to ∆9-THC increased the MAPK path-
way that signals to phosphorylated cyclic AMP response element binding protein
(phosphoCREB) and FosB transcription factors in the nucleus (Rubino et al. 2004).
These researchers reported evidence that sustained stimulation of the MAPK path-
way could be coupled to the development of tolerance to the antinociception and
hypomobility responses (Rubino et al. 2004).

Studies of cellular adaptation to cannabinoid drugs have identified cellular
changes that could predict the mechanism of synaptic plasticity. Homologous
desensitization of adenylyl cyclase inhibition was observed within minutes of ex-



68 A.C. Howlett

posure to ∆9-THC and levonantradol in cultured neuroblastoma cells (Dill and
Howlett 1988; Shapira et al. 1998). One-way cross-desensitization has been re-
ported, in that chronic exposure to morphine in cultured N18TG2 or NG108-15
cells caused a reduction in the response to acute stimulation of the cannabinoid
receptor (Shapira et al. 1998; Eisinger et al. 2002).

8.1
Phosphorylation of the Cannabinoid Receptors as a Mechanism for Desensitization

Phosphorylation of Ser residues on the IC3 and C-terminal of the CB1 receptor
is important for regulation of coupling to G proteins and subsequent signaling.
A critical Ser317 on the IC3 could be phosphorylated by activation of PKC in a
recombinant model system (Garcia et al. 1998). This modification might serve as
a heterologous desensitization mechanism by which activation of PKC could lead
to the failure of CB1 receptors to regulate GIRK channels and inhibit P/Q-type
Ca2+ channels (Garcia et al. 1998). Studies of site-mutations of Ser426 and Ser430

indicated that these residues were required for desensitization, suggesting the
importance of this domain for G protein receptor kinase-3 phosphorylation, and
perhaps, association with β-arrestin 2 (Jin et al. 1999). CB1 receptor mutants that
are truncated two residues distal to the palmitoylated cys of the C-terminal failed
to desensitize the GIRK channel activation response to agonist stimulation of the
receptor, demonstrating the importance of the C-terminal tail for desensitization
(Jin et al. 1999).

The role of protein kinases in maintaining the tolerant state in rodents was
examined by the Welch laboratory (Lee et al. 2003). In those studies, animals
were chronically exposed to ∆9-THC, and then tested for their antinociceptive
response to a dose of ∆9-THC. The tolerance to ∆9-THC was reversed by prior
administration of a PKA inhibitor and a Src family tyrosine kinase inhibitor. These
studies suggested that PKA and a tyrosine kinase could be important in maintain-
ing the tolerant state. It is intriguing to speculate on what these findings might
imply regarding the signal transduction pathways that might include cannabi-
noid receptors. However, the complexity of the intact brain and spinal cord in
the nociceptive response makes it difficult to assign any particular substrate for
PKA, or Src tyrosine kinases, as the target(s) for these phosphorylation-dependent
changes.

9
Summary and Predictions

The CB1 and CB2 cannabinoid receptors in nervous, immune, and other tissues of
the body participate in G protein-mediated signal transduction pathways. Particu-
larly well characterized are those that regulate the second messengers cyclic AMP,
Ca2+, and perhaps IP3. CB1 receptors are modulators of ion channels, which makes
them key players in the control of neurotransmission. These receptors also partic-
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ipate in signal transduction via scaffolding mechanisms, including regulation of
MAPK signaling to the nucleus via transcription factors. These receptors promote
intercellular signaling via NO, a diffusible ligand that can impact properties of
neighboring cells. Chronic administration of cannabinoid receptor agonists can
orchestrate pleiotropic changes in cellular signal transduction that contribute to
synaptic plasticity in the processes of learning and memory, cognition, nocicep-
tion, and other responses to CB1 receptor stimulation.

Future studies should elucidate additional signal transduction pathways in
which the cannabinoid receptors can participate. G proteins other than Gi, Go,
Gs, and Gq may be important in initiating signal transduction pathways that have
not yet been considered for these receptors. Transactivation of alternative signal
transduction pathways, with or without the participation of G proteins, may be
discovered to be important for cannabinoid receptor-mediated responses. Non-
G protein-mediated signal transduction mechanisms may represent alternative
cellular signaling pathways. As we continue to learn more about other cellular pro-
teins with which the cannabinoid receptors can potentially interact, we will have a
better appreciation of both physiological and pathological processes mediated by
endocannabinoid compounds.
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Abstract To date, two cannabinoid receptors have been isolated by molecular
cloning. The CB1 and CB2 cannabinoid receptors are members of the G protein-
coupled receptor family. There is also evidence for additional cannabinoid recep-
tor subtypes. The CB1 and CB2 receptors recognize endogenous and exogenous
cannabinoid compounds, which fall into five structurally diverse classes. Muta-
genesis and molecular modeling studies have identified several key amino acid
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residues involved in the selective recognition of these ligands. Numerous residues
involved in receptor activation have been elucidated. Regions of the CB1 recep-
tor mediating desensitization and internalization have also been discovered. The
known genetic structures of the CB1 and CB2 receptors indicate polymorphisms
and multiple exons that may be involved in tissue and species-specific regulation of
these genes. The cannabinoid receptors are regulated during chronic agonist expo-
sure, and gene expression is altered in disease states. There is a complex molecular
architecture of the cannabinoid receptors that allows a single receptor to recog-
nize multiple classes of compounds and produce an array of distinct downstream
effects.

Keywords Cannabinoidreceptor ·Mutagenesis ·Polymorphism ·Generegulation,
binding

1
Introduction

Our knowledge of the mechanism of action of cannabinoids has increased greatly
in the past several years due to numerous major discoveries. The development
of novel synthetic analogs of (–)-∆9-tetrahydrocannabinol (∆9-THC), the primary
psychoactive constituent in marijuana, played a major role in the characterization
and cloning of a neuronal cannabinoid receptor, a member of the G protein-
coupled receptor family (GPCR) (Matsuda et al. 1990). The identity of the cDNA
clone as the cannabinoid receptor (CB1) was confirmed by transfection into Chi-
nese hamster ovary (CHO) cells and the demonstration of cannabinoid-mediated
inhibition of adenylyl cyclase (Gerard et al. 1991; Matsuda et al. 1990). This re-
ceptor can also modulate G protein-coupled Ca2+ and K+ channels (Mackie and
Hille 1992; McAllister et al. 1999). Five structurally distinct classes of cannabinoid
compounds have now been identified: the classical cannabinoids [∆9-THC, ∆8-
THC-dimethylheptyl (HU210)]; non-classical cannabinoids (CP 55,940); indoles
(WIN 55,212-2), eicosanoids (anandamide, 2-arachidonoylglycerol) and antago-
nist/inverse agonists (SR141716A, SR145528) (Devane et al. 1992; Eissenstat et al.
1995; Howlett 1995; Mechoulam et al. 1995; Rinaldi-Carmona et al. 1994; Rinaldi-
Carmona et al. 1998a; Xie et al. 1996).

The CB1 receptor gene has been inactivated in mice (by in-frame deletion of
most of the coding region) using homologous recombination in two laboratories
(Ledent et al. 1999; Zimmer et al. 1999). Significantly, not only did the CB1 receptor
knockout mice lose responsiveness to most cannabinoids, the reinforcing prop-
erties of morphine and the severity of the withdrawal syndrome were strongly
reduced (Ledent et al. 1999). The CB1 receptor appears to play a central role in
drug addiction.

The existence of a second type of cannabinoid receptor in the spleen was estab-
lished (Kaminski et al. 1992). The CB2 receptor was isolated by a polymerase chain
reaction (PCR)-based strategy designed to isolate GPCRs in differentiated myeloid
cells (Munro et al. 1993). The CB2 receptor, which has only been found in the spleen
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and cells of the immune system, has 44% amino acid identity with CB1, and a dis-
tinct yet similar binding profile, and thus represents a receptor subtype. The CB2

receptor gene has been inactivated by homologous recombination in mice (Buck-
ley et al. 2000); the most notable effect was impairment of immunomodulation by
helper T cells.

Another major breakthrough in cannabinoid research was the discovery of
endogenous ligands for the cannabinoid receptors; this uncovered a novel neuro-
transmitter/neuromodulatory system. The first ligand, arachidonoyl ethanolamide
(anandamide, AEA) was isolated from porcine brain; it competed for binding to
the CB1 receptor and inhibited electrically stimulated contractions of the mouse
vas deferens in the same manner as ∆9-THC (Devane et al. 1992). The pharmaco-
logical properties of anandamide are consistent with its initial identification as an
endogenous ligand for the cannabinoid receptor(s). In vivo, anandamide produces
many of the same pharmacological effects as the classical cannabinoid ligands,
including hypomotility, antinociception, catalepsy, and hypothermia (Fride and
Mechoulam 1993). The biosynthetic pathways of anandamide synthesis, release,
and removal are under investigation by several laboratories (Deutsch and Chin
1993; Di Marzo et al. 1994; Hilliard and Campbell 1997; Piomelli et al. 1999; Walker
et al. 1999). Additional fatty acid ethanolamides with cannabimimetic properties
have been isolated, suggesting the existence of a family of endogenous cannabi-
noids (Hanus et al. 1993). 2-Arachidonoylglycerol (2AG) in several systems acts
as a full agonist, whereas anandamide is a partial agonist, suggesting that the CB1

receptor may in fact be a 2AG receptor (Stella et al. 1997; Sugiura et al. 1997).
Additionally, virodhamine, arachidonic acid and ethanolamine joined by an

ester linkage, has been isolated (Porter et al, 2001). Noladin ether, 2-arachidonyl
glyceryl ether, is a potent endogenous agonist at the CB1 receptor (Hanus et al.
2001). N-Arachidonoyl-dopamine (NADA), is primarily a vanilloid receptor ag-
onist, but has some activity at CB1 receptors as well (Huang et al. 2002). Palmi-
toylethanolamide (PEA) has been suggested as a possible endogenous ligand at the
CB2 receptor (Facci et al. 1995). However, subsequent studies showed no affinity
for palmitoylethanolamide at the CB2 receptor (Griffin et al. 2000; Lambert et al.
1999; Showalter et al. 1996). Instead, PEA seems to increase the potency of AEA, in
part by inhibiting fatty acid amide hydrolase (FAAH), the enzyme responsible for
breakdown of AEA (Di Marzo et al. 2001).

In addition to actions at cannabinoid receptors, AEA, 2AG, virodhamine, no-
ladinether, andNADAalsoact at thevanilloid receptor (transient receptorpotential
vanilloid type 1 TRPV1; previously know as VR1), a ligand-gated ion channel that
is a member of the transient receptor potential (TRP) ion channel family (recently
reviewed by Di Marzo et al. 2002). In addition, ∆9-THC and cannabinol at high
(20 µM) concentrations have recently been identified as agonists at another TRP,
the ANKTM1 channel (Jordt et al. 2004). These findings raise the possibility that
the TRP channels may be ionotropic cannabinoid receptors.

The existence of a family of endogenous ligands suggests the presence of ad-
ditional cannabinoid receptor subtypes. In addition, some of the diverse effects
may result from different receptor conformations. Experimental evidence from
several laboratories suggests that cannabinoid receptor ligands can induce differ-
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ent conformations of the CB1 receptor, which in turn can activate select G proteins
(Glass and Northup 1999; Griffin et al. 1998; Kearn et al. 1999; Mukhopadhyay et al.
2000; Selley et al. 1996). This selectivity appears to be driven by distinct molecular
interactions that occur between the different classes of cannabinoid compounds
and the receptor proteins. These data indicate that receptor “subtypes” may also
be observed as a result of activation of distinct second messenger pathways that
produce different physiological responses.

This chapter will focus on the molecular biology of the G protein-coupled
cannabinoid receptors.

2
General Structure and Distribution

Two cannabinoid receptors have been identified to date; the CB1 receptor is local-
ized predominantly in the central nervous system (CNS), whereas the CB2 receptor
is located primarily in the immune system. The CB1 receptor cDNA was isolated
from a rat brain library by a homology screen for GPCRs and its identity confirmed
by transfecting the clone into CHO cells and demonstrating cannabinoid-mediated
inhibition of adenylyl cyclase (Matsuda et al. 1990). Initial identification of the lig-
and for this “orphan receptor” involved the screening of many candidate ligands,
including opioids, neurotensin, angiotensin, substance P, and neuropeptide Y,
among others, until cannabinoids were found to act via this molecule. In cells
transfected with the clone, CP 55,940, ∆9-THC and other psychoactive cannabi-
noids, butnot cannabidiol (which lacksCNSactivity)were found to inhibit adenylyl
cyclase, whereas in untransfected cells no such response was found. Furthermore,
the rank order of potency for inhibition of adenylyl cyclase in transfected cells
correlated well with cell lines previously shown to possess cannabinoid-inhibited
adenylyl cyclase activity. Distribution of the expression of CB1 mRNA also paral-
leled that of cannabinoid receptor binding in rat brain. Analysis of the primary
amino acid sequence of the CB1 receptor predicts seven transmembrane (TM) do-
main regions, typical of GPCRs. Bramblett et al. (1995) have constructed a model
of the cannabinoid receptor. A representation of the CB1 receptor based on their
model is shown in Fig. 1.

The CB2 receptor was also isolated by its homology to other GPCRs, using a
PCR-based approach in myeloid cells (Munro et al. 1993). The human CB2 receptor
cDNA was isolated from the human promyelocytic cell line, HL60. The clone has
44% amino acid sequence identity overall with the CB1 clone, and percentage
similarity rises to 68% in the TM domains. The amino acid residues conserved
between CB1 and CB2 are shaded in Fig. 1. The localization of the CB2 receptor
appears to be mainly in the periphery: in the spleen and in low levels in adrenal,
heart, lung, prostate, uterus, pancreas, and testis and in cells of immune origin,
including microglia in the CNS (Munro et al. 1993; Galiegue et al. 1995; Walter
et al. 2003). An alignment of human CB1 and CB2 is shown in Fig. 2. Using the
numbering scheme of Ballesteros and Weinstein (Ballesteros and Weinstein 1995),
each amino acid is given a number that begins with the helix number followed by
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Fig. 1. A helix net representation of the human CB1 receptor. The amino acids shared with the CB2 receptor
are shaded

a two-digit decimal. The most highly conserved residue in each helix is assigned a
value of 0.50 and the other residues numbered relative to the conserved residue.

Transfected cell lines expressing the CB2 receptor have an affinity for CP 55,940
that is similar to those expressing the CB1 receptor (Felder et al. 1995; Munro et
al. 1993; Showalter et al. 1996). Furthermore, the affinities for ∆9-THC, 11-OH-∆9-
THC, anandamide and cannabidiol at the CB2 receptor are comparable to the brain
(Showalter et al. 1996) receptor. In contrast, cannabinol (which is known to be ten
times less potent than ∆9-THC at the CB1 receptor) was found to be equipotent to
∆9-THC at the CB2 receptor (Showalter et al. 1996). Based on these binding profiles,
it was concluded that the peripheral receptor clone may be a cannabinoid receptor
subtype. Indeed, a more extensive characterization of this receptor demonstrates
a separation of pharmacological selectivities (Felder et al. 1995; Showalter et al.
1996; Slipetz et al. 1995). The compounds that have been identified as CB1 and CB2

selective serve as lead compounds in the design of even more selective ligands.
The affinity of SR141716A (the CB1 receptor antagonist) is at least 50-fold higher
at the CB1 receptor than at the CB2 receptor (Felder et al. 1995; Rinaldi-Carmona
et al. 1994; Showalter et al. 1996) and has provided a starting point for the design
of more selective antagonists and agonists.
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Fig. 2. An alignment of the human CB1 and CB2 receptors. The transmembrane domains are underlined. The
standard single letter amino acid code is used. The numbering system of Ballesteros and Weinstein (1995) is
shown above each transmembrane domain
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3
Gene Structure and Species Diversity

Shortly after the cloning of the rat cannabinoid receptor, isolation of a human CB1

receptor cDNA was reported (Gerard et al. 1991). The rat and human receptors are
highly conserved, 93% identity at the nucleic acid level and 97% at the amino acid
level. There is an excellent correlation between binding affinities at the cloned CB1

receptor as compared to binding in brain homogenates using [3H]CP 55,940 as the
radioligand (Felder et al. 1992).

There is evidence for splice variants of the cannabinoid receptors. A PCR am-
plification product was isolated that lacked 167 base pairs of the coding region
of the human CB1 receptor (Shire et al. 1995). This alternative splice form (CB1A)
is unusual in that it is generated from the mRNA encoding CB1, and not from a
separate exon (Shire et al. 1995). When expressed, the CB1A clone would translate
to a receptor truncated by 61 amino acid residues with 28 amino acid residues
different at the NH2-terminal. This might lead to a receptor with altered ligand-
binding properties. CB1A expression has been detected in many tissues by RT-PCR
(Table 1). It will be important to confirm that the CB1A receptor protein is ex-
pressed, since splice variants often arise from incomplete splicing during library
construction and RT-PCR techniques. The construction of antibodies selective to
CB1 or CB1A peptides would be useful to detect these proteins. The CB1A splice
variant is not present in rat or mouse, because the splice consensus sequence is
absent in these genes (the invariant GT of the splice donor site becomes a GA in
both the rat and mouse) (Bonner 1996).

ThemouseCB1 geneandcDNAsequenceshavebeenreported (Aboodet al. 1997;
Chakrabarti et al. 1995; Ho and Zhao 1996). Sequence analysis of the mouse CB1

clones also indicates a high degree of conservation among species. The mouse and

Table 1. Amino acid residues important in cannabinoid receptor ligand recognition

CB1 receptor CP 55,940 binding WIN 55,212-2 binding
SR141716A binding F3.25(189) G3.31(195)
K3.28(192) K3.28(192) F3.36(201)
F3.36(201) C174 W5.43(280)
W5.43(280) C179 V5.46(282)
W6.48(357) W6.48(357)

Anandamide binding CB2 receptor WIN 55,212-2 binding
F3.25(190) SR144528 binding S3.31(112)
K3.28(192) S4.53(161) F5.46(197)

S4.57(165)
C175

All ligand binding lost (conformational changes)
Y5.39 (Y275 in CB1, Y190 in CB2) C174 in CB1 C179 in CB2

D3.49(130) in CB2 W4.50(158) in CB2 W4.64(172) in CB2

L5.50(201) in CB2 Y7.53(299) in CB2
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rat clones have 95% nucleic acid identity (100% amino acid identity). The mouse
and human clones have 90% nucleic acid identity (97% amino acid identity). Rat
CB1 probes can be used to detect mouse cannabinoid receptor mRNA (Abood et
al. 1993), again indicating conservation among species. However, the human and
rat sequences diverge about 60 bp upstream of the translation initiation codon.
Furthermore, we have isolated a rat CB1 clone that is identical to the published
sequence in the coding region, but diverges about 60 bp upstream of the translation
codon (unpublished data). Examination of the 5′ untranslated sequence of the
mouse CB1 genomic clone indicates a splice junction site approximately 60 bp
upstream from the translation start site. This splice junction site is also present in
the human CB1 gene (Shire et al. 1995). These data suggest the existence of splice
variants of the CB1 receptor as well as possible divergence of regulatory sequences
between these genes. A third exon is present in the rat and human genes in their
5′ untranslated regions (Bonner 1996). The reported transcription start sites are
consistent with the presence of two promoters for the CB1 genes (Bonner 1996).

The CB1 receptor has been studied in a molecular phylogenetic analysis of 64
mammalian species (Murphy et al. 2001). The sequence diversity in 62 species ex-
amined varied from 0.41% to 27%. In addition to mammals, the CB1 receptor has
been isolated from birds (Soderstrom et al. 2000b), fish (Yamaguchi et al. 1996),
amphibia (Cottone et al. 2003; Soderstrom et al. 2000a), and an invertebrate, Ciona
intestitinalis (Elphick et al. 2003). This deuterostomian invertebrate cannabinoid
receptor contains 28% amino acid identity with CB1, and 24% with CB2 (Elph-
ick et al. 2003). Since a CB receptor ortholog has not been found in Drosophila
melanogaster or Caenorhabditis elegans, it has been suggested that the ancestor
of vertebrate CB1 and CB2 receptors originated in a deuterostomian invertebrate
(Elphick et al. 2003).

The CB2 receptor has also been isolated from mouse (Shire et al. 1996b; Valk et
al. 1997), rat (Griffin et al. 2000; Brown et al. 2002), and the puffer fish Fugu rubripes
(Elphick 2002). The CB2 receptor shows less homology between species than does
CB1; for instance, the human and mouse CB2 receptors share 82% amino acid
identity (Shire et al. 1996b), and the mouse and rat 93% amino acid identity. The
human, rat, and mouse sequences diverge at the C-terminus; the mouse sequence
is 13 amino acids shorter, whereas the rat clone is 50 amino acids longer than the
human CB2 (Brown et al. 2002).

There is also an intron in the C-terminus of the CB2 receptor. This intron is
also species-specific; it is only present in the rat CB2 receptor (Brown et al. 2002).
This may give rise to rat-specific pharmacology of the CB2 receptor. We found
differences in ligand recognition with a number of compounds at the rat CB2

receptor compared to the human CB2 receptor in transfected cells (Griffin et al.
2000). It is important to note, however, that the clone described in these studies was
a genomic clone of rat CB2 and did not contain the edited C-terminus discovered
by Brown et al. (2002).

To date, the complete genetic structure including 5′ and 3′ untranslated regions
and transcription start sites of the CB1 and CB2 genes have not been mapped. From
what we know so far, the diversity in the regulatory regions of the CB1 and CB2

genes may provide flexibility in gene regulation.
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4
Ligand Recognition at the CB1 Receptor

4.1
The Aminoalklylindole/SR141716A Binding Region

Mutation studies as well as studies with novel ligands have suggested a separation
of the binding site for aminoalkylindoles (typified by WIN 55,212-2) from that
of the other three classes of cannabinoid agonist ligands (Table 2) (Chin et al.
1998; Song and Bonner 1996; Tao et al. 1999). A K3.28(192)A mutation of CB1

results in no loss of affinity or efficacy for WIN 55,212-2, but greater than 1,000-
fold loss in affinity and efficacy for HU-210, CP 55,940, and anandamide (Chin
et al. 1998; Song and Bonner 1996), and a 17-fold loss for SR141716A (Hurst et
al. 2002). The CB2 selectivity of WIN 55,212-2 (Felder et al. 1995; Showalter et al.
1996) may be due to the presence of an additional TM helix (TMH)5 aromatic
residue, F5.46 in the CB2 receptor (Song et al. 1999). Receptor chimera studies of
the CB1 and CB2 receptors have demonstrated that the region delimited by the
fourth and fifth TM domains of the CB1 receptor is crucial for the binding of
the CB1 receptor antagonist SR141716A, but not CP 55,940, and that this same
region in the CB2 receptor is crucial for the binding of WIN 55,212-2 and the CB2

receptor antagonist SR144528 (Shire et al. 1996a, 1999). These results reinforce the
hypothesis that the aminoalkylindole-binding region at the CB1 receptor is in the
TMH 3-4-5 region and is not identical to that for other CB agonists. Furthermore,
these results suggest that SR141716A binding shares the aminoalkylindole binding
region but also interacts with K(3.28)192.

In addition, the carbonyl oxygen as well as the morpholino ring of the amino-
alkylindoles canbe replacedwithout affecting affinity; thereforehydrogenbonding
may not be the primary interaction of these compounds at the CB1 receptor (Huff-
man 1999; Huffman et al. 1994; Kumar et al. 1995; Reggio 1999). Huffman et al.
(1994) also reported that the replacement of the naphthyl ring of WIN 55,212-2
with an alkyl or alkenyl group resulted in complete loss of CB1 receptor affinity
(Ki>10,000 nM in both cases). The fact that the carbonyl oxygen or the morpholino
ring of the aminoalkylindoles can be removed without significant effect, along with
evidence that the presence of the carbonyl and morpholino group (in the absence
of an aryl substituent) is insufficient to produce CB1 affinity, suggests that aro-
matic stacking, rather than hydrogen bonding, may be the primary interaction for
aminoalkylindoles at the CB1 receptor.

Aromatic–aromatic stacking interactions are significant contributors to protein
structure stabilization (Burley and Petsko 1985). Modeling studies indicate that in
the active state (R*) model of CB1, there is a patch of aromatic amino acids in the
TMH 3-4-5 region with which WIN 55,212-2 can interact (McAllister et al. 2003).
There is an upper (extracellular side) stack formed by F3.25(189 in human CB1,
190 in mouse CB1), W4.64(255/256), Y5.39(275/276), and W5.43(279/280). When
WIN 55,212-2 is computationally docked to interact with this patch, it also can
interact with a lower (towards intracellular side) aromatic residue, F3.36(200/201).
In this docking position, WIN 55,212-2 creates a continuous aromatic stack over
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several turns of TMHs 3, 4, and 5 that is likely to be energetically favored. Similarly,
studies in the Reggio lab suggested that in the inactive (R) state of CB1 the amide
oxygen of SR141716A interacts with a salt bridge formed by K3.28 and D6.58(366),
while the dichlorophenyl ring of SR141716A interacts with F3.36 and W6.48 and
the monochlorophenyl ring interacts with F3.36 and W5.43 (Hurst et al. 2002).

In a recent study, McAllister et al. tested the hypothesis that a CB1 TMH3-4-5-6
aromatic microdomain that includes F3.25, F3.36, W4.64, Y5.39, W5.43, and W6.48,
constitutes the binding domain of SR141716A and WIN 55,212-2 (McAllister et
al. 2003). Stably transfected cell lines were created for single-point mutations of
each aromatic microdomain residue to alanine. The binding of SR141716A and
WIN 55,212-2 were found to be affected by the F3.36A, W5.43A, and W6.48A
mutations, suggesting that these residues are part of the binding site for these two
ligands. In particular, the W5.43A mutation resulted in profound loss of affinity
for SR141716A. Mutation of W4.64 to A resulted in loss of ligand binding and
signal transduction; however, this was shown to be a result of improper cellular
localization; the mutant receptor was not expressed on the cell surface.

Anandamide was used as a control in this study, as aromatic stacking interac-
tions are not key to its binding. However, according to the molecular model, F3.25A
is a direct interaction site for anandamide. F3.25A had no effect on WIN 55,212-2
or SR141716A binding, but resulted in a sixfold loss in affinity for anandamide
(McAllister et al. 2003).

4.2
The Classical/Non-Classical/Endogenous CB Binding Region

As stated above, the mutation studies of CB1 demonstrated greater than 1,000-fold
loss in affinity and efficacy for HU-210, CP 55,940, and anandamide at K3.28(192)A
(Chin et al. 1998; Song and Bonner 1996). This indicated that K3.28(192) is a
primary interaction site for the phenolic hydroxyl of HU-210 and other classical
cannabinoids, as well as the non-classical cannabinoids (e.g., CP 55,940) in the
CB1 receptor (Huffman et al. 1996). Modeling studies suggested that the alkyl
side chain of CP 55,940 resides in a hydrophobic pocket (Tao et al. 1999). In
CB1, the primary interaction is between the phenolic hydroxyl of CP 55,940 and
K3.28(192). These considerations suggest that the TMH 3-6-7 region is the binding
site for classical and non-classical cannabinoids, and presumably the endogenous
cannabinoids.

It should be noted that the two binding regions identified (i.e., TMH 3-4-5 for
aminoalkylindoles and TMH 3-6-7 for other agonist classes) overlap spatially such
that the binding of a ligand in one region would preclude binding in the other
region. This would be detected as competitive inhibition in a binding assay.

Residues in the N-terminus as well as in and near extracellular loop 1 have been
shown to be important for binding of CP 55,940 (Murphy and Kendall 2003). Loss
of affinity for CP 55,940 was seen when dipeptide insertions were made at residues
113, 181, and 188. Six substitution mutants (to alanine) were constructed around
these residues; they showed weaker affinity than the wild-type (WT) receptor, but



Molecular Biology of Cannabinoid Receptors 91

less of a loss than observed with the corresponding insertion mutant. This pattern
suggests that the loop structure itself is important for recognition of CP 55,940.

Interestingly, F189(3.25)A in human CB1 results in a dramatic reduction of
CP 55,940 affinity (Murphy and Kendall 2003), but in mouse CB1, CP 55,940 binding
is not affected, and instead anandamide’s affinity is lowered (McAllister et al. 2003).
This suggests the minor sequence variation in mouse vs human CB1 can result in
structural differences in ligand recognition.

5
Ligand Recognition at the CB2 Receptor

5.1
Identification of Amino Acids Which Discriminate CB1 and CB2 Receptor Subtypes

The CB1 and CB2 receptors (Fig. 2) share only 44% overall amino acid identity,
which rises to 68% in the TM domains (Munro et al. 1993). However, most cannabi-
noid receptor agonists do not discriminate between the receptor subtypes (Felder
et al. 1995; Pertwee 1997). There are several ligands which are CB1- or CB2-selective
(5- to 60-fold), and a few ligands with a greater separation of activity at each re-
ceptor (100- to 1,000-fold) (Griffin et al. 1999, 2000; Hanus et al. 1999; Huffman
et al. 1996, 1999; Ibrahim et al. 2003; Showalter et al. 1996; Tao et al. 1999). For
example, 1-deoxy-∆8-THC showed no affinity for the CB1 receptor but has good
affinity (Ki=32 nM) for the CB2 receptor (Huffman et al. 1999). However, there is a
need for more selective agonists to produce specific receptor-mediated effects for
in vivo studies.

Structure–activity relationships of ∆9-THC analogs have revealed three critical
points of attachment to a receptor: (1) a free phenolic hydroxyl group; (2) an
appropriate substituent at the C9 position and (3) a lipophilic side chain (Howlett
et al. 1988). However, compounds with a dimethylheptyl side chain retain affinity
for both CB1 and CB2 receptors even when they lack a phenolic hydroxyl (Gareau et
al. 1996; Huffman et al. 1996). Moreover, these ligands are CB2-selective (Huffman
et al. 1996, 1999).

An alternative approach to traditional structure–activity relationships with
synthetic ligands is to map the ligand binding sites of the receptors using in vitro
mutagenesis of receptor cDNAs. For example, the lysine residue in the third TM
domain of the cannabinoid receptors, which is conserved between the CB1 and CB2

receptors, appears to mediate different functional roles in the receptor subtypes.
K3.28(192) in the CB1 receptor is critically important for ligand recognition for
several agonists (CP 55,940, HU-210, ∆9-THC, and anandamide) but not for WIN
55,212-2 (Chin et al. 1998; Song and Bonner 1996). Mutation of the analogous
residue in the CB2 receptor (K109) to alanine or arginine resulted in fully func-
tional CB2 receptors with all ligands tested (Tao et al. 1999). In this same study
a molecular model was generated in order to explain these findings. The model
suggested an alternative binding mode could be achieved in the K109A CB2 mutant
in contrast to K192A CB1. Assuming that ligand binding occurs within the pore
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formed by the TMH bundle, and the hydrophobic cluster of amino acids on helices
6 and 7 form the hydrophobic pocket with which the dimethylheptyl side chain of
CP 55,940 interacts, receptor docking studies indicated that CP 55,940 is oriented
differently in the binding pocket in CB1 vs CB2. A unique feature identified in the
CP 55,940/CB2 binding site was a hydrogen bonding cluster formed by a serine,
threonine, and an asparagine. In the CP 55,940/CB1 docking studies this cluster is
not present. This suggested that when CB2 K109 was mutated to A, the hydrogen
bonding cluster could compensate for receptor binding to CP 55,940, whereas when
CB1 K192 was mutated to A this compensation did not occur. To test this hypothesis
the CB2 hydrogen-bonding cluster was disrupted by generating the double-mutant
K109AS112G. When the serine in the hydrogen-bonding cluster was replaced with
a glycine, the receptor was not able to recognize several cannabinoid agonists
excluding WIN 55,212-2. This was reminiscent of the findings of CB1 K192A, ex-
cept only 10% vs full inhibition of cyclic 3′,5′-adenosine monophosphate (cAMP)
accumulation could be produce even in the presence of 10 µM WIN 55,212-2. Re-
ceptor expression was determined by immunofluorescence. The WT CB2 protein
was expressed in approximately 90% of the cells. Only 30% of the cells expressed
the double-mutant K109AS112G, and the pattern of staining exhibited entrapment
of the receptor within the perinuclear region. Interestingly, even the expression of
the K109A mutant receptor, which exhibited WT receptor characteristics, was ex-
pressed less than the WT receptor (50% vs 90% of the cells expressed the protein,
respectively). The reduced expression of the double-mutant K109AS112G could
explain why only 10% inhibition of cAMP accumulation was observed in the pres-
ence of WIN 55,212-2. Regardless, the serine in combination with the lysine in the
CB2 receptor appears to play a crucial role in determining proper function of the
receptor.

The K3.28 mutation studies demonstrated that a separate but overlapping re-
ceptor binding site must occur with WIN 55,212-2 compared to other cannabi-
noid ligands in the CB1 receptors. Another important feature of WIN 55,212-2
is that it has a higher affinity for the CB2 receptors, albeit only five- to tenfold
higher (Showalter et al. 1996). Two groups sought to discover critical residues
in the cannabinoid receptors that impart this agonist selectivity. The first used a
molecular modeling approach; it indicated that aromatic stacking interactions are
important for aminoalkylindole binding (Song et al. 1999). There is a phenylala-
nine at position 5.46(F197) in CB2 vs a valine (V282) in CB1, which could provide
greater aromatic stacking and may impart the selectivity of WIN 55,212-2 for CB2.
Therefore, valine and phenylalanine were switched between the receptors. The
CB1V282F mutant bound WIN 55,212-2 in a similar fashion to WT CB2, whereas
the CB2 F197V mutant adopted CB1 receptor binding affinity for WIN 55,212-2.
This data strongly favored the hypothesis that a phenylalanine at position 5.46 is
crucial for WIN 55,212-2 selectivity.

At the same time, the role of TM3 in WIN 55,212-2 selectivity was reported (Chin
et al. 1999). In this investigation, a CB1/CB2 chimera was constructed, CB1/2(TM3),
in which the TM3 of CB1 was replaced with the corresponding region of CB2. The
CB1/2(TM3) mutant bound WIN 55,212-2, and the other related aminoalkylindole
analogs (JWH015 and JWH018) with WT CB2 affinities. These results suggested
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that the TM3 of the cannabinoid receptor imparts selectivity of aminoalkylindoles
to CB2. When individual amino acid changes were evaluated, S112(3.31) in CB2,
which corresponded to G195 in CB1, was the amino acid responsible for CB2

selectivity of aminoalkylindoles. Tao et al. (1998) also reported that mutation of
S112 in the K109AS112G mutation resulted in dramatic effects on ligand binding.

Key differences in the ligand recognition sites of the CB1 and CB2 receptors were
identified using a combination of receptor chimeras and site-directed mutagenesis
(Shire et al. 1996a). This study focused on the SR141716A (CB1-selective) and
CP 55,940 (non-selective) binding sites. Replacing the CB1 receptor with up to
the seventh TM region of the CB2 receptor, including the third extracellular loop,
resulted in a receptor that still exhibited CB1 receptor properties. Further extending
the CB2 structure into the sixth TM region of the CB1 altered receptor expression;
the mutant was sequestered in the intracellular compartment of the cell and could
not be analyzed. Further extending the CB2 structure into the fifth and then fourth
TM region of the CB1 receptor systematically resulted in a CB1/2 chimera that acted
like a CB1 receptor. The fifth TM CB1/2 chimera acted as a CB1/2 hybrid and the
reciprocal mutation fifth TM CB2/1 chimera had almost identical properties. The
fourth TM CB1/2 chimera was similar to the WT CB2 receptor.

A sandwich chimera was next constructed where the CB1 receptor TM4-e2-TM5
region was replaced with the CB2 receptor regions (Shire et al. 1996a). This chimera
resembled the WT CB2 receptor, strengthening the findings that these regions are
important for CB1 receptor selectivity of SR 141716A. A sandwich chimera was
then created in which just the CB1 receptor e2 region was replaced with the CB2

receptor e2 region; SR141716A binding was almost identical to the WT CB2, but
in this case CP 55,940 binding was lost. A smaller sandwich chimera was also
created in which just the CB1 receptor e2 region between conserved cysteines was
replaced with the corresponding CB2 receptor regions; this mutation resulted in a
sequestration of the receptor.

Generation of functional CB2/CB1 chimeras proved to be more difficult when
trying to study the TM4-e2-TM5 regions. When the CB2 receptor TM4-e2-TM5
region was replaced with the CB1 or a sandwich chimera was created in which just
the CB2 receptor e2 region was replaced with CB1 e2, the receptors were expressed
but could not bind CP 55,940 or SR141716A (Shire et al. 1996a).

Onenotabledifferencebetweencannabinoid receptorsandmanyotherGPCRs is
the lack of conserved cysteines in the second extracellular (EC) domain. However,
the third EC domain of both cannabinoid receptors does contain two or more
cysteines. These cysteines are thought to form sulfhydryl bonds with cysteines in
neighboring TM domains and to stabilize the receptor. When C257 and C264 in the
third EC domain of the CB1 receptor were replaced with serine residues, the mutant
receptors were sequestered (Shire et al. 1996a). These residues were then replaced
with alanine. In this case the receptors were expressed normally but failed to bind
CP 55,940. When cysteine residues (C174 and C179) in the third EC domain of the
CB2 receptor were replaced with serine residues, the mutant receptor, although
expressed normally on the cell surface, could not bind CP 55,940. Disruption of
a disulfide bridge with the two cysteines in the amino-terminal region of the CB1

receptor was not the explanation, because the double mutant C98,107S resulted in
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a receptor with WT properties. Overall, these results suggest the e2 domain and
corresponding cysteines are important for CP 55,940 ligand recognition, but not
for SR141716A.

5.2
The SR14428 Binding Site

The SR144528 binding site (Table 1) on CB2 has been analyzed by a combina-
tion of site-directed mutagenesis and molecular modeling (Gouldson et al. 2000).
Mutation of C175 (in the third EC loop) to serine resulted in a receptor with nor-
mal affinity for [3H]CP 55,940, but loss of recognition of SR144528. Consequently,
SR144528 did not act as an antagonist at this mutant. An eightfold loss of affinity
for WIN 55,212-2 was observed with the C175S mutant. Mutation of S4.53(161)
and S4.57(165) to alanines also resulted in the loss of SR144528 binding and func-
tional activity. These serines are alanines in the CB1 receptor, which supports a
direct ligand–residue interaction at CB2. Several other mutations were analyzed
that did not affect SR144528 binding. In the corresponding molecular model of
CB2, SR144528 interacts with residues in TM 3,4, and 5 through a combination of
hydrogen bonds and hydrophobic interactions (Gouldson et al. 2000). In particu-
lar, W4.64(172) and W5.43(194) form an aromatic stack similar to that proposed
for WIN 55,212-2 in the CB2 receptor (Song et al. 1999) and WIN 55,212-2 and
SR141716A in the CB1 receptor (McAllister et al. 2003).

6
Receptor Conformation

In addition to specific ligand–receptor interactions, several residues have been
shown to be keys to maintaining proper receptor conformation for ligand recog-
nition. For example, at the top of the TMH 3-4-5 aromatic cluster in both the
CB1 [Y5.39(275)] and CB2 [Y5.39(190)] receptors is a tyrosine residue. Creat-
ing a tyrosine-to-phenylalanine mutation in both CB1 and CB2 resulted in subtle
alterations in receptor affinity and signal transduction. In contrast, a tyrosine-
to-isoleucine mutation in CB1 and CB2 led to receptors that lost ligand-binding
capability (McAllister et al. 2002). Evaluation of receptor expression revealed no
significant differences between the Y5.39I mutant and the WT receptor. Mutation
of Y5.39(275) to A resulted in a receptor which failed to be expressed at the cell
surface (Shire et al. 1999). Monte Carlo/stochastic dynamics studies suggested the
hypothesis that aromaticity at position 5.39(275) in CB1 and 5.39(190) in CB2 is
essential to maintain cannabinoid ligand WT affinity; while the CB1 Y5.39(275)F
mutant was very similar to WT, the Y5.39(275)I mutant showed pronounced topol-
ogy changes in the TMH 3-4-5 region (McAllister et al. 2002).

Two conserved tryptophan residues, W4.50(158) and W4.64(172), are required
for proper ligand recognition and signal transduction (Rhee et al. 2000a). W4.50 is
conserved among most GPCRs, whereas W4.64 is conserved between CB1 and CB2
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receptors. Substitutions to aromatic residues phenylalanine or tyrosine as well as
to leucine and alanine were evaluated. For both tryptophan residues, the W-to-F
mutant retained WT binding and signaling properties and the L and A mutations
resulted in loss of ligand binding and signal transduction. In this study, expression
of protein was assessed by Western analyses; however, cellular localization was
not examined (Rhee et al. 2000a). W4.64 has been suggested to be an interaction
site for the aminoalkylindoles and pyrazole antagonists, and in CB1, the W4.64A
mutation resulted in a receptor that did not localize to the cell surface (McAllister
et al. 2002).

Absence of a conserved proline is crucial for proper function of the CB2 receptor
(Song and Feng 2002). In most GPCRs, there is a proline residue in the middle
of TM5, but in the cannabinoid receptors this residue is a leucine. Substitution
of L5.50(201) to proline caused a complete loss of ligand binding and function,
probably due to an overall conformational change in the mutant receptor (Song
and Feng 2002).

The highly conserved tyrosine in the NP(X)nY motif in TM7 also plays an im-
portant role in the CB2 receptor’s proper conformation for ligand recognition and
signal transduction (Feng and Song 2001). The Y7.53(299)A mutation produced a
receptor that was correctly targeted to the cell membrane, yet led to a complete loss
of ligand binding and functional coupling to adenylyl cyclase. Since the location
of Y299 is very close to the cytoplasmic face, it is not postulated to be directly in-
volved in ligand binding; instead these results are probably due to conformational
changes in the receptor protein (Feng and Song 2001).

7
CB1 Receptor Activation

7.1
Constitutive Activity

Overexpression of many GPCRs leads to some degree of constitutive (agonist-
independent) activity (Lefkowitz et al. 1993). Experimental evidence for consti-
tutively active CB1 receptors was first noted when SR141716A, initially described
as a CB1 antagonist, was found to have inverse agonist properties (Bouaboula
et al. 1997). In transfected CHO cells expressing CB1, cannabinoid agonists acti-
vated mitogen-activated protein kinase (MAPK) activity (Bouaboula et al. 1997).
However, basal MAPK activity was higher in CB1-transfected cells as compared
to untransfected cells, suggesting the presence of autoactivated CB1 receptors.
SR141716A not only antagonized the agonist effect on MAPK, but also reduced
basal MAPK activity in CB1-transfected but not untransfected cells. Similarly, basal
cAMP levels were reduced, and SR141716A raised basal cAMP levels in transfected
cells. The EC50 for SR141716A was similar to its IC50, suggesting that these effects
are a result of direct binding to unoccupied (precoupled) CB1 receptors and not due
to the presence of endogenous ligands in the cultures. A significantly higher EC50

would be predicted if endogenous agonists were competing with SR141716A. Sub-
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sequent studies extended these findings to CB1 receptor-activated guanosine-5′-
O-(3-thiotriphosphate) (GTPγS) binding (Landsman et al. 1997) and inhibition of
calcium conductance (Pan et al. 1998). Additionally, CB1 receptors can sequester G
proteins, making them unavailable to couple to other receptors (Vasquez and Lewis
1999). SR141716A is also an inverse agonist when CB1 receptors are co-expressed
with G protein-coupled potassium channels in Xenopus oocytes (McAllister et al.
1999).

Previously, inverse agonist effects had not been observed in cell lines possessing
native CB1 receptors (Bouaboula et al. 1995), or in primary neuronal cultures (Jung
et al. 1997). However, a study in primary cultures of rat cerebellar granule neurons
presented evidence for inverse agonism by SR141716A on nitric oxide synthase
activity (Hillard et al. 1999). Evidence for inverse agonism was also reported in the
guinea pig small intestine (Coutts et al. 2000).

Constitutively active GPCRs can arise from mutations (either naturally occur-
ring or engineered), presumably as a result of transforming the receptor to a con-
stitutively active state. Mutations that result in constitutive activity may provide
clues to the key amino acids involved in receptor activation. Generally, consti-
tutively active receptors are also constitutively phosphorylated and desensitized,
providing support for a model where a single active state conformation is the
target for phosphorylation, internalization and desensitization (Leurs et al. 1998).
However, a recent study on the angiotensin II receptor and a series of studies on
the CB1 receptor suggest that GPCRs may possess several transition states, each
associated with conformationally distinguishable states of receptor activation and
regulation (Houston and Howlett 1998; Hsieh et al. 1999; Jin et al. 1999; Roche et
al. 1999; Thomas et al. 2000).

A F3.36/W6.48 interaction is proposed to be key to the maintenance of the
CB1 inactive state (Singh et al. 2002). Previous modeling studies have suggested
that a F3.36/W6.48 interaction requires a F3.36 trans χ1/W6.48 g+ χ1 rotameric
state. SR141716A stabilizes this F3.36/W6.48 aromatic stacking interaction, while
WIN55,212-2 favors a F3.36 g+ χ1/W6.48 trans χ1 state (Singh et al. 2002). Cannabi-
noid receptor activationofGIRK1/4 channels inXenopusoocyteswasused toassess
functional characteristics of the mutant proteins (McAllister et al., 2004). Of five
mutant receptors tested, only the F3.36(201)A demonstrated a limited activation
profile in the presence of multiple agonists. Ligand-independent receptor activa-
tion of GIRK1/4 channels showed that the F3.36A mutant had statistically higher

Table 2. Amino acids important in signal transduction

CB1 receptor CB2 receptor
D2.50(163/164) D2.50(80)
F3.36(201) R3.50(131)
L6.34(341) and A6.35(342) Y2.51(132)
C-terminus (401–417) Y5.58(207)

A6.34(244)
C313
C320
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levels of constitutive activity compared to WT CB1. This result supports the hy-
pothesis of a χ1 rotamer “toggle” switch (W6.48 χ1 g+, F3.36 χ1 trans) → (W6.48
χ1 trans, F3.36 χ1 g+) for activation of CB1.

7.2
Residues Involved in Activation of CB1

Studies todatehave indicated thatnotonlyare setsofdifferent aminoacids involved
in the binding of several cannabinoid ligands, but that these ligands promote
interactions with different G proteins (Bonhaus et al. 1998; Glass and Northup 1999;
Griffin et al. 1998; Kearn et al. 1999; Mukhopadhyay et al. 2000; Selley et al. 1996; Tao
et al. 1999).Thedifferent sitesof ligand–receptor interactionmaypromotedifferent
receptor conformations, which in turn result in selective interaction with different
G proteins. Evidence that different receptor conformations can promote distinct
G protein interactions is provided by a study in which a mutation produced a
constitutively activeCB1 receptor that coupled toGs inpreference toGi (Abadji et al.
1999).Thepredominant couplingof theWTCB1 receptor is toGi; coupling toGs can
usually only be demonstrated in the presence of pertussis toxin, which uncouples
receptors from Gi/o proteins (Glass and Felder 1997). A swap of two adjacent
residues in the carboxyl terminus of the third intracellular loop/bottom of helix 6,
L6.34(341)A/A6.35(342)L, resulted in a receptor that produced minimal inhibition
of adenylyl cyclase in the presence of agonist, but instead showed increased basal
levels of cAMP in the absence of agonist (Abadji et al. 1999).

Using synthetic peptidesderived fromtheCB1 receptor,Howlett’s laboratory has
demonstrated that the amino terminal side of the intracellular (i3) loop can interact
with Gi, leading to the inhibition of adenylyl cyclase and that the juxtamembrane
portion of the C-terminus is critical for G protein activation (Howlett et al. 1998).
As in many other GPCRs, the CB1 receptor C terminal region may assume a
helical structure. In fact, this helical segment is quite clear in the Rho crystal
structure (Palczewski et al. 2000). Synthetic peptides derived from this region
can autonomously inhibit adenylyl cyclase by regulation of Gi and Go proteins
(Mukhopadhyay et al. 1999, 2000). Residues R400, K402, and C415 have been
implicated as potential sites for G protein activation (Mukhopadhyay et al. 1999).
Interestingly, the analogous region of CB2 does not activate Gi (Mukhopadhyay et
al. 1999, 2000).

Residues in the C-terminus have also been shown to be important in G protein
couplingandsequestration (Nie andLewis 2001a,b).Truncationof theCB1 receptor
at residue417attenuatesGproteincoupling, andtruncationat residue400abolishes
the inhibitionof calciumchannels producedbyCB1 receptors expressed in superior
cervical ganglia neurons (Nie and Lewis 2001a). Truncation at residue 417 also
enhances constitutive activity and G protein sequestration of receptors (Nie and
Lewis 2001b). These mutations did not affect trafficking of the receptor to the cell
surface.

In contrast, mutation of D2.50(164) to N abolished G protein sequestration and
constitutive activity without disrupting agonist activity of CB1 receptors expressed
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in neurons (Nie and Lewis 2001b). The consequences of mutation of D2.50, a highly
conserved residue present in most GPCRs, appear to depend on the system in which
the mutant receptor is expressed. Mutation of human CB1 D2.50(163) to glutamine
or glutamate disrupted G protein coupling but allowed the receptors to retain high
affinity for cannabinoid compounds when the mutant receptors were expressed in
human embryonic kidney (HEK) 293 cells (Tao and Abood 1998). A subsequent
study by Roche et al. (1999) found that rat CB1 D164N expressed in AtT20 cells
retained coupling to adenylyl cyclase and inhibition of calcium currents, but did
not couple to GIRK channels internalized following cannabinoid exposure. Inter-
estingly, this same disparity had previously been observed with the α-adrenergic
receptor, in that transfection of D2.50N mutant receptors into fibroblasts lacked
adenylyl cyclase coupling, but those expressed in AtT20 pituitary cells coupled to
adenylyl cyclase (Surprenant et al. 1992). Thus, the cellular background into which
the mutant receptors are introduced is also an important determinant of functional
coupling. It is possible that this is due to differential localization of the transfected
receptors or differential G protein expression.

8
CB2 Receptor Activation and Constitutive Activity

8.1
Constitutive Activity

The CB2 receptor has also been shown to be constitutively active (Bouaboula
et al. 1999a). Furthermore, CB2 receptors expressed in CHO cells also sequester
Gi proteins; the CB2 inverse agonist SR144528 inhibits basal G protein activity
as well as switching off MAPK activation from receptor tyrosine kinases and
the GPCR lysophosphatidic acid (LPA) receptor (Bouaboula et al. 1999a). CB2

receptors are constitutively phosphorylated and internalized (Bouaboula et al.
1999b). Autophosphorylation as well as agonist-induced phosphorylation occurs
on S352 and involves a GPCR kinase (GRK) (Bouaboula et al. 1999b).

8.2
CB2 Receptor Activation

As with the CB1 receptor, mutation of the highly conserved aspartate residue in
the second TM domain of the CB2 receptor, D2.50(80) to glutamine or glutamate,
disrupted G protein coupling without affecting high-affinity agonist binding (Tao
and Abood 1998).

The DRY motif has been shown to be important for activation of a number of
GPCRs. This motif has been examined in two separate studies of the CB2 receptor,
with different results (Feng and Song 2003; Rhee et al. 2000b). Both investigations
found that mutation of D3.49(130) to A resulted in loss of ligand binding and
subsequent signal transduction (Feng and Song 2003; Rhee et al. 2000b). This was
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proposed to be due to a conformational change in the CB2 receptor, rather than
a direct effect on ligand binding, since this residue is at the cytoplasmic end of
TM3. Mutation of Y2.51(132) to A resulted in a loss of signal transduction without
affecting ligand recognition (Rhee et al. 2000b). However, Rhee et al. (2000a)
demonstrated that mutation of R3.50(131) to A resulted in a slight reduction
of signal transduction, whereas Feng and Song (2003) found no evidence for G
protein coupling in the mutant receptor, including an abolition of constitutive
activity in the mutant cell line. In one case, transient transfection into COS cells
was employed (Rhee et al. 2000b), in the other, stable transfection into HEK 293
cells was used (Feng and Song 2003), again suggesting the cellular background
plays an important role in the function of these GPCRs. Coupling to different
G proteins is one explanation for the disparate results. In fact, a recent study
found that 2AG induced a pertussis toxin-sensitive response, whereas CP 55,940
functional responses were unaffected by treatment with pertussis toxin; mutation
of R3.50(131) to A resulted in reduction of the 2AG but not the CP 55,940-mediated
responses (Alberich Jorda et al. 2004).

Mutation of A6.34(244) to glutamate resulted in a loss of ligand binding, signal
transduction and constitutive activity (Feng and Song 2003). The location of this
amino acid, at the bottom of helix 6, suggests that it may be important in receptor
conformation. Highlighting the differences between CB1 and CB2 receptors, this
amino acid in the CB1 receptor was partly responsible for enhancing G protein
coupling to Gs (Abadji et al. 1999).

The presence of a tyrosine residue conserved between CB1 and CB2,Y5.58(207),
is critical for signal transduction in the CB2 receptor (Song and Feng 2002). The
Y5.58A mutant receptor retained ligand binding, albeit with an eightfold reduced
affinity for [3H]WIN 55,212-2, and fivefold reduction in HU-210 and anandamide
binding. This residue resides at the cytoplasmic end of helix 5, an area which has
been demonstrated to be involved in G protein coupling; therefore this conserved
tyrosine may play a role in propagation of agonist-induced conformational changes
for signal transduction (Song and Feng 2002).

Cysteine residues in the C-terminal domains have been shown to be important
in functional coupling in several GPCRs. Mutation of C313 or C320 to alanine in the
CB2 receptor resulted in a mutant that retained WT ligand recognition properties
but loss of functional coupling to adenylyl cyclase (Feng and Song 2001). In several
other GPCRs, C-terminal cysteine mutations also led to lack of desensitization;
this was not the case with the CB2 receptor (Feng and Song 2001). These data
demonstrate the importance of residues in the C-terminal domain to functional
coupling in the CB2 receptor.

9
CB1 Receptor Polymorphisms in Addiction and Disease

The CB1 receptor has been shown to regulate cocaine and heroin reinforcement
as well as opioid dependence (De Vries et al. 2001; Ledent et al. 1999). When
the CB1 receptor was knocked out by homologous recombination, not only did
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the mutant mice lose responsiveness to cannabinoids, the reinforcing properties
of morphine and the severity of the withdrawal syndrome were strongly reduced
(Ledent et al. 1999). Several laboratories have demonstrated that CB1 receptors reg-
ulate mesolimbic dopaminergic transmission in brain areas known to be involved
in the reinforcing effects of morphine, and it has now been shown that the CB1

receptor is critical for this µ-opioid receptor effect (Chen et al. 1990; Mascia et al.
1999; Tanda et al. 1997). In addition to increasing mesolimbic dopamine, ∆9-THC
facilitates brain stimulation reward, an animal model for abuse liability (Gard-
ner and Lowinson 1991). Moreover, genetic variations in the response have been
clearly demonstrated in three strains of rats (Lepore et al. 1996). Lewis rats showed
the most pronounced ∆9-THC-induced enhancement of brain reward functions.
Sprague-Dawley rats showed an enhancement that was approximately half that
seen in Lewis rats and, at the dose tested, brain reward functions in Fischer 344
rats were unaffected. A subsequent study also found a strain-specific facilitatory
effect on dopamine efflux in nucleus accumbens (Chen et al. 1991). These data
demonstrate that genetic variations to cannabinoid effects exist and suggest that
genetic variation influences drug abuse vulnerability. Indeed, differential sensitiv-
ity to ∆9-THC in the elevated plus-maze test of anxiety was also shown in three
mouse strains (Onaivi et al. 1995). Two different doses of ∆9-THC induced aversion
to the open arms of the maze in ICR mice, but not in DBA/2 and C57BL/6 mice.
Basal locomotor activity was significantly different in the three strains of mice,
and may be related to differences in CB1 receptor function (Basavarajappa and
Hungund 2001).

The CB1 receptor has been cloned and sequenced from two strains of mice,
C57BL/6 (Chakrabarti et al. 1995) and 129SJ (Abood et al. 1997) as well as from
NG108-15 cells (Ho and Zhao 1996). Additional mouse genomic sequence infor-
mation has been deposited at NCBI. However, the additional full-length sequences
are also from the 129SJ strain. Sequence analysis of the C57BL/6 CB1 receptor
cDNA (accession No. U17985), indicates three amino acid differences compared
to that obtained from the 129SJ strain (genomic clones, accession No. U22948 and
Abood et al. 1997) and NG108-15 (cDNA clone, accession No. U40709). One of
them, T210R, is in the third TM domain, an area found to be critical for ligand
recognition in the CB1 receptor (Chin et al. 1998, 1999; Song and Bonner 1996;
Tao et al. 1999). CB1 receptor polymorphisms may underlie differential sensitiv-
ity to ∆9-THC. In addition, a recent report showed distinct differences in CB1

receptor binding properties in the brains of C57Bl/6 and DBA/2 mice (Hungund
and Basavarajappa 2000). It is possible that naturally occurring mutations confer
functional differences in CB1 responses.

Human CB1 receptor polymorphisms have been identified. One study found a
positive association between a microsatellite polymorphism in the CB1 gene and
intravenous drug abuse (Comings et al. 1997). The initial polymorphism found
was a restriction fragment length polymorphism (RFLP) in the intron preceding
the coding exon of the receptor (Caenazzo et al. 1991). The CB1 receptor gene
is intronless in its coding region, but possesses an intron 5′ to the coding exon
with three putative upstream exons (Abood et al. 1997; Bonner 1996). The first
polymorphism in the coding exon was recently reported by Gadzicki et al. (1999).
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They identified a silent mutation in T453 (G to A)—a conserved amino acid present
in the C-terminal region of the CB1 and CB2 receptors—that was a common
polymorphism in the German population. While this mutation is silent, analysis
of several human sequences present in the database reveals that CB1K5 (accession
No. AF107262), a full-length sequence, contains five nucleotide changes, three of
which result in amino acid differences. Coincidentally, two amino acid differences
are in the third TM domain, F200L and I216V. The third variant is in the fourth TM
domain, V246A. A recent report by the group that submitted the sequence to the
database revealed that this was a somatic mutation in an epilepsy patient; i.e., DNA
obtained from his or her blood was unaltered, but DNA from the hippocampus
showed the mutation (Kathmann et al. 2000). The presence of a somatic mutation
rather than a polymorphism is generally indicative of the disease process in cancers
[e.g. mutant p53 or APC expression in tumors but not normal tissues (Baker et al.
1989; Lamlumet al. 2000)].CB1 receptorpolymorphismsmayaffect responsiveness
to cannabinoids.

10
The Role of Receptor Regulation in the Development
of Cannabinoid Tolerance

Cannabinoid tolerance develops in the absence of pharmacokinetic changes (Mar-
tin et al. 1976); therefore, biochemical and/or cellular changes are responsible
for this adaptation. The production of tolerance can be associated with a drug’s
abuse potential (O’Brien 1996); therefore receptor mechanisms contributing to
cannabinoid tolerance are of significant interest. One hypothesis for tolerance de-
velopment is that receptors lose function during chronic agonist treatment, leading
to diminished biological responses. Potential cellular mechanisms that might play
important roles in tolerance include receptor desensitization, internalization, and
downregulation.

Current theories for GPCR regulation predict that activated receptors are phos-
phorylated by GRKs and/or second messenger-activated kinases (Garcia et al. 1998;
Leurs et al. 1998). β-Arrestins bind to phosphorylated receptors and sterically hin-
der further association of the receptor with G protein, terminating signaling. For
some GPCRs, arrestins can serve as adapters to target the receptors for clathrin-
mediated internalization and to promote coupling to tyrosine kinase signaling
pathways (Luttrell et al. 1999). Also, in the continued presence of agonist, recep-
tors are targeted to lysosomes for degradation (Zastrow and Kobilka 1992). It is
this last event that is detected as decreased surface receptor binding.

Early studies of cannabinoid receptor downregulation at the mRNA level in
conjunction with ligand binding did not detect changes in either receptor number
or mRNA levels in whole brains from mice tolerant to ∆9-THC (Abood et al. 1993).
However, in mice tolerant to CP 55,940, cannabinoid receptor downregulation in
cerebella is concomitantwith increased levelsof receptormRNA,without alteration
of the inhibitory effect of cannabinoid agonists on cAMP accumulation (Fan et al.
1996). Extensive downregulation in cerebellar membranes without any effect on
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receptor-G protein coupling was subsequently confirmed (Breivogel et al. 1999).
Brain region specificity of receptor downregulation has also been demonstrated
by several laboratories (Breivogel et al. 1999; Oviedo et al. 1993; Rodriguez-de-
Fonseca et al. 1994; Romero et al. 1997). A comprehensive study examining the time
courseof changes in cannabinoid-stimulated [35S]GTPγSbindingandcannabinoid
receptor binding in both rat brain sections and membranes, following daily ∆9-
THC treatments for 3, 7, 14, and 21 days, found time-dependent decreases in both
[35S]GTPγS and [3H]WIN 55212-2 and [3H]SR141716A binding in cerebellum,
hippocampus, caudate-putamen, and globus pallidus, with regional differences in
the rate and magnitude of downregulation and desensitization (Breivogel et al.
1999). In a parallel study, the time course and regional specificity of expression of
the CB1 receptor was examined (Zhuang et al. 1998). They found that CB1 mRNA
levels were increased above vehicle control animals at 7 days of treatment (Fan
et al. 1996). However, another laboratory found some regions which showed no
changes in receptor binding, [35S]GTPγS activation, or mRNA levels following
chronic cannabinoid administration (Romero et al. 1998a,b).

Several recent studies in transfected cell systems have implicated regions of
the CB1 receptor involved in receptor regulation following chronic agonist expo-
sure. Rapid internalization of CB1 receptors was observed after agonist exposure
(Hsieh et al. 1999; Rinaldi-Carmona et al. 1998b). In contrast, chronic treatment
of cells with the inverse agonist SR141716A caused upregulation of cell surface
receptors (Rinaldi-Carmona et al. 1998b). As in other GPCRs, the C-terminal do-
main is critical for receptor internalization; truncation of the terminal 14 amino
acids eliminates receptor internalization (Hsieh et al. 1999). Truncation of the
C-terminus at residue 418 abolished desensitization, as did deletion of residues
418–439 (Jin et al. 1999).

On the other hand, phosphorylation of S426 and S430 (tail region) or S317
(third intracellular loop) resulted in CB1 receptor desensitization; however, these
sites had no influence on internalization (Garcia et al. 1998; Jin et al. 1999). While
receptor internalization was not affected when G protein signaling was disrupted
by treatment with pertussis toxin, a mutation of the highly conserved aspartate
residue in the second TM domain in which G protein coupling is altered did block
CB1 receptor internalization (Roche et al. 1999).

Both in vivo and in vitro, different cannabinoid compounds can produce various
degrees of tolerance and desensitization, suggesting their actions at cannabinoid
receptors may not be identical (Dill and Howlett 1988; Fan et al. 1994). In a
comparison of three cannabinoid agonists, the most potent compound (CP 55,940)

Table 3. Amino acids important for desensitization and internalization

Desensitization Internalization
S317 in CB1 D2.50(164) in CB1

S426 in CB1 C-terminus 458–472 in CB1

S430 in CB1

S352 in CB2

C-terminus 418–439
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produced the most tolerance in vivo (Fan et al. 1994). In most in vitro studies, a
single cannabinoid agonist has been used; so the cellular basis for this differential
tolerance has yet to be determined.

The CB2 receptor is also desensitized and internalized following agonist treat-
ment in vitro (Bouaboula et al. 1999b). These studies, conducted in CB2-transfected
CHO cells, demonstrated that phosphorylation at S352 appears to play a key role in
the loss of responsiveness of the CB2 receptor. Furthermore, SR144528 could regen-
erate the desensitized CB2 receptors by activating a phosphatase that dephospho-
rylated the receptor. Hence the pharmacological properties and phosphorylation
state of the CB2 receptor can be regulated by both agonists and antagonists.

11
Physiological Receptor Regulation and Disease

Early studies investigated cannabinoid receptor mRNA levels using in situ hy-
bridization (Mailleux and Vanderhaeghen 1993; Mailleux and Vanderhaeghen
1993; Mailleux and Vanderhaeghen 1994). Following adrenalectomy, CB1 mRNA
levels in the striatumincreased 50%as compared to control rats (MailleuxandVan-
derhaeghen 1993). This increase could be counteracted by dexamethasone treat-
ment, suggesting glucocorticoid downregulation of cannabinoid receptor gene
expression in the striatum. A negative dopaminergic influence on CB1 gene ex-
pression has been suggested by studies in which a unilateral 6-hydroxydopamine
lesion was associated with 45% increase in mRNA levels in the ipsilateral side;
furthermore, treatment with dopamine receptor antagonists mimicked the effect
(Mailleux and Vanderhaeghen 1993). Previous experiments had documented the
disappearance of CP 55,940 binding following an ibotenic acid lesion of the stria-
tum, but not following a 6-hydroxydopamine lesion, indicating that cannabinoid
receptors are not co-localized with dopamine-containing neurons but are probably
on axonal terminals of striatal intrinsic neurons (Herkenham et al. 1991). Gluta-
matergic regulation of cannabinoid receptor mRNA levels in the striatum has also
been reported (Mailleux and Vanderhaeghen 1994). Unilateral cerebral decortica-
tion resulted in 30% decrease in mRNA levels, and treatment with the N-methyl-
d-aspartate (NMDA) receptor antagonist MK-801 resulted in an approximate 52%
decrease, as compared to control. These data suggest an NMDA receptor-mediated
upregulation of cannabinoid receptor mRNA levels. The mechanisms by which
these changes occur are not known.

CB1 receptors are drastically reduced in substantia nigra and lateral globus pal-
lidus in Huntington’s disease (Glass et al. 1993; Richfield and Herkenham 1994).
The CB1 receptor agonist nabilone significantly reduced l-dopa-induced dyskine-
sia in an animal model of Parkinson’s disease as well as in Parkinson’s patients
(Sieradzan et al. 2001; Fox et al. 2002). CB1 receptor knockout mice displayed
increased neuropeptide expression in striatal output pathways and were severely
hypoactive in an exploratory test, although their motor coordination was unal-
tered, suggesting these receptors may be important for initiation of movement
(Steiner et al. 1998).



104 M.E. Abood

The first report of alteration of CB2 receptor expression was in the original
cloning paper; CB2 was isolated as a result of its differential expression following
treatment with dimethylformamide to produce granulocyte differentiation in the
human promyelocytic leukemia line HL60 (Munro et al. 1993). CB2 transcripts
are also elevated when HL60 cells are induced to differentiate into macrophages
by tetradecanoylphorbol acetate treatment (Munro et al. 1993). The chromosomal
location of CB2 is in a common virus integration site, and it is overexpressed in
retrovirally transformed mouse myeloid leukemias (Valk et al. 1997). Furthermore,
CB2 is aberrantly expressed in several human myeloid cell lines and primary acute
myeloid leukemia samples, whereas normal bone marrow precursor cells do not
express CB2 (Alberich Jorda et al. 2004).

Evidence for CB2 receptor expression has not been found in normal human
CNS; however, CB2 has been found in Alzheimer’s brains (Benito et al. 2003).
CB2 immunoreactivity was selectively expressed in microglia associated with neu-
ritic plaques, suggesting that modulation of their activity may have therapeutic
implications (Benito et al. 2003).

12
Evidence for Additional Cannabinoid Receptor Subtypes

Not all of the effects of anandamide are mediated through the currently defined
cannabinoid receptors. Anandamide inhibits gap-junction conductance and inter-
cellular signaling in striatal astrocytes via a CB-receptor independent mechanism,
since the cannabimimetic agents CP 55,940 and WIN 55,212-2 did not mimic the
effect of anandamide, nor did the CB1 receptor antagonist SR141716A reverse
anandamide’s actions (Venance et al. 1995). Additional fatty acid ethanolamides
have been isolated, as well as a 2-arachidonoyl glycerol with cannabimimetic prop-
erties, suggesting the existence of a family of endogenous cannabinoids that may
interact with additional cannabinoid receptor subtypes (Mechoulam et al. 1995;
Mechoulam et al. 1994).

CB1 receptor knockout mice have now been constructed in four laboratories
(Ibrahim et al. 2003; Ledent et al. 1999; Marsicano et al. 2002; Zimmer et al.
1999). In one strain, although CB1 receptor knockout mice lost responsiveness to
most cannabinoids, ∆9-THC still produced antinociception in the tail-flick test of
analgesia (Zimmer et al. 1999). Further characterization of this non-CB1 ∆9-THC
response suggests the presence of a novel cannabinoid receptor/ion channel in the
pain pathway (Zygmunt et al. 2002).

Anandamide produces the full range of behavioral effects (antinociception,
catalepsy, and impaired locomotor activity) in CB1 receptor knockout mice (Di
Marzo et al. 2000). Furthermore, anandamide-stimulated GTPγS activity can be
elicited in brain membranes from these mice (Breivogel et al. 2001). These effects
were not sensitive to inhibition by SR141716A. Interestingly, of all cannabinoid
ligands tested, only WIN 55,212-2 elicited GTPγS activity in CB1 knockout mice.
This same phenomenon has also been demonstrated in a second strain of CB1

receptor knockout mice (Monory et al. 2002).
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A cannabinoid receptor subtype has been found in the hippocampus that is
responsive to WIN 55,212-2 and CP 55,940 and blocked by capsazepine (Hajos et
al. 2001). These receptors are found on excitatory (pyramidal) axon terminals and
have been shown to suppress glutamate release in CB1 receptor knockout animals.

An “abnormal cannabidiol receptor” has also been characterized. Cannabi-
noids, including anandamide, elicit cardiovascular effects via peripherally located
CB1 receptors (Ishac et al. 1996; Jarai et al. 1999; Wagner et al. 1999). Abnormal
cannabidiol (abn-cbd), a neurobehaviorally inactive cannabinoid that does not
bind to CB1 receptors, caused hypotension and mesenteric vasodilation in WT
mice and in mice lacking CB1 receptors or both CB1 and CB2 receptors (Jarai
et al. 1999). In contrast to the studies described above, these cardiovascular and
endothelial effects were SR141716A-sensitive. A stable analog of AEA (methanan-
damide) also produced SR141716A-sensitive hypotension in CB1/CB2 knockout
mice. These effects were not due to activation of vanilloid receptors, which also in-
teract with AEA (Zygmunt et al. 1999). A selective antagonist, O-1918, has recently
been developed; it inhibits the vasorelaxant effects of abn-cbd and anandamide
(Offertaler et al. 2003).

Signal transduction pathways for the abn-cbd receptor have been studied in hu-
man umbilical endothelial cells (HUVEC) (Offertaler et al. 2003). Abn-cbd induces
phosphorylation of extracellular signal-regulated kinase (ERK) and protein kinase
B/Akt via a PI3 kinase-dependent pertussis toxin-sensitive pathway; these effects
were blocked by O-1918 (Offertaler et al. 2003). The abn-cbd receptor subtype
also appears to be present in microglia (Walter et al. 2003). Anandamide and 2AG
triggered migration in BV-2 cells, a microglial cell line; their effects were blocked
with O-1918. 2AG also induced phosphorylation of ERK1/2 in BV-2 cells (Walter et
al. 2003). These data suggest a common signaling pathway for the abn-cbd receptor
in endothelial cells and microglia.

Palmitoylethanolamide has been suggested as a possible endogenous ligand at
the CB2 receptor (Facci et al. 1995). However, it has a low affinity for the cloned
human CB2 receptor (Showalter et al. 1996). This difference suggested that there
may be species differences with the CB2 receptor, as have been found with other
GPCRs, but the cloned rat and mouse CB2 receptors also showed low affinity for
palmitoylethanolamide (Griffin et al. 2000). Palmitoylethanolamide has recently
been shown produce to a G protein-mediated response in microglial cells that was
not affected by CB1, CB2, or abn-cbd antagonists, suggesting it acts via its own
GPCR (Franklin et al. 2003).

Insummary, there is compellingevidence for theexistenceofadditional cannabi-
noid receptor subtypes. Proof of their existence awaits molecular cloning and
expression studies.

13
Conclusion

It is apparent from the growing number of mutagenesis investigations, synthe-
sis of CB1- and CB2-selective compounds, and discovery of multiple endogenous
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agonists, that there is a complex molecular architecture of the cannabinoid recep-
tors. This arrangement allows for a single receptor to recognize multiple classes of
compounds and produce an array of distinct downstream effects. Natural polymor-
phisms and alternative splice variants may also contribute to the pharmacological
diversity of the cannabinoid receptors. As our knowledge of the distinct differ-
ences grows, we may be able to target select receptor conformations and their
corresponding pharmacological responses. Importantly, the basic biology of the
endocannabinoid system will continue to be revealed by ongoing investigations.
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Abstract The endocannabinoid system has been involved in the control of several
neurophysiological andbehavioural responses.Todate, three linesofCB1 knockout
mice have been established independently in different laboratories. This chapter
reviews the main results obtained with these lines of CB1 knockout mice in several
physiological responses that have been previously related to the activity of the en-
docannabinoid system. Studies using CB1 knockout mice have demonstrated that
this receptor participates in the control of several behavioural responses including
locomotion, anxiety- and depressive-like states, cognitive functions such as mem-
ory and learning processes, cardiovascular responses and feeding. Furthermore,
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the CB1 cannabinoid receptor is involved in the control of pain by acting at pe-
ripheral, spinal and supraspinal levels. The involvement of the CB1 cannabinoid
receptor in the behavioural and biochemical processes underlying drug addiction
has also been investigated. These CB1 knockouts have provided new findings to
clarify the interactions between cannabinoids and the other drugs of abuse such
as opioids, psychostimulants, nicotine and ethanol. Recent studies have demon-
strated that endocannabinoids can function as retrograde messengers, modulating
the release of different neurotransmitters, including opioids, γ-aminobutyric acid
(GABA), and cholecystokinin (CCK), which could explain some of the responses
observed after the stimulation of the CB1 cannabinoid receptor. This review pro-
vides an update of the apparently controversial data reported in the literature using
the three different lines of CB1 knockout mice, which seem to be mainly due to the
use of different experimental procedures rather than any constitutive alteration in
these lines of knockouts.

Keywords CB1 knockout mice · Locomotion · Emotional-like behaviour · Cog-
nitive functions · Cardiovascular responses · Nociception · Feeding behaviour ·
Drug addiction · Opioids · Psychostimulants · Nicotine · Ethanol · Retrograde
neurotransmitter

In this chapter we will focus on the physiological functions of CB1 cannabinoid
receptors that have been reported in knockout mice, rather than review the general
physiology of the CB1 cannabinoid receptors.

1
Generation of CB1 Knockout Mice

The murine CB1 receptor is encoded by the Cnr1 gene on chromosome 4. Like many
other G protein-coupled receptors (GPCRs), the entire CB1 receptor is encoded by
a single large exon. To date three lines of CB1 knockout mice have been established
independently in three different laboratories. In the line generated by Ledent and
her co-workers (1999), the first 233 codons were replaced by a phosphoglycerate
kinase (PGK)-neo cassette. One of our laboratories (A.Z.) generated a knockout
strain by replacing the region between amino acid 32 and 448 with PGK-neo
(Zimmer et al. 1999). Both mutations constitutively invalidate the gene. The Ledent
line has been crossed to an outbred CD1 genetic background, and thus individual
mutant animals from this strain can be expected to have a heterogeneous genetic
background. The initial results from the Zimmer line were also obtained with
animals from a CD1 genetic background, but it has since been crossed for more
than10generations toC57BL/6Jmice, thusgeneratinga congenic strain inwhichall
animals are genetically homogeneous. Marsicano and colleagues (2002) generated
a third line of mice that carries a CB1 gene flanked by lox sites (“floxed”). These
lox sites are recognized by the Cre enzyme, a DNA recombinase derived from P1
bacteriophages. When such mice are bred to a transgenic strain that express Cre,
floxed genes will be deleted in all tissues in which the Cre enzyme is active. This
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strategy is now frequently used for the tissue-specific inactivation of genes (Sauer
1998).

Mice develop apparently normally in the absence of the CB1 receptor. They are
fertile, care for their offspring, and do not show any behavioural abnormalities that
would be obvious to the casual observer. However, CB1-deficient animals have a
much higher mortality rate than wild-type animals (Zimmer et al. 1999). Approx-
imately 30% of the mutant animals die of natural causes during the first 6 months,
in contrast to less than 5% of the heterozygous and wild-type control animals. The
mortality rate in knockout mice is equally high in animals of different age, and
death occurs suddenly without prior evidence of illness. Careful examination of
dead animals has not yet revealed a cause of death. However, we have frequently
observed epileptic seizures in mutant animals and believe that these may have
contributed to the increased mortality rate.

2
Neurochemical and Biochemical Adaptive Changes Produced by the Lack
of the CB1 Cannabinoid Receptors

Genetic mutations or deletions can lead to molecular or cellular changes that have
been interpreted as an attempt of the organism to compensate for the missing or
malfunctioning gene product (Nelson and Young 1998; Pich and Epping-Jordan
1998). CB1 receptor knockouts have been extensively studied to determine whether
such compensatory changes occur in the absence of CB1 receptors.

Binding of the CB1-specific agonist CP55,940 was completely abolished in CB1

knockout mice (Zimmer et al. 1999), and neither CP55,940 nor HU-210 [nor ∆9-
tetrahydrocannabinol (THC)] stimulated [35S]GTP binding in brain tissues from
these animals (Breivogel et al. 2001). These results indicated that the CB1 receptor
is the only target for these ligands. A 50% reduction of CB1 sites was also observed
in heterozygous mice when WIN55,212-2 was used. However, the maximal stimu-
lation of [35S]GTP binding was only reduced by 20%–25% in most brain regions,
suggesting that there is a small receptor reserve in wild-type animals that was
depleted in heterozygous mice (Breivogel et al. 2001). A notable exception was
the striatum, where the decrease in stimulation was proportional to the receptor
density. Interestingly, some stimulation of [35S]GTP binding by WIN55,212-2 was
still observed in homozygous mutant animals, strongly indicating that there is
also a non-CB1 target for this compound. Di Marzo and colleagues analysed anan-
damide levels in wild-type and CB1-deficient animals (Di Marzo et al. 2000). They
found that, in the absence of CB1 receptors, anandamide levels were decreased in
the hippocampus and to a lesser extent in the striatum. Because fatty acid amide
hydrolase (FAAH) activity was unchanged in these animals, the authors argue that
the CB1 receptor may control anandamide biosynthesis. In contrast, Maccarone
and co-workers reported that anandamide hydrolysis, mediated by FAAH, was
age-dependently increased in CB1-deficient, but not in wild-type, mice (Maccar-
rone et al. 2001). Old CB1 knockouts also showed a significantly elevated enzyme
activity (Vmax), in the cerebral cortex. Although the reason for these disparate re-
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sults are unclear, the different genetic backgrounds of the animals or, more likely,
differences in holding conditions may have contributed.

3
CB1 Cannabinoid Receptors Participate in the Control of Locomotion

Among the most striking behavioural effects of cannabinoids in rodents is a pro-
found dose-dependent induction of catalepsy and reduction of locomotor activity
(Rodriguez de Fonseca et al. 1998; Chaperon and Thiebot 1999). In contrast, even
high doses of THC (up to 100 mg/kg) have no locomotor effects in CB1-deficient
animals, demonstrating that they are mediated by CB1 receptors (Zimmer et al.
1999). An endocannabinoid tone in the regulation of locomotor activity has been
suggested, because the CB1 receptor antagonist SR141716A stimulates locomotor
activity (Compton et al. 1996) and potentiates the locomotor stimulant effects of
amphetamine and apomorphine (Masserano et al. 1999). This idea is supported by
the observation of Ledent and co-workers (1999) that locomotor activity is slightly
increased in mice without cannabinoid receptors. However, Steiner and colleagues
(1999) found a decrease in open-field activity in the Zimmer CB1 knockout strain.
There are two explanations for these differences. First, because cannabinoids have
biphasic effects (Chaperon and Thiebot 1999), it is conceivable that abolishing the
endocannabinoid tone may lead to different outcomes, depending on the level of
the endogenous tone. Secondly, becauseCB1 knockoutmice apparentlyhavehigher
levels of anxiety (see below), the results may have been influenced by the experi-
mental conditions. Indeed, Steiner et al. used a relatively large open field apparatus
and regular laboratory illumination, whilst Ledent et al. conducted their open field
test under low light conditions using a smaller device. The latter conditions are
less anxiogenic in mice, thus resulting in a higher locomotor activity.

The locomotor effects of THC are thought to be mediated in part by CB1 re-
ceptors in the basal ganglia (Rodriguez de Fonseca et al. 1998). In the striatum,
CB1 receptors display a distinct medial-to-lateral and dorsal-to-rostral distribu-
tion, with the highest receptor densities in the lateral part of the middle striatum
(Steiner et al. 1999). The striatum has two distinct output pathways, one to the
substantia nigra and one to the globus pallidus (Gerfen 1992, 1993). The pri-
mary neurotransmitter of both pathways is γ-aminobutyric acid (GABA), but
they have different neuropeptide co-transmitters. Striato-pallidal neurons contain
enkephalins, whilst striato-nigral neurons express substance P and dynorphin
(Steiner and Gerfen 1998). Steiner and colleagues have shown that dynorphin and
substance P mRNA levels were significantly elevated in the medio-lateral striatum
of CB1 knockout mice, which also contained the highest CB1 receptor densities
(Steiner et al. 1999). Enkephalin expression was also elevated in CB1 knockout
mice, but unrelated to CB1 receptor densities. These results are consistent with
a local CB1 inhibition of striato-nigral neurons, whilst effects on striato-pallidal
neurons probably involve network-level alterations.
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4
CB1 Cannabinoid Receptors and Emotional Behaviour

Different evidence suggests that the endocannabinoid system plays an important
role in the regulation of emotional-like behaviour. Thus, the CB1 cannabinoid
receptor is widely distributed in limbic and cortical areas involved in the control
of emotion. The administration of cannabinoid ligands produces emotional-like
responses in different behavioural paradigms. Furthermore, cannabinoids also
exert a modulatory role on the activity of the hypothalamic-pituitary adrenal axis
(HPA), and these compounds modulate the release of several neurotransmitters
involved in emotional behaviour, including CCK and GABA.

Studies using CB1 knockout mice have supported and clarified the previous data
reported by using different pharmacological approaches. Thus, it has been shown
that CB1 knockout animals (on a CD1 genetic background) displayed anxiogenic-
like responses in different behavioural models, including the open-field, light-dark
box and elevated plus maze (Haller et al. 2002; Maccarrone et al. 2002; Martin et
al. 2002; Uriguen et al. 2004). Similar anxiogenic-like responses were exhibited
in CB1 knockout mice with an inbred genetic background (C57BL/6). Thus, an
anxiogenic-like response in the elevated plus-maze and impairment in the extinc-
tion in auditory fear-conditioning test were revealed in these mice (Marsicano et
al. 2002), supporting previous results obtained in the CB1 knockout mice with a
CD1 background. In agreement, the administration of SR141716A mimicked the
phenotype of CB1-deficient mice, supporting the role of the endocannabinoids in
the control of emotional-like responses (Marsicano et al. 2002). Furthermore, the
anxiogenic-like responses in the CB1 knockout mice were accompanied by alter-
ations in the HPA axis under basal conditions, as well as a hypersensitivity to stress
and an impaired action of anxiolytic drugs (bromazepam and buspirone) in the
light-dark box (Uriguen et al. 2004). Indeed, basal corticosterone concentrations
in the plasma were lower in mutant CB1 than in wild-type mice, whereas CB1

knockout mice showed a greater increase in plasma corticosterone concentrations
than wild-type littermates after the exposure to restraint stress, supporting the
results obtained in the behavioural models (Uriguen et al. 2004). In addition to
the anxiogenic-like profile observed in mice lacking CB1 cannabinoid receptors,
these animals also exhibited an increase in aggressive behaviour when exposed to
the resident-intruder paradigm, and an enhanced sensitivity to develop a state of
anhedonia (depressive-like state) during the exposure to the chronic unpredictable
mild stress paradigm (Martin et al. 2002).

A strong impairment of short-term and long-term extinction in auditory fear-
conditioning test has been also reported in CB1 knockout mice (Marsicano et al.
2002). Thus, tone presentation during extinction trials resulted in elevated levels of
endocannabinoids in the basolateral amygdala complex, a region known to control
extinction of aversive memories, which indicates that endocannabinoids facilitate
extinction of aversive memories through their selective blockade of local inhibitory
networks in the amygdala (Marsicano et al. 2002). These authors proposed that the
decrease of activity of local inhibitory networks within the basolateral amygdala
induced by CB1 activation leads to a disinhibition of principal neurons and finally
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to extinction of the freezing response, this being a physiological function impaired
in CB1 knockout mice (Marsicano et al. 2002).

Studies using CB1 knockout mice also suggest the existence of a novel cannabi-
noid receptor involved in the control of mood. A recent study has investigated the
effects induced by SR141716A on CB1 knockout mice and wild-type littermates
in the elevated plus-maze, showing that surprisingly, the cannabinoid antagonist
reduced anxiety in both wild-type and CB1 knockout mice (Haller et al. 2002).
This result shows a discrepancy between genetic and pharmacological blockade
of the CB1 receptor, supporting the hypothesis that a third cannabinoid receptor
participates in the responses induced by SR141716A (Haller et al. 2002). Biochem-
ical studies have supported this idea and provided evidence for putative “CB3”
or “CBx” receptor binding sites in the brain that are sensitive to WIN55,212-2,
anandamide and SR141716A (Di Marzo et al. 2000; Breivogel et al. 2001).

In conclusion, pharmacological studies show that cannabinoid agonists induce
a broad spectrum of actions in different experimental models of anxiety. Data
from knockout mice deficient in the CB1 cannabinoid receptors demonstrate the
existence of an endogenous cannabinoid tonus modulating mood through the
stimulation of these CB1 receptors and also support the possible existence of
a third cannabinoid receptor, which seems to play an opposite role to the CB1

receptor in emotional control. CB1 cannabinoid receptors modulate the HPA axis
activity and the release of several neurotransmitters such as CCK, GABA, serotonin
and nicotine, providing a neurochemical substrate for this physiological role. The
modulation of several neurotransmitter systems by CB1 receptors would explain
the different effects that cannabinoids can have on anxiety.

5
CB1 Cannabinoid Receptors Participate in the Control of Cognitive Functions

Cannabinoid ligands produce clear effects on learning and memory that have been
widely reported (Dewey 1986; Ameri 1999; Diana and Marty 2004). However, the
precise role of the endocannabinoid system on these processes has not yet been
completely clarified. In humans, THC administration induces the disruption of
short-term recall, as well as disorienting effects (Miller and Branconnier 1983;
Chait and Perry 1992). In animals, cannabinoid administration impairs memory
and learning processes. In particular, there are reports that cannabinoids impair
task acquisition and working memory in different animal species (Molina-Holgado
et al. 1995; Lichtman and Martin 1996; Winsauer et al. 1999). The alterations are
especially important for spatial memory (Molina-Holgado et al. 1995; Lichtman
andMartin1996)andshort-termmemory (Molina-Holgadoetal. 1995). In rodents,
endogenous cannabinoids have been reported to prevent the induction of long-
term potentiation in the hippocampus (Stella et al. 1997), and to impair memory
in different behavioural tasks, an effect attenuated by SR141716A administration
(Mallet and Beninger 1998). On the other hand, the CB1 antagonist SR141716A can
induce an enhancement of memory in some experimental conditions (Hampson
and Deadwyler 2000).
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In agreement with these pharmacological data, mice lacking CB1 cannabinoid
receptors showed an improved performance in the active avoidance paradigm
(Martin et al. 2002), and in the two-trial object recognition test (Reibaud et al. 1999;
Bohme et al. 2000). A facilitation of long-term potentiation in the hippocampus
was also reported in the same line of CB1 knockout mice (Böhme et al. 2000).
On the other hand, CB1 knockout mice have been reported to exhibit similar
acquisition rates in the Morris water maze as wild-type littermates, whilst CB1

knockout animals demonstrated deficits in a reversal task in which the hidden
platform was located in a different place, also suggesting that the endocannabinoid
system has a role in facilitating extinction and/or forgetting processes (Varvel and
Lichtman 2002). Indeed, CB1 cannabinoid receptor-deficient mice exhibited strong
impairments in short- and long-term extinction in the auditory fear-conditioning
test, indicating that these animals have a prolonged aversive memory (Marsicano
et al. 2002).

A recent study has shown that CB1 knockout mice exhibited an increased
acetylcholine release in the hippocampus (Kathmann et al. 2001). Inhibition of
acetylcholine activity has been associated with cannabinoid-induced impairment
of memory (Braida and Sala 2000). The hippocampus and the neocortex play a
crucial role in the control of learning and memory. In both brain structures, CB1

cannabinoid receptors are expressed in a well-defined subpopulation of GABAergic
interneurons (Katona et al. 1999; Marsicano and Lutz 1999; Tsou et al. 1999). More-
over, CB1 cannabinoid receptor-positive interneurons are distinctive in forming
inhibitory synapses with particularly fast kinetics. These GABAergic interneurons
seemtocontrolplasticity at excitatory synapses, and thus theblockadeof inhibition
induced by cannabinoids generally promotes long-term potentiation at excitatory
synapses (Wilson and Nicoll 2002; Diana and Marty 2004). This facilitation in the
plasticity phenomenon seems to be mediated, at least in part, by extracellular-
regulated kinases (ERK). THC has been reported to activate ERK and to induce
expression of immediate early genes products in both hippocampal slices and in
vivo in this brain structure (Derkinderen et al. 2003). In view of this facilitatory
effect induced by cannabinoids in the hippocampal neurons, one may wonder if
the endocannabinoid system facilitates learning. However, pharmacological and
genetic studies have clearly demonstrated a cannabinoid-induced impairment of
memory processes. A possible explanation for this apparent discrepancy has been
proposed by Wilson and Nicoll (2002), who suggest that endocannabinoids mod-
ulate at a physiological level the activity of interneurons forming fast synapses in
the hippocampus to orchestrate fast synchronous oscillations in the gamma range
(Banks et al. 2000). The administration of marijuana derivatives might permit
promiscuous plasticity, suppressing many hippocampal inhibitory synapses, and
cause deficits in cognition and recall (Wilson and Nicoll 2002). Further studies are
necessary in order to clarify the complex role of the endocannabinoid system on
learning and memory processes and the nature of the changes promoted in the
brain by the exogenous administration of cannabinoids.
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6
CB1 Cannabinoid Receptors Participate in the Control
of Cardiovascular Responses

It is well known that the acute consumption of THC causes tachycardia in humans
without any significant effect on blood pressure, whilst the chronic ingestion of
cannabinoids leads to hypotension and bradycardia (Benowitz and Jones 1975).
Pharmacological studiesusing selectiveCB1 receptor antagonists (Varga et al. 1995;
Lake et al. 1997) have suggested that some of these cardiovascular responses are
mediated by CB1 receptors.

Considering the pharmacological effects of cannabinoids, it was somewhat sur-
prising to see that basal blood pressure and heart rate were normal in CB1-deficient
mice, thus suggesting that endogenous cannabinoids do not exert a tonic control
on these cardiovascular parameters. However, when the CB1 agonists anandamide
or WIN55,212-2 were administered to CB1 knockout animals, they failed to pro-
duce the sustained decrease in heart rate and blood pressure that was observed
in control littermates (Ledent et al. 1999). A similar result was observed when
CB1-deficient and control mice were treated with 2-arachidonylglyceryl ether, a
metabolically stable analogue of 2-arachidonoylglycerol (2-AG). In contrast, 2-
AG, which is rapidly metabolized, still produced hypotension and tachycardia in
the absence of CB1 receptors, indicating that a metabolic product of 2-AG elicits
cardiovascular effects that are not mediated by CB1 receptors (Jarai et al. 2000).

Interestingly, “abnormal cannabidiol”, a neurobiologically inactive cannabi-
noid, causes hypotension and mesenteric vasodilation in mice lacking CB1 and
CB2 receptors that can be blocked by SR141716A (Jarai et al. 1999). These findings
suggest the existence of a yet unidentified endothelial cannabinoid receptor. A
further line of evidence was obtained when endotoxin lipopolysaccharide (LPS)-
induced hypotension was studied in cannabinoid receptor-deficient animals. Intra-
venous injection of 100 µg/kg LPS caused a similar hypotension in phenobarbital
anaesthetised wild-type animals and in mice deficient in CB1 or both CB1 and
CB2 receptors (Batkai et al. 2001). This hypotensive effect was also blocked by pre-
treatment with SR141716A (Batkai et al. 2004), again indicating that this compound
exerts some of its effects through non-CB1 receptors.

7
Participation of the CB1 Cannabinoid Receptors in the Control of Pain

Cannabinoids produce antinociception through multiple mechanisms at periph-
eral, spinal and supraspinal levels through CB1 and CB2 cannabinoid receptors in
several animal species, including mice, rats, rabbits, cats, dogs, monkeys and hu-
mans (Pertwee 2001). These responses were revealed in multiple acute nociceptive
models using thermal (Buxbaum 1972; Hutcheson et al. 1998; Martin and Licht-
man 1998), mechanical (Smith et al. 1998), chemical (Bicher and Mechoulam 1968;
Welch et al. 1995) and electrical stimuli (Bicher and Mechoulam 1968; Weissman
et al. 1982). Cannabinoid agonists also induce antinociception in inflammatory
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models of pain, including hyperalgesia induced by carrageenan (Mazzari et al.
1996), capsaicin (Li et al. 1999), formalin (Calignano et al. 1998; Jaggar et al. 1998)
or Freund’s adjuvant (Martin et al. 1999). Cannabinoid agonists are also effective
in visceral models of pain, such as inflammation of the bladder wall induced by
turpentine administration (Jaggar et al. 1998), 2,4-dinitrobenzene sulphonic acid
(DNBS)-induced colitis (Massa et al. 2004) and also in neuropathic pain models,
such as the painful mononeuropathy induced by loose ligature of the sciatic nerve
(Herzberg et al. 1997; Mao et al. 2000). Electrophysiological studies also provide
evidence that cannabinoids attenuate nociceptive transmission in vivo (Pertwee
2001; Hohmann 2002). Thus, cannabinoids suppress noxious stimulus-evoked neu-
ronal activity in nociceptive neurons in the spinal cord and thalamus (Hohmann
et al. 1995; Martin et al. 1996; Tsou et al. 1996).

Several central structures involved in cannabinoid antinociception have been
identified. Hence, the local microinjection of cannabinoid agonists in areas such
as the periaqueductal grey matter (Martin and Lichtman 1998; Martin et al. 1999),
the rostral ventromedial medulla (Martin et al. 1996), the submedius and latero-
posterior nuclei of the thalamus (Mailleux and Vanderhaeghen 1992), the su-
perior colliculus and the amygdaloid complex (Martin et al. 1996; Martin et al.
1999) was able to produce antinociceptive responses. All these neuroanatomical
structures related to cannabinoid-induced antinociception are involved in pain
transmission and constitute the descending system involved in the control of pain
(Basbaum and Fields 1984; Fields et al. 1991). At the spinal level, CB1 cannabi-
noid receptors are abundant in the dorsal horn responsible for pain transmission.
Most primary afferent neurons that express CB1 receptor mRNA are those with
larger diameter fibres involved in the transmission of non-nociceptive-sensitive
inputs (Hohmann and Herkenham 1998). However, CB1 cannabinoid receptors
also modulate the transmission of C fibre-evoked responses (Kelly and Chapman
2001), inhibiting the release of neurotransmitters responsible for pain transmis-
sion (Wilson and Nicoll 2002). CB1 cannabinoid receptor mRNA was also highly
expressed in dorsal root ganglion cells (Hohmann 2002; Bridges et al. 2003). At
this level, CB1 cannabinoid receptor stimulation seems to produce a presynaptic
inhibition of Ca2+ channels, attenuating the release of neurotransmitters (Millns
et al. 2001).

On peripheral terminals, the activation of CB1 and CB2 cannabinoid receptors
was shown to inhibit nociceptive transmission, and both receptors seem to be
implicated in mediating the existing endogenous cannabinoid tone (Calignano et
al. 1998; Strangman et al. 1998; Hanus et al. 1999; Ko and Woods 1999). Thus,
behavioural studies support a role for peripheral cannabinoid CB2 receptors in
animal models of persistent pain and the existence of a synergism between CB1-
andCB2-mediated responses at this level (Malanet al. 2002).However, other studies
do not support such a role of peripheral cannabinoid receptors (Di Marzo et al.
2000). CB2 receptor activation can also inhibit oedema and plasma extravasations
produced by inflammation at a peripheral level (Malan et al. 2002). Cannabinoid
CB2 receptors are likely located on non-neuronal cells in inflamed tissues, where
they inhibit the release of inflammatory mediators that excite nociceptors (Mazzari
et al. 1996).
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Recent studies using knockout mice deficient in cannabinoid receptors have
provided new and important information on the involvement of the cannabinoid
system in nociception. Different results were reported on spontaneous nociceptive
perception of CB1 knockout mice, depending on the genetic construction of the
knockout mice. In CB1 knockout mice with an outbred CD1 genetic background,
no changes in the nociceptive threshold were found after the application of ther-
mal (tail-immersion and hot-plate tests), mechanical (tail-pressure) or chemical
(writhing test) stimuli (Ledent et al. 1999; Valverde et al. 2000b). However, CB1

knockout mice on an inbred C57BL/6J genetic background displayed hypoalgesia
in the hot-plate and in the formalin test, whereas no difference in the tail-flick test
was found (Zimmer et al. 1999). The hypoalgesic phenotype observed in this latter
strain was surprising because CB1 agonists produce similar behavioural effects
in wild-type mice. Moreover, intrathecally administered SR141716A or antisense
knockdown of spinal CB1 receptors produced hyperalgesia in the hot-plate test
(Richardson et al. 1998). The discrepancies between the two studies performed
with knockout mice could be due to the different genetic background of the lines,
but also to the different behavioural responses evaluated in the nociceptive test.
Thus, Zimmer et al. (1999) measured the first discomfort response exhibited in the
hot-plate test (paw lifting, paw shaking, paw licking or jumping), whereas Valverde
et al. (2000b) have quantified jumping latency.

A recent study has demonstrated that the endogenous cannabinoid system me-
diates a protective role during visceral inflammation through the activation of the
CB1 cannabinoid receptors. Thus, CB1 knockout mice exposed to an experimental
colitis, induced by intrarectal DNBS, exhibited a higher sensibility to chemical-
induced visceral inflammation. Pharmacological blockade of CB1 receptors with
the selective antagonist SR141716A led to a worsening of colitis similar to that ob-
served in CB1-deficient mice. Moreover, the cannabinoid agonist HU-210 reduced
the severity of experimental colitis, and FAAH-deficient mice showed significant
protection against DNBS treatment (Massa et al. 2004).

In mice lacking CB1 cannabinoid receptors, the antinociceptive properties of
THC were abolished in the hot-plate test, and were strongly reduced in the tail-
immersion test. In this latter test, a slight antinociceptive response was still ob-
served in mutant mice only at the highest dose of THC used (Ledent et al. 1999;
Zimmer et al. 1999). In contrast, morphine-induced antinociception was pre-
served in these knockout mice in the tail immersion and the hot-plate tests. Fur-
thermore, the antinociceptive effects induced by the selective δ-opioid agonists
[d-penicillamine2,5]enkephalin (DPDPE) and deltorphin II and by the selective
κ-opioid agonist U-50,488H were unchanged (Valverde et al. 2000b). Therefore,
CB1 receptors do not seem to be involved in the antinociceptive responses in-
duced by exogenous opioids. However, CB1 receptors participate in the antinoci-
ceptive responses produced by non-steroidal anti-inflammatory drugs. Thus, the
antinociceptive responses induced by the non-selective cyclooxygenase inhibitor
indomethacin in the formalin test were abolished in CB1 knockout mice (Guhring
et al. 2002).

Several studies have shown tolerance to several behavioural responses induced
by cannabinoids, including antinociception (Buxbaum 1972; Hutcheson et al. 1998;
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Martin and Lichtman 1998; Pertwee 2001). The development of cannabinoid tol-
erance seems to be mainly due to pharmacodynamic events. Thus, a significant
decrease in both CB1 cannabinoid receptor binding sites and mRNA levels has
been observed in different brain areas after a chronic treatment with cannabinoid
agonists. Changes in G protein expression and functional activity were also ob-
served in rats chronically treated with cannabinoids (Rodriguez de Fonseca et al.
1994; Rubino et al. 1994, 1998, 2000; Fan et al. 1996; Sim et al. 1996; Romero et al.
1998). Studies using knockout mice deficient in the different components of the
endogenous opioid system provide new data concerning the possible mechanisms
involved in the development of cannabinoid tolerance. Thus, knockout mice lack-
ing the pre-proenkephalin gene showed a decrease in the development of tolerance
to THC antinociceptive effects (Valverde et al. 2000a). A similar decrease in the
development of cannabinoid tolerance was also observed in double mutant mice,
lacking δ- and κ-opioid receptors (Castañe et al. 2003).

There is increasing evidence to support a role for peripheral CB2 receptors in
the analgesic effects of cannabinoids. Thus, chronic pain induced by peripheral
nerve injury, but not that produced by peripheral inflammation, was associated
with the enhancement of CB2 cannabinoid receptor expression, specifically located
in the lumbar spinal cord (Malan et al. 2002). Thus, a selective induction of spinal
CB2 expression presumably occurs on activated microglia in regions undergoing
neuronal damage.

Taken together, these results show that the endocannabinoid system plays an
important role in the physiological modulation of nociceptive transmission and
in the development of inflammatory and neuropathic pain. Furthermore, the en-
docannabinoid system seems to participate in the antinociception induced by
anti-inflammatory drugs, and displays an important synergic effect with opioid
agonists. These data strongly support the therapeutic potential of cannabinoid
receptor agonists for the treatment of chronic pain.

8
CB1 Cannabinoid Receptors and Addiction

Behavioural and neurochemical studies have now clarified the controversy about
the abuse liability of cannabinoids by demonstrating that such drugs fulfil most
of the common features attributed to compounds with reinforcing properties.
Cannabinoid rewarding properties have been identified using intracranial self-
stimulation, conditioned place preference and intravenous self-administration
paradigms. Furthermore, a cannabinoid withdrawal syndrome has also been char-
acterized in different animal species (Lichtman and Martin 2002; Maldonado and
Rodriguez de Fonseca 2002).

The administration of cannabinoid agonists can produce both rewarding and
aversive/dysphoric effects in the place conditioning paradigm, depending on the
doseand theexperimental conditions.Thus,THCproducedplacepreference in rats
when administered at low doses and when animals were exposed to a 24-h washout
period between the two THC conditioning sessions (Lepore et al. 1995). THC also
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produces a clear place preference in mice when a long period of conditioning
is used and the possible dysphoric consequences of the first drug exposure are
avoided (Valjent and Maldonado 2000). Concerning intracranial self-stimulation,
acute administration of THC has been reported to decrease the intracranial self-
stimulation threshold in rats, suggesting the activation of central hedonic systems
(Gardner et al. 1988; Lepore et al. 1996). In contrast, CP55,940 administration did
not modify electrical brain stimulation, supporting the hypothesis that cannabi-
noids have a relatively modest influence on reward circuits (Arnold et al. 2001).

Different studies have reported that THC is unable to induce self-administration
behaviour in any of the animal species studied (Corcoran and Amit 1974; Harris et
al. 1974; Carney et al. 1977; Mansbach et al. 1996). However, one study has revealed
THC intravenous operant self-administration behaviour in squirrel monkeys that
have a previous history of cocaine self-administration (Tanda et al. 2000). Recently,
Justinova et al. (2003) reported self-administration of THC by drug-naïve mon-
keys, demonstrating that THC can act as an effective reinforcer of drug-taking
behaviour in monkeys with no history of exposure to other drugs (Justinova et
al. 2003). The pharmacokinetic properties of THC seem to be crucial for the
behavioural responses observed in the self-administration paradigm. Thus, the
synthetic cannabinoid agonists WIN55,212-2 and CP55,940, which have a shorter
half-life than THC, are intravenously self-administered by mice (Martellotta et al.
1998) and rats (Braida et al. 2001). A selective involvement of the CB1 cannabinoid
receptors is implicated in the reinforcing properties of all these cannabinoid com-
pounds because the CB1 receptor antagonist SR141716A completely blocked the
self-administration induced by WIN55,212-2 (Martellotta et al. 1998), CP55,940
(Braida et al. 2001) and THC (Tanda et al. 2000). Furthermore, CB1 knockout mice
failed to self-administer WIN55,212-2 in contrast to wild-type animals (Fattore et
al. 1999; Ledent et al. 1999).

Administration of the selective CB1 cannabinoid receptor antagonist SR141716A
to animals (mouse, rat and dog) chronically treated with THC has been shown to
precipitatedifferent somaticmanifestationsof cannabinoidwithdrawal. In rodents,
this cannabinoid withdrawal syndrome is characterized by the presence of a large
number of somatic signs and the absence of vegetative manifestations (Lichtman
and Martin 2002; Maldonado and Rodriguez de Fonseca 2002). However, the doses
of THC required to induce physical dependence in rodents are extremely high,
currently from 10 to 100 mg/kg of THC (i.p.), daily for 5 to 10 days (Tsou et al. 1995;
Acetoet al. 1996;Cooket al. 1998;Hutchesonet al. 1998).CB1 cannabinoid receptors
are responsible for the somatic manifestations of cannabinoid withdrawal. Indeed,
CB1-deficient mice chronically treated with THC did not exhibit any manifestation
of cannabinoid withdrawal (Ledent et al. 1999; Lichtman et al. 2001).

In conclusion, these data clearly demonstrate that the functional activity of
the CB1 cannabinoid receptor is necessary for the manifestation of the reward-
ing properties of cannabinoids and for the development of cannabinoid physical
dependence and withdrawal.
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9
Interaction Between Cannabinoid Receptors and Other Addictive Drugs

Different evidence supports the possible existence of functional interactions be-
tween cannabinoids and other drugs of abuse including opioids, psychostimulants,
ethanol and nicotine. Findings in support of a link between cannabinoids and other
drugs of abuse include: (1) the existence of common physiological and pharma-
cological properties (opioids, ethanol, nicotine); (2) the stimulation of dopamine
release after their administration (psychostimulants, opioids, ethanol, nicotine);
(3) the existence of interactions at a signal-transduction level (opioids, psychos-
timulants, ethanol and nicotine); and (4) the observation that many of these drugs
are consumed together.

9.1
Interaction Between Cannabinoids and Opioids

The interaction between cannabinoids and opioids has been widely evaluated be-
cause of the diverse physiological effects shared by both types of compounds,
including antinociception, hypothermia, and control of locomotion, rewarding
properties and the ability to induce drug abuse. Interestingly, the interaction
between these two systems seems to be bi-directional. Thus, morphine-induced
intravenous self-administration (Ledent et al. 1999; Cossu et al. 2001) and con-
ditioned place preference (Martin et al. 2002) was abolished in knockout mice
lacking the CB1 cannabinoid receptors. These studies underlie the relevance of
CB1 cannabinoid receptors for the manifestation of the reinforcing properties of
morphine. The ability of cannabinoid agents to reinstate or prevent heroin-seeking
behaviour after a period of extinction has been also evaluated. The cannabinoid
agonists WIN55,212-2 and CP55,940, but not THC, restored heroin-seeking be-
haviour in rats, whereas the CB1 cannabinoid antagonist SR141716A completely
prevented the reinstatement of drug-seeking behaviour induced by a priming in-
jection of heroin (Fattore et al. 2003), supporting the cooperation between opioid
and cannabinoid systems in the modulation of addictive behaviour.

Different pharmacological and molecular approaches have been used to investi-
gate the interaction between cannabinoids and opioids in physical dependence. For
example, administration of the CB1 cannabinoid antagonist SR141716A can pre-
cipitate behavioural and biochemical manifestations of withdrawal in morphine-
dependent rats (Navarro et al. 2001). In contrast to these data, SR141716A did
not precipitate any behavioural sign of withdrawal in morphine-dependent mice
(Lichtman et al. 2001). These discrepancies could be due to the different animal
species and/or differences in the experimental procedure. However, studies per-
formed in CB1 knockout mice clearly demonstrated the important role played by
theCB1 cannabinoid receptors in thephysicalmanifestationsof themorphinewith-
drawal syndrome. Thus, a robust decrease in the severity of naloxone-precipitated
morphine withdrawal syndrome was reported in CB1 knockout mice (Ledent et
al. 1999). In agreement, the co-administration of SR141716A and morphine over
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5 days produced an important attenuation in the incidence of the morphine with-
drawalmanifestations (Mas-Nietoet al. 2001).Early studieshavealsodemonstrated
that acute administration of cannabinoid agonists strongly attenuated the severity
of morphine abstinence (Hine et al. 1975; Bhargava 1976a,b; Bhargava and Way
1976; Vela et al. 1995). Furthermore, a chronic pre-treatment with THC before
starting chronic morphine administration reduced the somatic manifestations of
naloxone-precipitated morphine withdrawal, without modifying the motivational
responses of this opioid compound (Valverde et al. 2000b).

Reciprocally, the endogenous opioid system has been reported to be involved
in the motivational responses and withdrawal manifestations induced by cannabi-
noids. Thus, the rewarding effects induced by THC were abolished in µ-opioid
receptor knockout mice (Ghozland et al. 2002). Furthermore, the dysphoric effects
induced by a high dose of THC (5 mg/kg) were slightly attenuated in µ-knockout
mice and completely blocked in mice lacking κ-opioid receptors (Ghozland et al.
2002). The conditioned place aversion induced by a high dose of THC (5 mg/kg)
was also abolished in prodynorphin knockout mice, also supporting the involve-
ment of κ-opioid receptors in the motivational responses induced by cannabinoids
(Zimmer et al. 2001). In addition, the rewarding responses induced by THC in the
conditioned place paradigm were also abolished in double knockout mice lacking
both µ- and δ-opioid receptors (Castañe et al. 2003). There is also evidence to
suggest that the endogenous opioid system participates in the reinforcing prop-
erties of cannabinoids. Thus, the opioid antagonist naloxone partially blocked
self-administration of the cannabinoid agonist CP55,940 (Braida et al. 2001). THC
self-administration behaviour was also attenuated by a different opioid antagonist
naltrexone (Justinova et al. 2004). Furthermore, naloxone precipitated some be-
havioural signs of abstinence in rats chronically treated with a cannabinoid agonist
(Kaymakcalan et al. 1977; Navarro et al. 2001).

The role of the endogenous opioid peptides in cannabinoid dependence has
also been investigated by using knockout mice. The expression of cannabinoid
withdrawal was attenuated in THC-dependent knockout mice lacking the pre-
proenkephalin gene (Valverde et al. 2000a). However, THC abstinence was not
modified in µ-, δ- or κ-opioid receptor knockout mice (Ghozland et al. 2002). In
contrast, another study reported a decrease in the severity of cannabinoid with-
drawal syndrome in µ-opioid receptor knockout mice (Lichtman et al. 2001). The
different genetic construction of knockout mice and the changes in the experi-
mental conditions can explain these discrepancies. Finally, a significant decrease
in the severity of cannabinoid withdrawal syndrome was observed in double µ-, δ-
opioid receptor knockout mice (Castañe et al. 2003), suggesting that a cooperative
action of µ- and δ-opioid receptors is required for the entire expression of THC
dependence.

All these results indicate that thebi-directional interactionsbetween theendoge-
nous cannabinoid and opioid systems are crucial for the motivational properties
and the development of physical dependence induced by these two kinds of drugs,
and could provide new strategies for a more rational approach to the treatment of
drug abuse.
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9.2
Interaction Between Cannabinoids and Psychostimulants

The endogenous cannabinoid system has been reported to be involved in the ad-
dictive effects induced by other drugs of abuse, such as cocaine and other psychos-
timulants. Dopaminergic activity in the mesocorticolimbic system is considered a
common feature mediating the primary reinforcing effects of most drugs of abuse
(DiChiara1998). Psychostimulants facilitate thisdopaminergicneurotransmission
by different mechanisms, including the enhancement of extracellular dopamine
concentrations, mainly through inhibition of the dopamine transporter. On the
other hand, CB1 cannabinoid receptors are important modulators of dopamin-
ergic activity in the mesocorticolimbic system, suggesting that the endogenous
cannabinoid system may contribute to the reinforcing properties of different drugs
of abuse, including psychostimulants. However, the possible mechanisms involved
in such an interaction remain controversial, because only a few studies have been
performed on this topic and have frequently provided contradictory results.

Several studies suggest that CB1 cannabinoid receptors do not participate in the
acute rewarding properties of psychostimulants. Thus, cocaine-induced condi-
tioned place preference and sensitization to the hyperlocomotor effects produced
by chronic administration of the drug were preserved in CB1 knockout mice
(Martin et al. 2000). In addition, acute self-administration of cocaine, performed
during a single session, was also maintained in mice lacking CB1 receptors (Cossu
et al. 2001). However, administration of the cannabinoid agonist WIN55,212-2
has been found to decrease the reinforcing actions of cocaine in a brain stim-
ulation paradigm in mice (Vlachou et al. 2003), whereas the blockade of CB1

receptors by SR141716A treatment decreased the reinforcing value of intracranial
self-stimulation in rats (Deroche-Gamonet et al. 2001). These results suggest that
the endogenous cannabinoid system could modulate cocaine reward. Other studies
have also supported the existence of an interaction between cocaine and cannabi-
noids in reinforcing responses. Thus, pretreatment with WIN55,212-2 of rats self-
administering cocaine reduces cocaine intake in a dose-dependent manner. The
CB1 antagonist SR141716A completely reversed these effects of WIN55,212-2, in-
dicating that the reinforcing effects of CB1-mediated and cocaine-induced reward
mechanisms are additive (Fattore et al. 1999).

Furthermore, the endocannabinoid system plays an important role in the neu-
ronal processes underlying cocaine-seeking behaviour. Thus, the cannabinoid ag-
onist HU-210 induces relapse to cocaine seeking after prolonged withdrawal peri-
ods, and the antagonist SR141716A attenuates this response when it is induced by
re-exposure to cocaine-associated cues or to cocaine itself (De Vries et al. 2001). It
therefore seems necessary to perform further studies by using CB1 knockout mice
to evaluate the contribution of these receptors in processes related to the acquisi-
tion, maintenance and extinction of cocaine self-administration, and thus further
clarify the nature of the interaction between cocaine and the endocannabinoid
system.
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Recent studies have also evaluated the interaction between cannabinoids and
other psychostimulants such as amphetamine and MDMA (methylenedioxymeth-
amphetamine; ecstasy) (Braida and Sala 2002; Parker et al. 2004). These studies
showed that infusion of the cannabinoid agonist CP55,940 decreased intracere-
broventricularMDMAself-administration inrats (BraidaandSala2002). It remains
to be determined, however, if cannabinoids modulate the addictive properties of
psychostimulant drugs.

9.3
Interaction Between Cannabinoids and Nicotine

The consumption of cannabis is highly associated with tobacco, which contains
nicotine, an important psychoactive compound (Nemeth-Coslett et al. 1986; Mc-
Cambridge and Strang 2004). The administration of THC and nicotine in ro-
dents produces multiple common pharmacological responses including analgesia,
hypothermia, impairment of locomotor activity and addiction (Hildebrand et
al. 1997; Ameri 1999; Maldonado and Rodriguez de Fonseca 2002). Nicotine re-
sponses are mediated by the activation of nicotinic acetylcholine receptors, which
have a pentameric structure consisting of different receptor subunits (Grutter and
Changeux 2001; Le Novere et al. 2002).

Several studieshavesuggestedapossible functional interactionbetweencannabi-
noid and nicotinic systems. The specific behavioural and biochemical conse-
quences of such an interaction are poorly documented in animal models in spite
of the high frequency of association of these two substances in humans. Nico-
tine facilitated THC-induced acute pharmacological and biochemical responses in
mice, including hypothermia, antinociception, hypolocomotion and anxiolytic-
like responses. Furthermore, the co-administration of sub-threshold doses of THC
and nicotine produced conditioned place preference (Valjent et al. 2002). Mice
co-treated with nicotine and THC displayed attenuation in THC tolerance and an
enhancement in the somatic expression of cannabinoid antagonist-precipitated
THC withdrawal (Valjent et al. 2002). These findings showed that low doses of
cannabinoids associated with nicotine could have a higher capability to induce
behavioural responses related to addictive processes than THC administration
alone, and could enhance the somatic consequences of chronic consumption of
these drugs.

Some behavioural responses induced by nicotine were modified in mice lack-
ing CB1 cannabinoid receptors. Thus, whereas the severity of nicotine withdrawal
syndrome was not affected in CB1 knockout mice, the rewarding properties of
nicotine, evaluated in the conditioned place preference assay, was abolished in
these animals (Castañe et al. 2003). In contrast, the absence of CB1 cannabinoid
receptors did not modify acute self-administration induced by nicotine (Cossu et
al. 2001). The effective doses in these two behavioural models (acute intravenous
self-administration and conditioned place preference) are different, which makes
it difficult to directly compare the results of these studies. However, the interaction
between THC and nicotine previously reported by using pharmacological and bio-
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chemical approaches (Valjent et al. 2002) are in agreement with the impairment of
nicotine rewarding effects in CB1 knockout mice (Castañe et al. 2002). In addition,
the administration of SR141716A decreased nicotine self-administration in rats,
and nicotine-induced dopamine release in the nucleus accumbens and the bed nu-
cleus of the stria terminalis, supporting the role of the endocannabinoid system in
nicotine rewarding effects (Cohen et al. 2002). SR141716A increased dopamine, no-
radrenaline and serotonin levels in the cortex and the nucleus accumbens (Tzavara
et al. 2003), which could contribute to its ability to reverse nicotine-induced re-
sponses. SR141716A could have anti-smoking activity in humans, accordingly to
promising findings obtained in a placebo-controlled phase III clinical trial using
this compound (Fernandez and Allison 2004).

Studies into the addictive properties of cannabinoids using knockout mice
lacking different protein subunits of nicotinic receptors could greatly extend our
knowledge of the neurobiological mechanisms involved in the interaction between
cannabinoids and nicotine.

9.4
Interaction Between Cannabinoids and Ethanol

There is now considerable evidence to suggest a possible involvement of the
cannabinoid CB1 receptor in the addiction-related effects of ethanol (Mechoulam
and Parker 2003). Both, cannabinoids and ethanol produce some similar phys-
iological and behavioural responses including euphoria, motor incoordination
and hypothermia. CB1 ligands are able to modulate ethanol preference and self-
administration (Arnone et al. 1997; Freedland et al. 2001; Mechoulam and Parker
2003). Furthermore, chronic ethanol treatment increases the synthesis of endo-
cannabinoidsanddown-regulatesbrainCB1 receptorsandtheir function(Basavara-
jappa and Hungund 2002), supporting the hypothesis of an interaction between
these two drugs. Pharmacological studies reported that blocking the CB1 receptor
with SR141716A reduced ethanol consumption (Arnone et al. 1997; Freedland et
al. 2001).

A recent study on a CD1 genetic background showed that ethanol consumption
and preference were decreased in CB1 knockout mice, whereas ethanol sensitivity
and withdrawal severity were increased in these mice (Naassila et al. 2004). These
observations are similar to those reported in a previous study showing decreased
ethanol consumption and increased sensitivity to the acute effects of ethanol in
CB1 knockout mice on a C57BL/6J genetic background (Hungund et al. 2003).
Furthermore, ethanol did not cause release of dopamine in the nucleus accumbens
in CB1 knockout mice, in contrast to the effects observed in wild-type littermates.
In agreement, SR141716A completely abolished the enhancement of dopamine
responses induced by acute ethanol in the nucleus accumbens of wild-type mice
(Hungund et al. 2003). Similarly, a reduction in the effects of ethanol on extracellu-
lar levels of dopamine in the nucleus accumbens after SR141716A administration
has been previously reported, suggesting that cannabinoids modulate the rein-
forcing properties of ethanol by decreasing the release of dopamine in limbic areas
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(Cohen et al. 2002). Another study also supports the hypothesis that endocannabi-
noids acting on CB1 receptors contribute to ethanol rewarding effects, albeit in
an apparent age-dependent manner (Wang et al. 2003). Thus, a high ethanol pref-
erence was found in young (6–10 weeks) C57BL/6J mice that was reduced in CB1

knockout mice. The administration of the antagonist SR141716A to young wild-
type mice reduced ethanol preference to the level exhibited by CB1 knockout mice.
Ethanol preference declined in old wild-type mice (26–48 weeks), and this reached
a level similar to that observed in CB1 knockout mice (similar for young and old
animals). Ethanol preference in old CB1 knockout and wild-type littermates was
unaffected by SR141716A (Wang et al. 2003). The age-dependent differences for
ethanol preference reported in this study could probably explain some of the dis-
crepancies between results that have been obtained from different studies with
CB1 knockout mice. Thus, Racz et al. (2003) reported that CB1 knockout mice (on
a C57BL/6J genetic background) showed initially an even higher preference for
ethanol than wild-type littermates. After 1 week, the ethanol consumption was
virtually identical in knockout and wild-type mice. Withdrawal symptoms after
the cessation of chronic ethanol administration were completely absent in CB1

knockout mice (Racz et al. 2003). Activation of the CB1 receptor promotes alcohol
craving and suggests a role of this receptor in excessive ethanol drinking behaviour
and the development of alcoholism (Schmidt et al. 2002). Interestingly, this recent
clinical study associated a CB1 cannabinoid receptor gene polymorphism with the
severity of withdrawal symptoms in humans (Schmidt et al. 2002).

Recently, a new CB1 receptor antagonist, namely SR147778, has been developed.
This compound is able to reduce both ethanol and sucrose consumption in mice
and rats (Rinaldi-Carmona et al. 2004), supporting the involvement of the CB1

cannabinoid receptor inethanol consumption.Taken together, these results suggest
an involvement of endocannabinoids in the rewarding effects, physical dependence
and craving induced by ethanol. Further studies must to be performed in order
to clarify the apparent discrepancies observed in the different studies performed
with CB1 knockout mice.

10
CB1 Receptors in the Control of Feeding Behaviour

The appetite-stimulating effects of marijuana have been known for centuries and
constitute one of the established medicinal uses of cannabis preparations. Today
THC (dronabinol/Marinol) is clinically used for the treatment of cachexia-anorexia
in human immunodeficiency virus (HIV) and palliative care patients. There have
also been very promising advances in the development of a cannabinoid receptor
antagonist (SR141716A, now named Rimonabant or Acomplia) for the treatment
of obesity.

Pharmacological studies in animals are consistent with a role of the endogenous
cannabinoid system in the regulation of feeding behaviours and food palatability
(Williams and Kirkham 2002a,b; Higgs et al. 2003). Administration of THC to rats
produced a significant hyperphagia that was reversed by SR141716A (Williams
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et al. 1998; Williams and Kirkham 2002b). Since 2-AG is present in the milk of
humans and animals, Fride and her collegues asked whether this endocannabinoid
might promote appetite and suckling behaviour in newborn animals. Indeed,
the administration of SR141716A to newborn mice, within the first 24 h after
birth, had a devastating effect on milk ingestion and often led to the death of
the treated animals. CB1 receptor-deficient mice also failed to drink in the first
24 h after birth, but started to display milk bands from day 2. It seems that this
delayed onset of milk intake affects the survival rate of CB1 knockout pups, which
was significantly lower than that of wild-type littermates in Fride’s studies (Fride
et al. 2001, 2003). Our (A.Z.) previous analysis of the distribution of genotypes
among offspring of heterozygous matings indicated a small deviation from the
expected Mendelian frequency at the time of weaning (CB1

+/+, 29%; CB1
+/–, 47,7%;

CB1
–/–, 23.3%; n = 1,439), thus also suggesting a somewhat reduced viability of

homozygous and even heterozygous pups (Zimmer et al. 1999). These results
suggest that endocannabinoids in the milk promote suckling behaviour during the
early postnatal period.

The body weight of adult CB1 receptor knockout mice was, however, similar to
that of control animals, indicating that the endocannabinoid system is not critical
for maintaining regular food intake under normal laboratory conditions (Zimmer
et al. 1999). In contrast, when animals were food deprived for 18 h, wild-type
mice consumed significantly more food at the end of the fasting period than CB1-
deficient animals (Di Marzo et al. 2001). Wild-type mice that were treated with
3mg/kgSR141716A10minbefore the start of the testingperiodalso showeda lower
food intake, similar to that of CB1 knockouts. The orexigenic effects of cannabi-
noids are thought to be mediated by hypothalamic CB1 receptors, although the CB1

receptor density in the hypothalamus is lower than in many other brain regions
(Marsicano and Lutz 1999; Harrold and Williams 2003). The endocannabinoid sys-
tem in the hypothalamus seems to be part of a leptin-sensitive regulatory pathway,
as leptin decreases hypothalamic endocannabinoid synthesis, whilst defective lep-
tin signalling in obese (ob/ob) or diabetic (db/db) mice is accompanied by elevated
endocannabinoid levels (Di Marzo et al. 2001). Fasting also increased 2-AG levels
in the hypothalamus and in the limbic forebrain, whilst hypothalamic 2-AG levels
declined as animals ate (Kirkham et al. 2002). Together these results are consistent
with a role of leptin-regulated endocannabinoids in the control of motivational
aspects of feeding behaviour.

11
Endocannabinoid as Retrograde Neurotransmitter

Several recent studies have begun to elucidate the cellular and molecular mech-
anisms underlying the numerous and profound effects of cannabinoids on the
brain. Indeed there is now compelling evidence that endocannabinoids act as
activity-dependent retrograde inhibitors of synaptic transmission.

In the hippocampus, CB1 receptors are localized presynaptically in GABA axon
terminals, most of which originate from CCK-positive basket cells (Katona et al.
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1999). Endocannabinoids are probably synthesized by Ca2+-dependent postsy-
naptically localized enzymes (Bisogno et al. 2003). Activation of the presynaptic
CB1 receptors exerts diverse effects on synaptic functions, including the acti-
vation of inwardly rectifying K+ channels, the inhibition of voltage-gated Ca2+

channels and the suppression of neurotransmitter release (Di Marzo et al. 1998;
Freund et al. 2003). Because of the distribution and function of its various com-
ponents, the endocannabinoid system seemed ideally suited to mediate a form
of activity-dependent modulation of synaptic activity in the hippocampus that
has been termed depolarization-induced suppression of inhibition (DSI). DSI de-
scribes a phenomenon in which a brief depolarization of a pyramidal neuron
transiently suppresses the release of GABA from presynaptic terminals (Pitler
and Alger 1992, 1994). A similar phenomenon affecting excitatory glutamatergic
synapses has been described in the cerebellum and hippocampus, and is termed
depolarization-induced suppression of excitation (DSE). Because DSI and DSE
are initiated postsynaptically through an elevation of cytoplasmic Ca2+ and ex-
pressed presynaptically as an inhibition of neurotransmitter release, a retrograde
signal that travels backwards across synapses had been postulated (Wilson and
Nicoll 2002). Several studies have now conclusively demonstrated that the ret-
rograde messengers responsible for this signalling are endocannabinoids. In the
hippocampus, the CB1-selective agonist WIN55,212-2 blocked GABA release and
suppressed baseline inhibitory post-synaptic current (IPSC) amplitudes (Hajos et
al. 2000; Wilson and Nicoll 2001). The CB1 antagonists SR141716A and AM251
blocked DSI (Wilson and Nicoll 2001). Excitatory hippocampal synapses dis-
played an analogous reduction: WIN55,212-2 blocked excitatory post-synaptic
currents (EPSC) and SR141716A blocked DSE. Importantly, DSI and DSE were
completely absent in CB1 knockout mice from the Zimmer laboratory in the
hippocampus and in the cerebellum (Yoshida et al. 2002). However, Hajos and
colleagues have pointed out that anatomical studies could not confirm the exis-
tence of CB1 receptors on hippocampal glutamatergic terminals and have reported
that CB1-deficient mice generated by Ledent and co-workers still show a reduc-
tion of postsynaptic excitatory currents in hippocampal slices by WIN55,212-
2 (Hajos et al. 2001). These authors speculate that the effect of cannabinoids
on excitatory hippocampal neurons is mediated by a non-CB1 receptor. Clearly,
further studies are necessary to determine the reason for these contradictory
findings.

12
Outlook

Knockout mice have revealed many novel and interesting aspects of the physio-
logical functions of CB1 receptors in locomotor activity, emotional behaviours,
regulation of blood pressure, cognition, pain, reproduction and addiction. In ad-
dition, these animals have become invaluable tools for studying the interactions
between cannabinoids and other drugs of abuse, i.e. opioids, nicotine, ethanol
and cocaine. The multitude of phenotypes that have been observed in these an-
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imals reflects the diversity of functions of the endogenous cannabinoid system.
Undoubtedly, these results will further the potential medical uses of cannabinoid
receptor agonist and antagonists.

Although the phenotype of the different knockout mice is very similar among
the individual strains and laboratories involved, small differences do exist. It
remains to be determined if these phenotypic differences are due to variations
in the genetic background, different holding conditions, or both. Understanding
the impact of these epigenetic factors may help us to appreciate the significance
of the endocannabinoid system in environmentally and genetically more complex
systems.

Whilst most of the research of the endocannabinoid system in the last decade
has focussed on the CB1 and CB2 receptors, we have also made substantial advances
in the identification of endocannabinoid degrading and synthesizing enzymes and
the effects of endocannabinoids that are not mediated by these receptors. Future
animal models will therefore increasingly address the relevance of non-CB1 and
non-CB2 endocannabinoid binding sites and the regulation of endocannabinoid
levels.
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Abstract The finding of endogenous ligands for cannabinoid receptors, the en-
docannabinoids, opened a new era in cannabinoid research. It meant that the
biological role of cannabinoid signalling could be finally studied by investigating
not only the pharmacological actions subsequent to stimulation of cannabinoid
receptors by their agonists, but also how the activity of these receptors was reg-
ulated under physiological and pathological conditions by varying levels of the



148 V. Marzo et al.

endocannabinoids. This in turn meant that the enzymes catalysing endocannabi-
noid biosynthesis and inactivation had to be identified and characterized, and that
selective inhibitors of these enzymes had to be developed to be used as (1) probes
to confirm endocannabinoid involvement in health and disease, and (2) templates
for the design of new therapeutic drugs. This chapter summarizes the progress
achieved in this direction during the 12 years following the discovery of the first
endocannabinoid.

Keywords Anandamide · 2-Arachidonoylglycerol · Cannabinoid · Enzyme ·
Inhibitors

1
Introduction

When the longstanding issue of the mechanism of action of (–)-∆9-tetrahydro-
cannabinol (THC) was solved with the finding of the cannabinoid receptors, stud-
ies aimed at finding endogenous ligands for these receptors could be started. These
studies culminated in 1992 with the report of the discovery of the first of such lig-
ands, N-arachidonoyl-ethanolamine (AEA), which was named anandamide from
the Sanskrit word ananda, meaning “internal bliss” (Devane et al. 1992). In the
following years, the finding of anandamide, which apart from binding to cannabi-
noid CB1 (and later also CB2) receptors could also functionally activate them, led
to the revelation that there is a whole endogenous signalling system now known as
the endogenous cannabinoid system. This comprises, apart from the cannabinoid
receptors (Pertwee 1997), other endogenous ligands [named endocannabinoids by
our group in1995 (DiMarzoandFontana1995)] and theproteins for their synthesis
and inactivation, as well as, possibly, other molecular targets for the endocannabi-
noids (see Pertwee 2004 for review). First came the finding that a well-known in-
termediate in phosphoglyceride metabolism, 2-arachidonoyl-glycerol (2-AG), was
also able to activate both CB1 and CB2 receptors (Mechoulam et al. 1995; Sugiura et
al. 1995). The end of the 1990s brought: (1) the finding of the biochemical pathways
and the identificationof thefirst enzymes for the formationand inactivationofAEA
and 2-AG (Di Marzo et al. 1994; Cravatt et al. 1996; Bisogno et al. 1997b), a break-
through that was very much facilitated by important similar studies carried out in
the 1970s on other lipids belonging to the same families as the two endocannabi-
noids (Schmid et al. 1990 and Horrocks 1989 for reviews); and (2) the recognition
that AEA was a rather promiscuous ligand for several membrane receptors and
channels, particularly for vanilloid VR1 receptors (now classified as TRPV1 recep-
tors) (Zygmunt et al. 1999), andas-yet-uncharacterizedbinding sites in thevascular
endothelium (Jarai et al. 1999). Therefore, at the turn of the century it was clear that
the endocannabinoid system was going to include new receptors, new ligands and
new enzymes. This feeling was confirmed, among other things, by the characteri-
zation of: (1) more putative endocannabinoids, all derived from arachidonic acid,
i.e. 2-arachidonyl-glyceryl ester (noladin, 2-AGE), O-arachidonoyl-ethanolamine
(virodhamine, OAE) and N-arachidonoyl-dopamine (NADA) (Bisogno et al. 2000;
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Fig. 1. Established and newly proposed endocannabinoids. Chemical structures of the five endogenous
cannabinoid ligands identified so far

Hanus et al. 2001; Huang et al. 2002; Porter et al. 2002); (2) more possible targets
for AEA and some synthetic cannabimimetic compounds (Breivogel et al. 2001);
and (3) the biosynthetic enzymes for 2-AG and AEA (Bisogno et al. 2003; Okamoto
et al. 2004). Clearly, the history of the endocannabinoid system is far from set, but
nevertheless the following sections shall attempt at providing the reader with a
picture as updated and as complete as possible of the multi-faceted biochemical
and pharmacological aspects of the endocannabinoids (Fig. 1).

2
Biosynthesis and Release of Endocannabinoids

The biosynthetic and metabolic pathways of the two best-studied endocannabi-
noids, AEA and 2-AG, have several features in common. Both compounds are
produced from the enzymatic hydrolysis of precursors derived from the remod-
elling of membrane phospholipids; both appear to be released and then taken up
by cells via diffusion through the plasma membrane, possibly facilitated by a mem-
brane carrier protein; and both are inactivated mostly via intracellular enzymatic
hydrolysis. Yet, although overlaps are theoretically possible between the biosyn-
thetic pathways of the two endocannabinoids, fundamentally different enzymes
are involved in the formation of AEA and 2-AG. This explains why, as is becoming
increasingly clear, the two compounds can be produced independently from each
other and why their levels can undergo differential and even opposing changes with
different physiological and pathological stimuli. For this reason, the biochemical
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pathways underlying the production of the two major endocannabinoids will be
discussed here separately. In general, however, the three following commonalities
can be observed:

– Both AEA and that portion of 2-AG acting as endocannabinoid (2-AG is in
fact also an important intermediate in phosphoglyceride metabolism), are not
stored in secretory vesicles but are, instead, synthesized and released “on de-
mand”, often following Ca2+ influx, which causes activation of Ca2+-dependent
biosynthetic enzymes (Di Marzo et al. 1998b).

– Pharmacological and electrophysiological data have shown that activation of
metabotropic (glutamate or muscarinic) receptors, either cooperatively with
or independently from Ca2+-influx, can also induce the formation of non-
chemically identified endocannabinoids acting as retrograde synaptic signals
(Kim et al. 2002; Brenowitz and Regehr 2003; Ohno-Shosaku et al. 2003).

– The formation of both compounds is accompanied by the biosynthesis of
cannabinoid-inactive or weakly active congeners, which have been suggested to
exert an enhancement of AEA and 2-AG actions via various mechanisms col-
lectively referred to as “entourage” effects (Ben-Shabat et al. 1998; Mechoulam
et al. 1998b for review).

2.1
Biosynthesis of AEA and Other N-Acylethanolamines

AEA belongs to the family of the N-acylethanolamines (NAEs), which have been
investigated since the 1960s. Work performed by H. Schmid and co-workers long
before the discovery of AEA had shown that these compounds are biosynthesized
via a phospholipid-dependent pathway (Fig. 2), i.e. the enzymatic hydrolysis of the
corresponding N-acyl-phosphatidylethanolamines (NAPEs) (Schmid et al. 1990,
1996, 2002a; Hansen et al. 1998, for reviews). The enzyme catalysing this reaction is
a phospholipase D selective for NAPEs (NAPE-PLD), which, in turn, are produced
from the transfer to the N-position of phosphatidylethanolamine of an acyl group
from the sn-1 position of phospholipids (PE), catalysed by a Ca2+-dependent trans-
acylase. Already in these early studies it appeared clear that NAPE-PLD was quite
different from other PLD enzymes, and that this enzyme as well as the trans-acylase
exhibited no selectivity for a particular fatty acid moiety. After the discover of AEA,
this route was shown to underlie also the biosynthesis of this endocannabinoid
in central neurons after depolarization (Di Marzo et al. 1994). Subsequent studies
confirmedtheoccurrenceofN-arachidonoyl-phosphatidylethanolamine (NArPE),
the NAPE precursor of AEA, in murine brain, testes and leukocytes (Sugiura et al.
1996a,b; Di Marzo et al. 1996a,b; Cadas et al. 1997), and showed that NAPE-PLD
lacks the transphosphatidylation activity typical of other PLD enzymes (Petersen
and Hansen 1999), is dependent on Ca2+ for optimal activity (Ueda et al. 2001a) and
is stimulated by polyamines (Liu et al. 2002). In fact, all the previous information
gained on roughly purified fractions of NAPE-PLD have been recently confirmed
by its cloning, which in addition showed that the enzyme belongs to the zinc
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Fig. 2. Major biosynthetic pathways and enzymes for the endocannabinoid anandamide (AEA)
and other N-acylethanolamines. The circled P indicates a phosphate group. N-ArPE, N-arachidonoyl-
phosphatidylethanolamine; PE, phosphatidylethanolamine; PLD, phospholipase D; sPLA2, secretory phos-
pholipase A2 of group IB

metalloproteinase family of hydrolases of the β-lactamase fold (Okamoto et al.
2004). Several independent lines of evidence strongly suggest that this pathway is
the one mostly responsible for AEA biosynthesis in intact cells, and in particular:

– The finding of a similar distribution of NArPE and AEA in nine different brain
areas (Bisogno et al. 1999a), and of increasing levels of both NArPE and AEA in
rat brain at different stages of development (Berrendero et al. 1999), confirms a
precursor/product relationship for the two compounds.

– The Ca2+ sensitivity of both the trans-acylase and NAPE-PLD is in agreement
with the fact that AEA biosynthesis is triggered by neuronal depolarization and
other Ca2+ mobilizing stimuli.

– The fact that this biosynthetic pathway is common to other NAEs, and that
the percentage fatty acyl chain composition of these compounds in tissues is
ultimately dependent on that of the sn-1 position of phospholipids (Fig. 2),
explains why AEA is the minor of its congeners.
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However, a recent study (Sun et al. 2004) also highlights another possible way
for NAPEs to be transformed into NAEs, at least in cell-free homogenates, i.e. via
the sequential action of a group IB secretory phospholipase A2 (PLA2), with the
formation of N-acyl-1-acyl-lyso-PE, followed by the action of a lyso-PLD enzyme
distinct from the known NAPE-PLD (Fig. 2).

2.2
Biosynthesis of 2-Arachidonoylglycerol

Although probably over-estimated due to artefactual production, for example fol-
lowing rat decapitation (Sugiura et al. 2001), the levels of 2-AG in unstimulated
tissues and cells, but not in the blood or cerebrospinal fluid (CSF), are usually
much higher than those of AEA, and sufficient in principle to permanently acti-
vate both cannabinoid receptor subtypes (Sugiura et al. 1995; Stella et al. 1997).
This simple observation, and the fact that this compound is at the crossroads of
several metabolic pathways and is an important precursor and/or degradation
product of phospho-, di- and triglycerides, as well as of arachidonic acid, indi-
cates that the 2-AG found in tissues is not uniquely used to stimulate cannabinoid
receptors, although the one measured in extracellular fluids, such as serum and
CSF, probably is. While an enhancement of intracellular Ca2+ is necessary and suf-
ficient for AEA biosynthesis, 2-AG formation is triggered also, but not only, by
Ca2+-mobilizing stimuli (and, hence, also, but not only, following neuronal depo-
larization). In fact, the most important biosynthetic precursors of 2-AG are the sn-
1-acyl-2-arachidonoylglycerols (DAGs) (Fig. 3), which, like other diacylglycerols,
are produced from phospholipid metabolism and remodelling and, ultimately, by
the stimulation of G protein-coupled receptors (GPCRs). This observation raises
the possibility that the biosynthesis of 2-AG may be regulated independently from
that of AEA, and requires different conditions. Several stimuli have been shown
to lead to the formation of 2-AG in intact neuronal and non-neuronal cells, in-
cluding lipopolysaccharides (in macrophages), ethanol or glutamate (in neurons),
carbachol or thrombin (in endothelial cells), endothelin (in astrocytes), platelet-
activating factor (in macrophages), etc. (Bisogno et al. 1997b; Stella et al. 1997;
Sugiura et al. 1998; Mechoulam et al. 1998a; Bisogno et al. 1999b; Di Marzo et al.
1999a; Basavarajappa et al. 2000; Berdyshev et al. 2001; Stella and Piomelli 2001;
Liu et al. 2003; Walter and Stella 2003; and Sugiura et al. 2002, for review), but only
seldom have the pathways for 2-AG biosynthesis been investigated. In most cases,
the DAGs necessary for 2-AG biosynthesis are obtained from the hydrolysis of
2-arachidonate-containing phosphoinositides (PIs), catalysed by the PI-selective
phospholipase C or other phospholipases of this type (Di Marzo et al. 1996b; Stella
et al. 1997; Kondo et al. 1998; Berdyshev et al. 2001; Stella and Piomelli 2001; Liu
et al. 2003), whereas in the case of ionomycin-stimulated neuroblastoma cells and
cultured rat microglial cells, DAGs appear to be formed from the hydrolysis of
2-arachidonate-containing phosphatidic acid (PA), catalysed by a PA phosphohy-
drolase (Bisogno et al. 1999b; Carrier et al. 2004). Regarding the conversion of
DAGs into 2-AG, this requires a sn-1-selective DAG lipase (Bisogno et al. 1997b;
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Stella et al. 1997). Two sn-1 DAG lipase isozymes (DAGLα and DAGLβ) have been
cloned and enzymatically characterized (Bisogno et al. 2003). They are located in
the plasma membrane, are stimulated by Ca2+, appear to possess a catalytic triad
typical of serine hydrolases, and, like NAPE-PLD, do not appear to be particularly
selective for 2-arachidonate-containing DAGs. Nevertheless, several lines of evi-
dence (Bisogno et al. 2003) suggest that they are responsible for the formation of
the endocannabinoid 2-AG in intact cells:

– Over-expression of DAGLα and DAGLβ in COS cells results in significantly
higher levels of 2-AG produced following stimulation with ionomycin, but not
in higher 2-AG basal levels.

– The expression of DAGLα and DAGLβ in several cell lines correlates with their
ability to produce 2-AG following stimulation with ionomycin.

– Inhibition of DAGLα and DAGLβ activity with tetrahydrolipstatin in COS cells
and cell lines stimulated with ionomycin results in the impaired production of
2-AG.

– The distribution of the mRNAs encoding for DAGLα correlates with the relative
abundance of 2-AG in rodent tissues and organs (Kondo et al. 1998).

– Finally, the two enzymes exhibit a pattern of subcellular expression in nervous
tissues that fits with the proposed role of 2-AG either as a mediator of neurite
growth, during brain development (Williams et al. 2003) or as a retrograde sig-
nal mediating depolarization-induced suppression of neurotransmission and
heterosynaptic plasticity in the adult brain (Chevaleyre and Castillo 2003; Wil-
son and Nicoll 2002, for review). In fact, the enzymes are located on axons during
development and post-synaptically in adult neurons (Bisogno et al. 2003).

However, DAG-independent biosynthetic pathways for 2-AG have also been
proposed (Sugiura et al. 2002, for review), although their relevance to the regulation
of the endocannabinoid signal has not yet been investigated. Noteworthy is the
enzymatichydrolysis of aparticular typeof lysophosphatidic acid, 2-arachidonoyl-
sn-glycero-3-phosphate (Nakane et al. 2002).

2.3
Biosynthesis of Other Putative Endocannabinoids

Very little is known about the biosynthesis of the three most recently proposed
endocannabinoids, 2-AGE, virodhamine and NADA. Regarding 2-AGE (noladin
ether), this compound was previously identified in pig brain (Hanus et al. 2001) and
in some rat tissues and brain areas (Fezza et al. 2002) by using mass-spectrometric
(MS) methods coupled to chromatographic separations. However, a recent study
cast some doubt on the actual existence of 2-AGE in mammalian brain tissue (Oka
et al. 2003). At the time of this study it was already known that (1) the only acyl
ethers to have been detected in animals before the discovery of 2-AGE were 2-acyl
ethers (e.g. alkenyl ethers such as platelet activating factor and plasmalogens); (2)
there was no evidence for the existence of any enzyme catalysing the formation
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of 2-alkenyl glyceryl ethers from the corresponding fatty acyl alcohols; and (3)
although similar enzymes had been previously identified, these had a stringent
specificity for the sn-1 position of glyceryl ethers with short-medium chain, satu-
rated fatty acids (Nagan and Zoeller 2001). Oka et al. (2003), using MS techniques,
could not confirm the presence of 2-AGE in the brain of several mammalian species
including pig and rat. These contradictory data might be explained by the use of
different extracting procedures, or with the possibility of a “false-positive” MS sig-
nal, i.e. an endogenous compound structurally related but not identical to 2-AGE
(i.e. with the same molecular weight and similar mass spectrometric fragmenta-
tion pattern), which cannot be picked up by all MS techniques. This compound,
however, cannot be the 2-AGE isomer 1-arachidonyl glyceryl ether, which can be
distinguished from 2-AGE simply on the basis of its chromatographic properties.
Clearly, if the existence of 2-AGE were to be confirmed by future studies carried
out in other laboratories using exactly the same procedures used by Hanus et
al. (2001) and Fezza et al. (2002), some as-yet-unknown biosynthetic pathway,
different from that leading to plasmalogens, may exist for this compound. Neurob-
lastoma N18TG2 intact cells are not capable of converting arachidonate-containing
phospholipids into 2-AGE when stimulated with ionomycin, i.e. under conditions
where high levels of 2-AG are produced (Fezza et al. 2002). This might suggest a
Ca2+-independent or a non-phospholipid-mediated pathway for the formation of
this putative endocannabinoid in neurons.

Fig. 3. Major biosynthetic pathways and enzymes for the endocannabinoid 2-arachidonoyl-glycerol (2-AG).
DAG, di-acyl-glycerol lipase; PA, phosphatidic acid; PI, phosphoinositide; PLC, phospholipase C. P represents a
phosphate group
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Virodhamine, which seems to accompany AEA in all tissues analysed (Porter et
al. 2002), might be biosynthetically related to AEA, since the non-enzymatic trans-
formation of NAEs into the corresponding O-acyl esters, and vice versa, in the pres-
ence of bases or acids, has been reported (Markey et al. 2000). Given the seemingly
opposing activity of the two compounds at their receptors (virodha in Sanskrit
means “opposing”), with virodhamine being an antagonist at cannabinoid CB1

receptors and a partial agonist at CB2 receptors, and anandamide a possible antag-
onist at cannabinoidCB2 receptors andapartial agonist atCB1 receptors, thispossi-
bility might give rise to an interesting interplay between the two compounds under
those pathological conditions (i.e. inflammation) that cause a local decrease of pH.

Original evidence for the formationofNADAfromarachidonic acid anddopam-
ine or tyrosine (Huang et al. 2002) suggested a biosynthetic pathway common to
that of the recently discovered arachidonoyl amino acids (Huang et al. 2001), i.e.
from the direct condensation between arachidonic acid and dopamine, or, alter-
natively, from the condensation between arachidonic acid and tyrosine followed
by the transformation of N-arachidonoyl-tyrosine into NADA by the enzymes
catalysing dopamine biosynthesis from tyrosine. Preliminary data have shown,
however, that NADA cannot be produced from either N-arachidonoyl-tyrosine or
N-arachidonoyl-l-DOPA either in vitro, in brain homogenates, or in vivo, and that
the lipid formed from tyrosine and arachidonic acid is not NADA (M.J. Walker
and V. Di Marzo, unpublished observations). Clearly, further studies are needed
to understand the biosynthetic mechanism for this putative endocannabinoid.

2.4
Inhibitors of Endocannabinoid Biosynthesis

Partly owing to the fact that the NAPE-PLD for AEA and the two DAGLs for 2-AG
have been cloned only very recently, no selective inhibitors of endocannabinoid
biosynthesis have been developed to date. However, several non-specific inhibitors
have been shown to prevent the formation of either AEA or 2-AG. For the former
compound, Cadas et al. (1997) showed that several non-selective hydrolase in-
hibitors, and particularly the PLA2 inhibitor (E)-6-(bromomethylene)-tetrahydro-
3-(1-naphthalenyl)-2H-pyran-2-one (BTNP), could block the activity of crude
preparations of the Ca2+-dependent trans-acylase. Regarding 2-AG, Bisogno et al.
(1999b) found that the PLA2 inhibitor, oleoyl-oxyethyl-phosphoryl-choline, and
the blocker of acylCoA-dependent synthase, thimerosal, could oppose ionomycin-
induced formation of 2-AG in intact neurons, possibly by inhibiting the formation
of PA precursors. Furthermore, the DAG lipase inhibitor RHC80267 was also found
to block 2-AG release from DAGs (Stella et al. 1997; Bisogno et al. 1997b, 1999b).
More importantly, the lipase inhibitor tetrahydrolipstatin (orlistat) was recently
shown to inhibit the two DAGLs, DAGLα and DAGLβ, at concentrations (IC50=60–
250 nM) lower than those previously found to be required to inhibit other lipases
(Bisogno et al. 2003). Clearly the chemical structure of this compound (Fig. 3),
which is marketed by Roche as an anti-obesity drug, might serve as a template for
the development of more selective DAGL inhibitors.
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2.5
Endocannabinoid Release

After their biosynthesis, AEA and 2-AG are immediately released into the extracel-
lular medium. This occurs via an unknown mechanism, which, however, several
pieces of evidence suggest is one that is dependent on the same putative mem-
brane transporter proposed to facilitate the opposite process, i.e. endocannabinoid
cellular uptake (see below). In particular:

– Cells loaded with radiolabelled AEA release this compound through a tempera-
ture-dependent and pharmacologically inhibitable mechanism (Hillard et al.
1997).

– AEA biosynthesized de novo inside the cell is released into the extracellular
medium via a process that can be inhibited by selective inhibitors of AEA
cellular uptake, with subsequent increase of intracellular AEA levels (Ligresti et
al. 2004).

– Endocannabinoids have been proposed to act as retrograde messengers for
both short- and long-term forms of synaptic plasticity, such as depolarization-
induced suppression of excitatory or inhibitory neurotransmission (DSE or
DSI) and long-term depression (LTD; see Wilson and Nicoll 2002, for review).
It is thought that endocannabinoids are released from the post-synaptic cell
following its depolarization, and then act retrogradely on CB1 receptors on pre-
synaptic neurons to inhibit neurotransmitter release. In one model of this phe-
nomenon, inhibitors of the putative endocannabinoid membrane transporter
(EMT), injected into the post-synaptic neuron, have been found to inhibit LTD
(Ronesi et al. 2004).

Once released, extracellular endocannabinoids act mostly, and with varying
selectivity, on cannabinoid receptors, possibly including subtypes other than CB1

and CB2. However, endocannabinoids such as AEA and/or NADA may also act,
prior to their release, on intracellular sites on ion channels, such as those on
vanilloid TRPV1 (transient receptor potential vanilloid type 1) receptors and T-
type Ca2+ channels (see below). In this case, release represents a possible way to
inactivate, rather than facilitate, the action of endocannabinoids.

3
Endocannabinoid Metabolic Fate

3.1
Cellular Uptake

When incubated with intact cells in vitro, all endocannabinoids are rapidly
(t1/2 ≤ 5 min) cleared away from the extracellular medium (Di Marzo et al. 1994;
Ben-Shabat et al. 1998; Beltramo and Piomelli 2000; Bisogno et al. 2001; Fezza
et al. 2002; Huang et al. 2002). It has been suggested that this process depends
on the presence of one or more membrane transporters, the putative EMT (see
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above). This hypothesis is supported by evidence that the transport process is
saturable and exhibits sensitivity to temperature, selectivity for unsaturated (par-
ticularly polyunsaturated) long-chain fatty acid amides and sensitivity to synthetic
inhibitors (Di Marzo et al. 1994; Beltramo et al. 1997; Hillard et al. 1997; Bisogno et
al. 1997a). Since this process only transports AEA down transmembrane concen-
tration gradients, it can also: (1) mediate AEA release, and (2) act in the absence of
other sources of energy and, therefore, function independently of Na+- and ATP
(Hillard and Jarrahian 2000). However, the putative EMT has not been isolated, and
its molecular biology remains uncharacterized. This lack of information, together
with the following observations, suggested to some authors that AEA membrane
transport might simply occur through passive diffusion driven by intracellular
enzymatic hydrolysis:

– Endocannabinoids are lipophilic compounds, and such compounds often do
not need a membrane transporter to cross the plasma membrane (although
there are several exceptions to this rule).

– The presence in the cell of an active AEA-hydrolysing enzyme, fatty acid amide
hydrolase (FAAH) (see below), strongly enhances AEA cellular uptake (Deutsch
et al. 2001).

– Inhibitors of AEA intracellular metabolism often (but not always) also inhibit
AEA transport into the cell (Deutsch et al. 2001; Glaser et al. 2003).

– Under certain experimental conditions, AEA accumulation into the cell is not
saturable (Glaser et al. 2003), whereas, in the absence of a cell monolayer,
the plastic ware used in studies of AEA cellular uptake can mimic the AEA
sequestration process in terms of temperature sensitivity (Fowler et al. 2004).

However, several observations still strongly, albeit indirectly, support the ex-
istence of an EMT, or at least of some specific intracellular process distinct from
FAAH for bringing about the cellular uptake of endocannabinoids (for a more
detailed review see Hillard and Jarrahian 2003):

– Several cell types can be found that can rapidly take up AEA from the extracellu-
lar medium even though they do not express FAAH; furthermore, synaptosomes
from transgenic mice lacking FAAH can still take up AEA efficiently and in a
saturable manner (Ligresti et al. 2004);

– Several compounds have been developed that are capable of inhibiting AEA
cellular uptake without inhibiting AEA enzymatic hydrolysis via FAAH (Di
Marzo et al. 2001b, 2002c; De Petrocellis et al. 2000; Lopez-Rodriguez et al. 2001;
Ortar et al. 2003); indeed, the chemical prerequisites necessary for fatty acid
amide derivatives to inhibit AEA uptake are so stringent that there can be no
doubt that this process is mediated by a specific protein (Piomelli et al. 1999;
Ligresti et al. 2004).

– FAAH inhibitors enhance, and anandamide uptake inhibitors inhibit, anan-
damide accumulation into some cells (Kathuria et al. 2003).
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– Substances that inhibit the EMT enhance responses to exogenous AEA that are
elicited at extracellular sites (i.e. at CB1 receptors) and inhibit those that are
elicited at intra-cellular targets (i.e. TRPV1 receptors, see De Petrocellis et al.
2001)—if these compounds were simply acting by inhibiting FAAH, they should
enhance AEA effects in both cases.

– A selective EMT inhibitor can modify the distribution of de novo biosynthesized
AEA between the intracellular and extracellular milieu, without altering its total
amounts (Ligresti et al. 2004).

– 2-AGE and NADA, two endocannabinoids that are resistant and refractory to
enzymatic hydrolysis, respectively, are still taken up by cells in a temperature-
dependent way; their uptake is inhibited competitively by AEA (Huang et al.
2002; Fezza et al. 2002), although none of the specific EMT inhibitors mentioned
above has ever been tested on the cellular uptake of these compounds.

– Lipopolysaccharide inhibits FAAH expression without affecting AEA cellular
uptake (Maccarrone et al. 2001); conversely, nitric oxide, peroxynitrite and
superoxide anions stimulate AEA cellular re-uptake (Maccarrone et al. 2000a),
while acute or chronic ethanol inhibits this process (Basavarajappa et al. 2003),
without affecting FAAH activity.

These data suggest that, although intracellular hydrolysis does greatly influence
the rate of AEA facilitated diffusion, the uptake process is likely to be mediated
by a mechanism subject to regulation and distinct from the one catalysing AEA
hydrolysis.

3.2
Enzymatic Hydrolysis

3.2.1
Anandamide Hydrolysis

The hydrolysis of AEA is catalysed by FAAH, an enzyme originally purified and
cloned from rat liver microsomes (Cravatt et al. 1996), that also catalyses the
hydrolysis of other long-chain NAEs and, in vitro, of 2-AG. Since the hydrolysis
products do not activate cannabinoid receptors, this reaction represents a true
inactivationmechanism.FAAHisprobably the sameenzyme identified in the1970s
and 1980s as a NAE-hydrolysing enzyme (see Natarajan et al. 1984, for an example).
It also catalyses the hydrolysis of arachidonoyl methyl ester, and hence it is possible
that virodhamine is also a substrate, although this possibility has not been tested
yet. Finally, FAAH also catalyses the hydrolysis of long-chain primary fatty acid
amides, such as the putative sleep-inducing factor oleamide (Maurelli et al. 1995;
Cravatt et al. 1996). The structural and kinetic properties of FAAH have been
widely reviewed in the literature (Bisogno et al. 2002; Cravatt and Lichtman 2003,
for recent reviews) and will be described in more detail in other chapters of this
volume. Inbrief, theenzymehasanalkalineoptimalpHand is found in intracellular
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membranes;whatwasoriginally thought tobe thehydrophobicdomainresponsible
for this localization is instead important for the formation of active oligomers,
whereas its localization on intracellular membranes might be regulated by an
SH3 (Src homology region 3) consensus proline-rich sequence also necessary
for enzymatic activity. Furthermore, judging from the recently elucidated X-ray
structure of FAAH crystals in complex with its substrate (Bracey et al. 2002), one
more domain may exist conferring the enzyme with the ability to associate with
the plasma membrane. The catalytic amino acid of FAAH has been identified
as Ser241, and two other residues of the amidase consensus sequence, Ser217
and Cys249, contribute to its enzymatic activity through a catalytic mechanism
different from that of other amidases and Ser hydrolases (Patricelli and Cravatt
2000). The promoter region on the FAAH gene has been identified (Puffenbarger
et al. 2001; Waleh et al. 2002), and is up-regulated by progesterone and leptin
(Maccarrone et al. 2003a,b), and down-regulated by estrogens and glucocorticoids
(Waleh et al. 2002).

Finally, transgenic FAAH-deficient mice have been developed. They are more
responsive to exogenously administered AEA (Cravatt et al. 2001), and their brains
contain 15-fold higher levels of AEA than wild-type mice. The phenotype of these
mice is characterized also by higher susceptibility to kainate-induced seizures
(Clement et al. 2003) and by lower sensitivity to some painful stimuli (Cravatt et
al. 2001), which suggests that inhibition of FAAH might lead to the development
of novel analgesics.

Another amidase has been characterized whose molecular size, substrate selec-
tivity, optimal pH and tissue distribution are very different from those of FAAH
(Ueda et al. 2001b; Ueda 2002, for a review). This enzyme appears to be located in
lysosomes and might play a major role in the inactivation not so much of AEA as
of its anti-inflammatory and analgesic congener, N-palmitoylethanolamine, which
lacks activity at both CB1 and CB2 receptors (see Lambert et al. 2002, for review).

3.2.2
2-Arachidonoylglycerol Hydrolysis

Although FAAH can catalyse 2-AG hydrolysis both in cell-free homogenates and in
some intact cells (Di Marzo et al. 1998a; Ligresti et al. 2003), 2-AG levels are not in-
creased in FAAH knockout mice (Lichtman et al. 2002). This finding, together with
previous reports on the existence of additional hydrolases for 2-AG degradation
in porcine brain, in rat circulating platelets and macrophages, and in mouse J774
macrophages (Di Marzo et al. 1999a,b; Goparaju et al. 1999), suggests that FAAH
may not be uniquely responsible for 2-AG inactivation under physiological con-
ditions in vivo. The additional 2-AG hydrolases are known as monoacylglycerol
lipases (MAGLs), are usually found in both membrane and cytosolic fractions,
and also recognize other unsaturated monoacylglycerols, such as, for example,
mono-oleoyl-glycerol, which is in fact a competitive inhibitor of 2-AG hydrolysis
(Ben-Shabat et al. 1998; Di Marzo et al. 1998a). In rat circulating macrophages and
platelets, 2-AG hydrolase activity was found to be lower following lipopolysaccha-
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ride treatment (Di Marzo et al. 1999a). A MAGL with enzymatic properties and
subcellular distribution very similar to these roughly characterized enzymes was
cloned in the 1990s from mouse (Karlsson et al. 1997), and more recently from
man and rat (Karlsson et al. 2001; Ho et al. 2002; Dinh et al. 2002). Evidence for
its participation in 2-AG degradation was provided for the rat enzyme that, as
previously found for FAAH (Egertova et al. 1998), is expressed in brain regions
with high cannabinoid CB1 receptor density, such as the hippocampus, but, unlike
FAAH, occurs in pre-synaptic neurons and is likely to be expressed in the same
neurons as CB1 receptors (Dinh et al. 2002). This finding supports the role of rat
MAGL in the degradation of that pool of 2-AG that acts as an endocannabinoid
retrograde synaptic signal.

3.3
Other Metabolic Reactions

3.3.1
Re-esterification

The hydrolysis products of both AEA and 2-AG, i.e. arachidonic acid and ethanol-
amine or glycerol, are immediately recycled into membrane phospholipids to
possibly re-enter the biosynthetic pathways of the two endocannabinoids at a
later stage. However, 2-AG can be directly esterified into (phospho)glycerides
prior to its hydrolysis, via phosphorylation and/or acylation of its two free hy-
droxyl groups (for a review see Sugiura et al. 2002). This pathway was suggested
to occur in mouse N18TG2 neuroblastoma and rat basophilic leukaemia (RBL-
2H3) cells and in mouse J774 macrophages (Di Marzo et al. 1998, 1999a,b). Most
importantly, direct esterification into membrane phosphoglyceride fractions, and,
to a minor extent, into diacylglycerol and triacylglycerol fractions, occurs for 2-
AGE (Fezza et al. 2002), which would otherwise be difficult to metabolize, as its
ether bond is refractory to enzymatic hydrolysis.

3.3.2
Oxidation and Methylation

The possible enzymatic oxidation of the arachidonoyl moiety of endocannabinoids
washypothesized shortly after thediscovery anddefinitionof endocannabinoids in
the early 1990s (Fontana and Di Marzo 1995). Support for this hypothesis was soon
obtained in the form of evidence for AEA metabolism by cell-free homogenates
expressing various lipoxygenases and cytochrome P450 oxidases (Bornheim et al.
1993; Ueda et al. 1995) and, later, also for AEA metabolism by cyclooxygenase-2,
but not cyclooxygenase-1 (Yu et al. 1997). In more recent years it was also found
that oxidation products of both AEA and 2-AG could be formed easily in intact
cells, and that 2-AG is as good a substrate for cyclooxygenase-2 as arachidonic acid
(for a review see Kozak and Marnett 2002). The activity of the oxidation products at
cannabinoid receptors depended very much on the type of metabolite formed, with
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some lipoxygenase products being still capable of binding to both CB1 and CB2,
and cyclooxygenase-2 products being inactive (Edgemond et al. 1998; Berglund
et al. 1999; Maccarrone et al. 2000b; van der Stelt et al. 2002). Indeed, recent
pharmacological data point to the existence of distinct, non-cannabinoid receptor,
specific molecular targets for both prostaglandin-ethanolamides (prostamides), in
particular prostamide F2α (Matias et al. 2004), and prostaglandin E2 glycerol ester
(Nirodi et al. 2004). Prostamides, however, are rather stable to further metabolism,
except for prostamide E2, which undergoes slow dehydration/isomerization to
prostamide B2 (Kozak et al. 2001), whereas prostaglandin E2 glyceryl ester is
instead rapidly hydrolysed in rat, but not human, plasma (Kozak et al. 2001). None
of these compounds is a substrate for the endocannabinoid transporter or FAAH
(Matias et al. 2004; V. Di Marzo and L. Marnett, unpublished data). Regarding
lipoxygenase products of AEA and 2-AG, it has been suggested that undefined
lipoxygenase products of AEA act via vanilloid TRPV1 receptors (see below) (Craib
et al. 2001), although there is no direct evidence for the interaction of hydroxy-
anandamides or leukotriene-ethanolamides with these receptors. In contrast, 12-
and 5-lipoxygenase products of arachidonic acid are known to interact with TRPV1
receptors (Hwang et al. 2000). The 15-(S)-hydroxy-derivative of 2-AG was recently
shown to be formed in intact cells and to activate the peroxisome proliferation
activator receptor-α (Kozak et al. 2002). Very little data, if any, exist on the further
metabolism of AEA and 2-AG lipoxygenase products. Based on evidence available
to date, it is possible that oxidation of AEA and 2-AG, while leading to the partial
or complete inactivation of their endocannabinoid signal, might produce in some
casescompoundsactiveonothermolecular targets, andhencerepresentanunusual
example of “agonist functional plasticity”.

Apart from its arachidonoyl moiety, the catecholamine moiety of NADA is also
likely to be subject to both enzyme-catalysed and non-enzymatic oxidation. How-
ever, to date, only the methylation of the 3-hydroxy-group of NADA by catechol-O-
methyl transferase has been observed (Huang et al. 2002). The reaction product is
significantly less active at TRPV1 receptors (Huang et al. 2002), whereas its activity
at CB1 receptors has not been investigated.

3.4
Inhibitors of Endocannabinoid Inactivation

Several selective FAAH inhibitors have been developed (for reviews see Bisogno et
al. 2002; Deutsch et al. 2002), some of which have IC50 values in the low nanomo-
lar or subnanomolar range of concentrations (Boger et al. 2000; Kathuria et al.
2003) (Fig. 4). The first FAAH inhibitors to be developed, such as the irreversible
inhibitor methyl-arachidonoyl-fluoro-phosphonate (MAFP) (Deutsch et al. 1997b;
De Petrocellis et al. 1997), and the trifluoromethyl ketones, which are competitive
inhibitors, (Koutek et al. 1994), came from the large pool of previously identified
PLA2 inhibitors, and were also found to interfere with CB1 receptor activity. Oth-
ers, such as the still widely used palmitylsulphonyl fluoride (AM374) (Deutsch et
al. 1997a), appeared to be more selective towards CB1 receptors but have never
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Fig. 4. Chemical structures of inhibitors of endocannabinoid biosynthesis or inactivation
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been tested against PLA2 enzymes. Among the FAAH inhibitors developed so far,
particularly noteworthy are:

– N-arachidonoyl-serotonin (AA-5-HT, Bisogno et al. 1998), which is not partic-
ularly potent (IC50 values in the low µM range), but was tested against CB1 and
CB2 receptors and PLA2 enzymes and found to be inactive, and is suitable for
use in vivo (V. Di Marzo, unpublished observations); so far, it has not been
possible to enhance its inhibitory potency by chemical modification (Fowler et
al. 2003).

– Several ultra-potent compounds developed by Boger and co-workers (Boger et
al. 2000, 2001), whose use in vivo, however, has not been reported as yet.

– A series of MAFP analogues, one of which, O-1624, is quite potent and selective
vs CB1 receptors and was found to enhance anandamide levels after intrathecal
administration to mice (Martin et al. 2000).

– A series of alkylcarbamic acid aryl esters, which were found to have very inter-
esting structure–activity relationships against FAAH (Tarzia et al. 2003). One of
thesecompounds,URB-597, is verypotent andvery selective forFAAH,although
it was not tested against PLA2. It is suitable for in vivo use, as its administra-
tion to rats causes a strong elevation of brain AEA levels with corresponding
analgesic activity and anxiolytic actions (Kathuria et al. 2003).

With regard to inhibitors of the putative EMT, the development of a very potent
and selective inhibitor has been hindered so far by the lack of any molecular
data on this elusive protein. The prototypical EMT inhibitor, AM404 (Beltramo et
al. 1997, Fig. 4), exhibits IC50 values in the 1- to 10-µM range of concentrations
and has been widely used in vivo in laboratory animals. However, it has now
been established that this compound can also inhibit FAAH and stimulate TRPV1
vanilloid receptors (Jarrahian et al. 2000; Zygmunt et al. 2000; De Petrocellis et
al. 2000; Ross et al. 2001) and that both these properties, together with inhibition
of EMT, can explain why AM404 can enhance AEA levels in vivo, since TRPV1
stimulation leads to enhanced AEA biosynthesis (Di Marzo et al. 2001d; Ahluwalia
et al. 2003a). Therefore, great care is needed when using this compound in vivo.
Recently, several compounds have been developed that are more potent as EMT
inhibitors than as FAAH inhibitors or TRPV1 agonists:

– VDM11 and VDM13 (De Petrocellis et al. 2000) have been used as pharmaco-
logical tools in vitro, for example to demonstrate the action of AEA on TRPV1
at an intracellular site (De Petrocellis et al. 2001; Andersson et al. 2002). VDM11
has also been used to demonstrate anti-proliferative endocannabinoid tone in
colorectal carcinoma cells in vitro (Ligresti et al. 2003), and to investigate the
role of endocannabinoids in retrograde signalling during long-term depression
(Ronesi et al. 2004). Finally, VDM11 has been used successfully in many in
vivo studies, for example in the gastrointestinal system following i.p. admin-
istration (Pinto et al. 2002; Mascolo et al. 2002; Izzo et al. 2003). Interestingly,
VDM11 was recently shown to also block endocannabinoid release (Ligresti et
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al. 2004; Ronesi et al. 2004). The major drawback of VDM11 and VDM13 is that,
like AM404, they are not very stable metabolically and can be hydrolysed to
arachidonic acid by brain homogenates (Ortar et al. 2003).

– UCM-707 was developed from several other “head” analogues of AEA and found
to be very potent on the EMT on some cells (Lopez-Rodriguez et al. 2003a,b),
but not others (Ruiz-Llorente et al. 2004; Fowler et al. 2004). Apart from being
more potent as an AEA uptake inhibitor than as a TRPV1 agonist or FAAH
inhibitor, this compound is very suitable for in vivo use (de Lago et al. 2002),
and has been successfully employed to help demonstrate that AEA plays a role
in neuroprotection against kainate-induced seizures in mice (Marsicano et al.
2003).

– OMDM-1andOMDM-2are thefirst selective inhibitorsofAEAcellularuptake to
be developed from a fatty acid other than arachidonic acid, i.e. oleic acid (Ortar
et al. 2003). For this reason, and also because it is more stable to hydrolysis in rat
brain homogenates, OMDM-2 appears to exert a more long-lasting inhibition
of spasticity in mice with experimental allergic encephalomyelitis (de Lago et
al. 2004b), and to improve several motor and immunological parameters of the
disorder (C. Guaza and V. Di Marzo, unpublished observations).

Although both basic and applied research with AEA transport inhibitors has
already produced several interesting results of relevance to the endocannabinoid
system, the isolation and cloning of the putative EMT remains an important objec-
tive since, if such a protein really exists, the identification of its molecular features
should lead to the development of even more potent inhibitors.

4
Pharmacology of Endocannabinoids

4.1
Endocannabinoid Molecular Targets: Beyond CB1 and CB2 Receptors

By definition (Di Marzo and Fontana 1995), endocannabinoids act primarily at
cannabinoid CB1 and/or CB2 receptors, and they do so with varying affinity and
efficacy. AEA, NADA and 2-AGE are more selective for CB1, with the following
rank of affinity: AEA≥2-AGE>NADA. 2-AG has almost the same affinity for both
receptors, and its Ki varies considerably according to the experimental conditions.
Several assays have been used to examine the functional activity of endocannabi-
noids and to compare it with that of synthetic cannabinoids and THC (Pertwee
1997), and those used most often are:

– The GTP-γ-S binding assay, which provides an indirect measure of the ability
of ligands to induce coupling of receptors to G-proteins.

– The cyclic adenosine monophosphate (cAMP) assay, in which the ability to
inhibit forskolin-induced cAMP production is measured.
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– Assays that measure the ability of ligands to inhibit voltage-activated Ca2+

channels or to stimulate the activity of G protein-coupled inwardly rectifying
K+ channels (GIRK).

– An assay that measures the ability of ligands to inhibit electrically evoked
contractions of the mouse vas deferens.

Just as the affinity constant of AEA, 2-AGE and NADA depends on the type
of membrane preparation and radioligand used to carry out the binding assay
(for an example see Appendino et al. 2003), so too their efficacy depends very
much on the type of functional assay used. For example, both noladin and NADA
are more potent than AEA at inducing Ca2+ transients in neuroblastoma cells
via CB1 receptors (Sugiura et al. 1999; Bisogno et al. 2000). Noladin and 2-AG
are equipotent, and much more potent than AEA at inhibiting voltage-activated
Ca2+ channels in rat sympathetic neurons previously injected with cDNA encoding
human CB1 (Guo and Ikeda 2004). Indeed, AEA behaves as a partial agonist at CB1

in most assays of functional activity, and is almost functionally inactive on CB2 (see
McAllister and Glass 2002 for review). Virodhamine acts as an antagonist for CB1

and a partial agonist for CB2, thus behaving in an opposite way to AEA (Porter et al.
2002). 2-AG appears to be equipotent and a full agonist at both receptor subtypes
(McAllister and Glass 2002), although its affinity constants at both targets are lower
than those of AEA (Mechoulam et al. 1995).

To add further complexity to this scenario, there is now increasing evidence,
based on pharmacological and biochemical data, for the existence of non-CB1,
non-CB2 GPCRs that respond to physiologically relevant concentrations of endo-
cannabinoids and their congeners, and of AEA in particular (for comprehensive
reviews see Di Marzo et al. 2002b and Pertwee 2004). These putative receptors can
be grouped into three categories:

– “WIN-55,212-2/AEA/vanillyl-fatty acid amide” receptors: the first example of
such sites of action was detected in murine astrocytes (Sagan et al. 1999).
Through this, or a very similar receptor, AEA inhibits adenylyl cyclase and,
possibly, gap-junction-mediated Ca2+ signalling in astrocytes (Venance et al.
1995). Indeed, a GPCR with a distribution different from CB1 receptors and
sensitive to both AEA and WIN-55,212-2, but not to other cannabinoid receptor
agonists, was described in several brain areas of CB1 knockout mice (Di Marzo
et al. 2000a; Breivogel et al. 2001; Monory et al. 2002). Still to be clarified is
whether this proposed receptor is similar to the putative site of action that
mediates the inhibitory effect of WIN-55,212-2 on glutamate release in the
mouse hippocampus (Hajos et al. 2001) and is sensitive to capsaicin (Hajos and
Freund 2002). This in turn, might be the same receptor as the one that has been
postulated to mediate some of the actions of fatty acid–vanillamine amides,
such as arvanil and its analogues (Di Marzo et al. 2001b,d; 2002c; Brooks et al.
2002).

– “AEA/abnormal-cannabidiol receptors”: anotherpossibleGPCRforAEAandfor
the non-psychotropic cannabinoid, abnormal-cannabidiol (abn-cbd), has been
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detected in vascular endothelial cells. This putative receptor mediates the local
vasodilator (but not the systemic hypotensive) effects of AEA, and is blocked by
both cannabidiol and a synthetic analogue, O-1918 (Jarai et al. 1999; Offertaler et
al. 2003). It is coupled to guanylyl cyclase and p42/44 mitogen-activated protein
kinase and protein kinase B/Akt. Interestingly, this novel endothelial receptor
seems to be activated also by NADA (O’Sullivan et al. 2004). A receptor sensitive
to abn-cbd has been proposed to mediate microglial cell migration (Walter et
al. 2003), but this site of action, unlike the one in endothelial cells, was also
activated by 2-AG.

– “Saturated NAE receptors”: one other GPCR, for N-palmitoylethanolamine, has
been proposed to explain some of the analgesic and anti-inflammatory actions
of thisAEAcongener (Calignanoet al. 1998).A receptor for N-palmitoylethanol-
amine has been proposed to occur also in microglial cells (Franklin et al. 2003)
and shown to be different from that proposed to mediate the central effects of
another saturated AEA congener, N-stearoylethanolamine (Maccarrone et al.
2002b).

In addition, several channels that transport Ca2+ and K+ across the cell mem-
brane are targeted directly by sub-micromolar concentrations of AEA (Di Marzo
et al. 2002b). These are:

– TASK-1 K+ channels (Maingret et al. 2001), which are inhibited by AEA.

– T-type Ca2+ channels (Chemin et al. 2001), which are also blocked by AEA,
apparently acting at an intracellular site.

– Vanilloid TRPV1 receptors, the sites of action of capsaicin, the pungent com-
ponent of “hot” red peppers (Szallasi and Blumberg 1999), which in contrast
are activated by AEA and NADA (Zygmunt et al. 1999; Smart et al. 2000; Huang
et al. 2002). In this case the effect clearly requires the activation of an intracel-
lular domain of the protein (De Petrocellis et al. 2001; Jordt and Julius 2002), a
mechanism that explains the significantly higher potency with which AEA and
NADA induce TRPV1-mediated currents when injected directly into the neuron
(Premkumar et al. 2004; Evans et al. 2004).

In heterologous expression systems, the potency of AEA for inducing typical
TRPV1-mediated effects (e.g. cation currents, Ca2+-influx and cell depolarization)
is at least fivefold lower than its average potency at CB1 receptors. However, recent
data (recently reviewed by Di Marzo et al. 2001a; 2002a; Ross 2003; van der Stelt and
Di Marzo 2004) indicate that the potency of AEA and NADA at TRPV1 receptors
increases by up to 10- to 15-fold in some pathological states. In fact, the number of
TRPV1-mediated pharmacological effects, in vitro and in vivo, being reported in
the literature for AEA is increasing by the day. A recent study showed that elevated
levels of endocannabinoids acting at TRPV1 cause ileitis in toxin A-treated rats
(McVey et al. 2003). Evidence for a role for AEA and TRPV1 in store-operated Ca2+-
entry into sensory neurons has also been found (M. van der Stelt and V. Di Marzo,
manuscript in preparation). Furthermore, as AEA often exerts opposing actions,
dependingonwhether it acts onCB1 orTRPV1receptors, blockadeofCB1 receptors
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may reveal that TRPV1-mediated effects of AEA can be exerted at concentrations
lower than originally thought (Ahluwalia et al. 2003b). Finally, there are in vitro
preparations, such as the rat mesenteric artery, where the efficacy and potency
of AEA and NADA at TRPV1 are comparable to those of capsaicin (Zygmunt et
al. 1999; O’Sullivan et al. 2004). Thus, many authors now agree that TRPV1 and
CB1 receptors may be considered as ionotropic and metabotropic receptors for the
same class of endogenous fatty acid amides, including so far AEA and NADA (Di
Marzo et al. 2002a,b). A further recent development in this area of research has
been the demonstration that THC and a second plant cannabinoid, cannabinol,
but not AEA, activate the ANKTM1 receptor, which is another type of transient
receptor potential (TRP) channel and appears to be the primary molecular target
for mustard oils in some sensory efferents (Jordt et al. 2004). In contrast, AEA and
2-AG, after their hydrolysis to arachidonic acid and conversion to epoxygenase
derivatives, activate TRPV4 channels (Watanabe et al. 2003). These TRP channel-
mediated actions seem to be important, for example, in the control of small artery
dilation (see below), and indicate a partial overlap between the ligand recognition
pre-requisites of cannabinoid receptors and some TRP channels.

4.2
Endocannabinoid Pharmacological Actions: Some Major Differences from THC

Thepharmacologyofendocannabinoidsoverlapswith thatofTHCtoagreat extent.
However, important qualitative and quantitative differences have been observed
between the pharmacological actions in vivo of THC and, for example, AEA.
Together with the high metabolic instability of endocannabinoids, the observation
that some of these compounds can activate receptors different from CB1 and
CB2 can certainly explain some of these differences. This is particularly true for
the four behavioural actions that, when assessed together in mice, have been used
to characterize a compound as cannabimimetic in vivo, i.e. the ability to: (1) inhibit
an acute pain response in the “tail flick” or “hot plate” tests; (2) induce immobility
on a “ring”; (3) inhibit spontaneous locomotion in an open field; and (4) reduce
body temperature. Although activity in this “mouse tetrad” is exhibited by all
CB1 receptor agonists, particularly if they possess a cannabinoid-like chemical
structure, it is now accepted that a compound may still exhibit activity in all
four tests and yet not act via these receptors (see Wiley and Martin 2003 for a
recent critical discussion of this concept). For example, AEA-vanilloid “hybrid”
compounds that potently stimulate TRPV1, but not CB1, receptors are also very
potent and efficacious in the tetrad (Di Marzo et al. 2002c), and each of the activities
assessed in this way can also be elicited by capsaicin in either mice or rats. Indeed,
AEA, unlike THC, is still active in at least three of the four tetrad tests when these
are carried out in transgenic mice lacking a functional CB1 receptor (Di Marzo
et al. 2000a), or when these receptors are blocked with SR141716A (rimonabant)
(Adams et al. 1998). However, the activity of AEA in these tests has never been
assessed using TRPV1-knockout mice. Therefore, the possibility that the effects of
this endocannabinoid on the tetrad in CB1-knockout mice are mediated by these
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receptors has not been addressed experimentally. Interestingly, a recent study
showed that AEA, if administered i.p. to Wistar rats, can cause hypolocomotion
via TRPV1 receptors (de Lago et al. 2004a). Indeed, given the ability of AEA to
interact with several other receptors (see previous section), and the possible lack
of specificity of the tetrad of tests, the fact that this compound can exert central
actions even in the absence of CB1 receptors cannot be regarded any longer as
surprising, although the search for the possible alternative target(s) responsible
for these actions in vivo is far from being concluded.

The local vasodilator actions, and the effects (or lack of effects) on the release
from sensory neurons of nociceptive neuropeptides, represent two other examples
ofpharmacological differencesbetweenTHCandendocannabinoids (Randall et al.
2002). THC appears to be either inactive or weakly active in isolated artery prepa-
rations, depending on the absence or presence on capsaicin-sensitive perivascular
neurons of novel THC receptors (Wagner et al. 1999; Zygmunt et al. 1999; Zyg-
munt et al. 2002), recently identified as ANKTM1 channels (Jordt et al. 2004).
AEA does not activate ANKTM1 but nevertheless produces vasodilation through
several complex, concurrent mechanisms (see Ralevic et al. 2003 and Hiley and
Ford 2004, for recent reviews) that, for example, involve the participation of en-
dothelial abn-cbd-sensitive receptors, TRPV1 receptors on perivascular neurons
and K+ and Ca2+ channels, etc., as well as the possible formation of arachidonate
metabolites. The potent vasodilator effect of NADA is also complex (O’Sullivan
et al. 2004). Thus, it is mediated by TRPV1 channels, abn-cbd-sensitive receptors
and CB1 receptors, with the relative contribution made by each of these varying
according to whether experiments are performed with the superior mesenteric
artery or with small mesenteric vessels. Finally, while the vasodilator actions of
2-AG in such preparations have been found to depend solely on its hydrolysis to
arachidonic acid and subsequent conversion to cyclooxygenase products (Járai et
al. 2000), recent data suggest that 2-AGE (noladin) acts via a novel non CB1/CB2

Gi/o-linked receptor (Ralevic et al. 2004).
Apart from resulting in qualitatively and quantitatively different vasodilator

effects, the difference in the abilities of AEA, NADA and THC to stimulate the
release of nociceptive/vasodilator neuropeptides (i.e. substance P and calcitonin
gene-related peptide) via TRPV1 receptors explains why THC, which does not
activate TRPV1, is never pro-nociceptive, whereas AEA and, particularly, NADA
can produce hyperalgesic effects (Ahluwalia et al. 2003a; Price et al. 2004). Inter-
estingly, NADA can be anti-nociceptive when administered systemically in vivo,
possibly due to its agonist activity at CB1 receptors (Bisogno et al. 2000), and
induces nocifensive reactions when administered locally (Huang et al. 2002; Price
et al. 2004).

Finally, neuroprotection is another area in which endocannabinoids and THC
produce qualitatively and quantitatively different effects both in vitro and in vivo
(see van der Stelt et al. 2003; Walter and Stella 2004, for recent reviews). Apart
from its actions on CB1 receptors, THC, but not anandamide, was also found to
behave as an anti-oxidant in vivo (Hampson et al. 1998; Marsicano et al. 2002).
Conversely, AEA exerts neuroprotective effects against excitotoxicity that are not
uniquely mediated by CB1 receptors (van der Stelt et al. 2001; Veldhuis et al. 2003).
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5
New Drugs from the Endocannabinoid System

5.1
Regulation of Endocannabinoid Levels Under Pathological Conditions

Although we now know that the effects of endocannabinoids and exogenously
administered THC can be both qualitatively and quantitatively different, the fact
that the symptoms of many ailments have been reported to be alleviated by THC
and Cannabis provided the rationale to test whether pathological alterations of en-
docannabinoid signalling can be causative of pathological states, or of their signs.
There is now increasing evidence that endocannabinoid levels undergo significant
changes in several animalmodelsofbothacuteandchronicdisorders. Inparticular,
they appear to be transiently elevated in specific brain areas during several patho-
logical conditions of the CNS, i.e. following insults or stressful stimuli, such as:

– Glutamate excitotoxicity, in the hippocampus (Marsicano et al. 2003)

– Food deprivation, in the hypothalamus and limbic forebrain (Kirkham et al.
2002)

– Exposure to an aversive memory, in the basolateral amygdala (Marsicano et al.
2002)

– Administration of a painful stimulus, in the periaqueductal grey (Walker et al.
1999)

In these cases, endocannabinoid signalling is enhanced to minimize the impact
of the insult or of the stressful stimulus, respectively by:

– Protecting neurons from damage, via feed-back inhibition of glutamatergic
neuron activity (Marsicano et al. 2003)

– Reinforcing appetite, via inhibition of anorexic signals (Kirkham et al. 2002; Di
Marzo et al. 2001c; Cota et al. 2003)

– Suppressing aversive memories, via inhibition of γ-aminobutyric acid (GABA)-
ergic signalling (Marsicano et al. 2002)

– Producing central analgesia, by suppressing the activity of nociceptive circuits
(Walker et al. 1999)

Findings that CB1 receptors appear to contribute significantly to protection
from stroke in animals (Parmentier-Batteur et al. 2002), and that 2-AG is protective
in a model of head trauma (Panikashvili et al. 2001), support the hypothesis that
endocannabinoidshaveaneuroprotective role. In fact, endocannabinoid signalling
is also elevated in animal models of neurodegenerative diseases, such as:

– In reserpine- or 6-hydroxy-dopamine-treated rats (two models of Parkinson’s
disease) at the level of the basal ganglia (Di Marzo et al. 2000b; Maccarrone et
al. 2003c)
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– In β-amyloid-treated rats (a model of Alzheimer’s disease), in the hippocampus
(authors’ own unpublished results)

– Inmicewithchronic relapsingexperimental allergicencephalomyelitis (CREAE,
a model of multiple sclerosis), in the spinal cord (Baker et al. 2001)

The possible function of this up-regulated signalling, as suggested by pharma-
cological studies, is presumably to counteract neuronal hyperactivity and local
inflammation, and hence damage, or, in the case of multiple sclerosis, to in-
hibit tremor and spasticity (Baker et al. 2000). However, the progressive nature of
some disorders appears to result in a permanent, as opposed to transient, hyper-
activation of the endocannabinoid system. This phenomenon appears to even
contribute to the development of symptoms typical of Parkinson’s disease and
Alzheimer’s disease, i.e. inhibition of motor activity and loss of memory, respec-
tively, which in fact can be antagonized by CB1 blockers (Di Marzo et al. 2000b;
Mazzola et al. 2003). Furthermore, these effects may result, in some cases, in a
compensatory down-regulation of CB1 receptor expression (Silverdale et al. 2001;
Berrendero et al. 2001). In contrast, in animal models of Huntington’s chorea there
is a loss of CB1-expressing fibres from the basal ganglia even at the early stages
of the disorder, and this results in reduced levels of both endocannabinoids and
CB1 receptors. This decrease in endocannabinoid signalling may contribute to the
hyperkinesia typical of the first phase of the disease (Lastres-Becker et al. 2001;
Denovan-Wright and Robertson 2000).

The endocannabinoid system is implicated in the physiological control of food
intake and energy balance, not only after food deprivation but also in animal
models of genetic obesity in which it appears to become overactive at the level of
both the hypothalamus and adipocytes (Di Marzo et al. 2001c; Bensaid et al. 2003).
This possibly explains why, following treatment of mice and rats with rimonabant,
a transient inhibition of food intake and a more persistent reduction of fat mass
are observed (Ravinet-Trillou et al. 2003), and why CB1 “knockout” mice show a
reduced susceptibility to obesity in response to a fat diet (Ravinet-Trillou et al.
2004).

Endocannabinoids also participate in pathological conditions of the cardiovas-
cular, immune, gastrointestinal and reproductive systems. Enhanced macrophage
and/or platelet endocannabinoid levels are found in rats during hemorrhagic and
septic shock, or following liver cirrhosis and experimental myocardial infarction,
and cause the hypotensive state typical of these conditions (Wagner et al. 1997;
Varga et al. 1998; Batkai et al. 2001; Wagner et al. 2001). Anandamide levels and/or
cannabinoid CB1 receptor expression levels are also enhanced in three mouse
models of intestinal disorders, i.e.:

– Small intestine inflammation (Izzo et al. 2001)

– Cholera toxin-induced intestinalhyper-secretionanddiarrhoea(Izzoetal. 2003)

– Peritonitis-induced paralytic ileus (Mascolo et al. 2002)
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While enhanced signalling at CB1 receptors contributes to the production of
reduced intestinal motility typical of paralytic ileus, in small intestine inflam-
mation and cholera toxin-induced hyper-secretion and diarrhoea it affords tonic
protection against the symptoms of the disorders.

Again, by acting preferentially at cannabinoid CB1 receptors, anandamide plays
a dual function in mouse embryo implantation, by stimulating it at low concen-
trations and inhibiting it at higher ones (Wang et al. 2003). Indeed, impaired
anandamide hydrolysis in the blood of pregnant women leads to high levels of
this compound correlating with premature abortion or failure of implanted in
vitro-fertilized oocytes (Maccarrone et al. 2000c, 2002a).

Finally, enhanced endocannabinoid signalling is found in some human ma-
lignancies as compared to the corresponding healthy tissues (Ligresti et al. 2003;
Schmid et al. 2002b), as well as in human cancer cells that are exhibiting a high
degree of invasiveness (Sanchez et al. 2001; Portella et al. 2003). This observation,
together with the finding that stimulation of either CB1 or CB2 receptors causes
blockage of the proliferation of cancer cells or induction of their apoptosis in vitro
(Ligresti et al. 2003; Galve-Roperh et al. 2001), and inhibition of cancer growth,
angiogenesis and metastasis in vivo (Galve-Roperh et al. 2001; Bifulco et al. 2001;
Portella et al. 2003; Casanova et al. 2003), suggests that endocannabinoids may
afford some protection against tumoural growth and spread.

In summary, altered endocannabinoid signalling accompanies several central
and peripheral disorders, the effect of this being to counteract symptoms and,
maybe, even disease progression. In some cases, a hyperactive or a defective
endocannabinoid system contributes to the production of symptoms. In view of
the parallelism found between many experimental models and the corresponding
clinical disorders (see Di Marzo et al. 2004 for a review), these findings suggest that
substances that either prolong the half-life of endocannabinoids or prevent their
formation or action may have therapeutic uses.

5.2
Potential Therapeutic Use of Inhibitors of Endocannabinoid Metabolic Fate

As pointed out in this chapter, endocannabinoids appear to be produced “on
demand” to play, in many cases, a protective role “when and where needed”. This
observation provides one more rationale for the design of novel substances that, by
retarding the inactivation of endocannabinoids when they are being produced with
a protective function, might be exploited therapeutically. Promising results in pre-
clinical studies have already been published with inhibitors of endocannabinoid
metabolism in animal models of:

– Acute pain (Martin et al. 2000; Kathuria et al. 2003), particularly with FAAH
inhibitors

– Epilepsy (Marsicano et al. 2003), with the uptake inhibitor UCM-707
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– Multiple sclerosis (Baker et al. 2001; de Lago et al. 2004b; C. Guaza and V. Di
Marzo, unpublished observations), with both uptake and FAAH inhibitors

– Parkinson’s disease (Maccarrone et al. 2003c), with both uptake and FAAH
inhibitors

– Anxiety (Kathuria et al. 2003), with URB-597, a potent FAAH inhibitor

– Cholera toxin-induced intestinal hypersecretionanddiarrhoea (Izzoet al. 2003),
with the uptake inhibitor VDM11

Unlike the direct stimulation of cannabinoid receptors with systemic agonists,
this approach is likely to influence endocannabinoid levels mostly in those tissues
where there is an ongoing production of these compounds, and hence it is less
likely to result in undesired side-effects.

6
Concluding Remarks

As can be surmised from the data reviewed in this chapter, considerable progress
has been made in little more than 10 years towards the understanding of those
mechanisms underlying the regulation of the “cannabinergic” signal, particularly
if one takes into consideration the fact that the cloning of the first cannabinoid
receptor was only reported in 1990, and the first endocannabinoid identified only
2 years later. Apart from being conserved in all vertebrate phyla, the endocannabi-
noid system is also present, possibly with some major differences in the structure
of receptors and in their function, in most invertebrates (McPartland 2004), thus
corroborating the concept of its participation in vital functions. Although great
breakthroughs in endocannabinoid biochemistry and pharmacology have been
achieved in little more than a decade, several other milestones need to be met. In
particular, it will be necessary:

– To understand the regulation at the molecular level of the enzymes catalysing
anandamide and 2-AG biosynthesis and inactivation

– To assess the role as endocannabinoids of virodhamine, NADA and 2-AGE, find
their biosynthetic pathways and clarify their regulation

– To establish transgenic mice lacking functional genes for endocannabinoid
biosynthesis, and to study their phenotype

– To isolate and clone the putative EMT

– To develop selective and potent inhibitors of endocannabinoid biosynthesis and
of 2-AG degradation that can be used in vivo

– To clone the novel receptors proposed for AEA and to establish their actual
participation in endocannabinoid pharmacological actions in vivo
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– To carry on identifying those disorders that can be caused, at least in part, by
a malfunctioning endocannabinoid system, or whose onset, progress and/or
symptoms are counteracted tonically by the endocannabinoids

Once these further tasks have been achieved, and the regulation of the en-
docannabinoid system under both physiological and pathological conditions is
fully understood, it will be possible to assess whether endocannabinoid-based
medicines with clear advantages over other established therapeutic drugs could be
developed in the future.
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Abstract Tissue concentrations of the endocannabinoids N-arachidonoylethanol-
amine (AEA) and 2-arachidonoylglycerol (2-AG) are regulated by both synthesis
and inactivation. The purpose of this review is to compile available data regarding
three inactivation processes: fatty acid amide hydrolase, monoacylglycerol lipase,
and cellular membrane transport. In particular, we have focused on mechanisms
by which these processes are modulated. We describe the in vitro and in vivo
effects of inhibitors of these processes as well as available evidence regarding their
modulation by other factors.
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1
Introduction

It is becoming clear that like most neuromodulatory molecules, the effective con-
centrations of the endocannabinoids (eCBs) N-arachidonoylethanolamine (AEA)
and 2-arachidonoylglycerol (2-AG) are regulated by both synthesis and catabolism
(Di Marzo, this volume). Catabolism of both AEA and 2-AG occurs via hydrolysis to
arachidonic acid, and ethanolamine and glycerol, respectively. Hydrolysis of AEA
is mediated primarily via fatty acid amide hydrolase (FAAH) (Cravatt et al. 2001).
2-AG is also a substrate for FAAH (Goparaju et al. 1998), but monoacylglycerol li-
pase (MGL) likely plays a more important role in its hydrolysis in vivo (Cravatt and
Lichtman 2002). Both of these catabolic enzymes are localized intracellularly (Tsou
et al. 1998; Dinh et al. 2002). This compartmentalization of the catabolic enzymes
begs the question of whether a mechanism exists by which the eCBs move from
the extracellular environment where they are functional signaling molecules into
the intracellular environment where they are degraded. Functional studies support
the possibility that a transmembrane carrier protein can transport AEA (Hillard
and Jarrahian 2003), and perhaps 2-AG (Beltramo and Piomelli 2000; Bisogno et
al. 2001), from one side of the plasma membrane to the other. This putative carrier
has been suggested to function as an inactivation mechanism, since it would re-
move the eCBs from extracellular space, effectively sequestering the ligands away
from their CB1 cannabinoid receptor target. Since the putative carrier has the
characteristics of a facilitated diffusion process and can also transport AEA from
inside to outside (Hillard et al. 1997), it could also play a role in the release of
newly synthesized AEA. Indeed, intracellular administration of uptake inhibitors
blocks eCB-dependent activation of the CB1 receptor in striatal slices (Ronesi et
al. 2004).

In light of the widespread role of the eCB/CB1 receptor signaling system in the
regulation of CNS function, it is a near certainty that drugs acting on one or more
of the three eCB inactivation processes characterized to date (i.e., FAAH, MGL,
and cellular uptake) will be useful therapeutic agents in the future. Of the three
processes, FAAH is the best characterized, and inhibitor development is the most
mature. MGL has been cloned (Karlsson et al. 1997; Dinh et al. 2002), which will
allow for clear identification of its role in 2-AG inactivation as well as facilitate
inhibitor development. The cellular uptake process is the least characterized of
the three at this point. The molecular identities of the proteins involved are not
known, with the exception of data suggesting that FAAH can drive cellular uptake
in some cell types (Glaser et al. 2003). In spite of the lack of molecular information,
inhibitors of the uptake process have been developed and are discussed in this
chapter.
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2
Fatty Acid Amide Hydrolase

2.1
Characteristics of FAAH

FAAH is an integral-membrane serine hydrolase found in intracellular compart-
ments (predominantly in microsomal fractions) of various cell types in the central
nervous system and the periphery. FAAH is widely expressed in the brain, par-
ticularly in the neocortex, hippocampal formation, amygdala, and cerebellum
(Herkenham et al. 1990; Giang and Cravatt 1997; Thomas et al. 1997; Yazulla et al.
1999). In the periphery, FAAH activity has been reported in the lung, liver, kidney,
blood vessels, blood cells, and gastrointestinal tract, as well as the reproductive
tract (Deutsch and Chin 1993; Desarnaud et al. 1995; Bisogno et al. 1997a; Giang
and Cravatt 1997; Pratt et al. 1998; Maccarrone et al. 2001b).

The FAAH cDNA has been cloned from several mammalian species, and a func-
tional homolog of the mammalian FAAH has also been reported in the plant
Arabidopsis thaliana (Cravatt et al. 1996; Giang and Cravatt 1997; Shrestha et al.
2003). The rat and mouse FAAH sequences share 91% identity, while the human
FAAH shares over 80% sequence identity with rat and mouse FAAHs. Given that
human and rodent FAAHs have been shown to display broadly similar substrate
selectivity and inhibitor sensitivity profiles (Giang and Cravatt 1997), FAAH activ-
ities detected in animal model systems are likely to be relevant to humans.

FAAH belongs to a class of hydrolytic enzymes called the “amidase signature
family,” which are defined by a conserved serine- and glycine-rich “amidase signa-
ture sequence” of approximately 130 amino acids (Cravatt et al. 1996). Its optimal
pH is 8 to 9. Site-directed mutagenesis studies and structural determination of
FAAH have indicated that the conserved residues Ser-241, Ser-217, Ser-218, Lys-
142, and Arg-243 within the signature sequence of FAAH are essential for its
catalytic activity (Patricelli and Cravatt 1999; Patricelli et al. 1999; Patricelli and
Cravatt 2000; Bracey et al. 2002; McKinney and Cravatt 2003). Ser-241, Ser-217,
and Lys-142 are hypothesized to form a catalytic triad. The carbonyl group of AEA
or another substrate is believed to react with the hydroxyl group of Ser-241 (the
catalytic nucleophile) of FAAH, forming an oxyanion tetrahedral intermediate (the
“transition-state”), followed by protonation, facilitated by Ser-217 and Lys-142, of
the substrate-leaving group. It has been hypothesized that an almost simultaneous
occurrence of the oxyanion formation and subsequent protonation contributes to
the unusual ability of FAAH to hydrolyze amides and esters at equivalent rates
(McKinney and Cravatt 2003). Interestingly, FAAH with mutated Arg-243, but not
the other four critical residues, has differentially reduced amidase over esterase ac-
tivity (Patricelli and Cravatt 2000), indicating potential separation of the amidase
and esterase activities of FAAH.
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2.2
Substrate Specificity of FAAH

FAAH hydrolyzes a broad spectrum of long, unsaturated acyl chain amides and
esters. Both AEA and 2-AG are hydrolyzed by FAAH at similar concentrations (Km

3–12 µM for both AEA and 2-AG; Hillard et al. 1995; Goparaju et al. 1998). There is
some evidence that other putative eCBs, arachidonoyldopamine and virodhamine,
are substrates of FAAH (Bisogno et al. 2000; Huang et al. 2002; Porter et al. 2002).
FAAH also hydrolyzes the sleep-inducing factor oleamide, a fatty acid amide, to
its corresponding acid (Cravatt et al. 1996), as well as other biologically active
fatty acid ethanolamides, including N-oleoylethanolamine (a satiety factor), N-
palmitoylethanolamine (PEA; an anti-inflammatory and analgesic agent), and the
lipoamino acid N-arachidonoylglycine (a potential analgesic agent) (Cravatt et al.
1996; Huang et al. 2001; Rodriguez de Fonseca et al. 2001; see also Ueda et al. 2000
for review).

2.3
Mechanisms of FAAH Regulation

ExpressionofFAAHisup-regulatedbyprogesteroneand leptinanddown-regulated
by estrogen and glucocorticoids (Maccarrone et al. 2001a, 2003b; Waleh et al. 2002).
Changes in FAAH protein concentrations are paralleled by changes in mRNA lev-
els, consistent with transcription regulation by these factors. Although steroid
hormone-response elements have been described in the promoter region of the
FAAH gene in rodents and human, the precise mechanisms by which proges-
terone, estrogen, and glucocorticoids regulate FAAH transcription remain unclear
(Maccarrone et al. 2001a, 200, 2003b; Puffenbarger et al. 2001; Waleh et al. 2002).
Regulation is tissue- and species-specific; FAAH expression is decreased in mouse
uterus, but increased in rat uterus, in response to sex hormones (Maccarrone et al.
2000b;Xiaoet al. 2002).TheFAAHpromoter regionalsocontains a cyclic adenosine
monophosphate (cAMP)-response element-like site, which is a transcriptional tar-
get of signal transducer and activator of transcription (STAT)3. It has been shown
that activation of leptin receptors, probably via activation of STAT3, increases
FAAH gene transcription and translation (Maccarrone et al. 2003a).

FAAH contains a type II polyproline sequence that binds Src homology 3 (SH3)-
containing proteins. Given that SH3 domains are found in many signal trans-
duction proteins, including phospholipase Cγ and phosphoinositol-3-kinase, and
cytoskeletal proteins, these proteins could potentially regulate the activity and sub-
cellular localization of FAAH (Kuriyan and Cowburn 1997; Arreaza and Deutsch
1999). Indeed, ablation of the SH3-binding domain results in loss of enzymatic
activity (Arreaza and Deutsch 1999).

AEA hydrolysis by FAAH in vitro is not affected by calcium (Hillard et al.
1995; Maurelli et al. 1995). Interestingly, however, lipoxygenase products appear
to inhibit FAAH activity such that inhibition of 5-lipoxygenase enhances AEA
hydrolysis in mast cells (Maccarrone et al. 2000c) and neuroblastoma cells (Mac-
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carrone et al. 2000a). Inhibition of FAAH activity in cultured endothelial cells by
estrogen seems to require 15-lipoxygenase (Maccarrone et al. 2002). Maccarrone
et al. (2004) have recently reported that a yet-to-be-characterized soluble lipid,
which is released from blastocytes, increases FAAH activity without affecting its
expression.

2.4
FAAH Inhibitors

The characterization of FAAH activity and its role in eCB signaling has been
enabled by the development of effective FAAH inhibitors, with diverse structures
and affinities for the enzyme (Table 1). Most of the inhibitors target the catalytic
site of FAAH and thereby prevent the interaction of the enzyme and its substrates.
The first identified inhibitor of FAAH was phenylmethylsulfonyl fluoride (PMSF)
an agent widely used to inhibit serine proteases (Deutsch and Chin 1993). PMSF
inhibits FAAH irreversibly via sulfonation of serine residues (Hillard et al. 1995;
Ueda et al. 1995; Deutsch et al. 1997b). It is commonly included in CB1 receptor
ligand binding studies to inhibit FAAH-mediated catabolism of AEA. Analogs of
PMSF with fatty acyl substitutions, such as palmitylsulfonyl fluoride (AM374) and
stearylsulfonyl fluoride (AM381) also covalently modify serine residues in FAAH
with nanomolar IC50 values (Lang et al. 1996; Deutsch et al. 1997b). These acyl
sulfonyl fluorides display reasonable separation between FAAH inhibition and CB1

receptor binding, especially for those with a longer saturated alkyl chain (Ki for
CB1 receptor, AM374:520 nM; AM381:19 µM; Deutsch et al. 1997b).

Another series was derived from inhibitors of phospholipase A2 (PLA2) and
exploits the preference of FAAH for substrates with long, unsaturated acyl chains.
Arachidonoyltrifluoromethylketone (ATFMK) is a reversible inhibitor of AEA hy-
drolysis at low micromolar range (Maurelli et al. 1995; Ueda et al. 1995; Beltramo et
al. 1997a;Deutschet al. 1997a), probablyby forminga stabilizedadductof the triflu-
oromethylketone and an active-site serine residue (the so-called “transition-state”
enzyme inhibitor). However, ATFMK is also a slow- and tight-binding inhibitor of
cytosolic PLA2 with an IC50 of 2–15 µM (Street et al. 1993; Riendeau et al. 1994) and
it binds to CB1 receptors in the same concentration range that inhibits AEA degra-
dation (Koutek et al. 1994; Deutsch et al. 1997b). ATFMK also inhibits MGL (see
Sect. 3.6). Methyl arachidonoyl fluorophosphonate (MAFP) is another inhibitor of
arachidonoyl-selective PLA2 (Street et al. 1993; Lio et al. 1996). It also interacts
with CB1 receptors in an irreversible manner (Deutsch et al. 1997a; Fernando and
Pertwee 1997). The X-ray structure of FAAH crystallized with MAFP has shed
light on FAAH substrate recognition and position in the lipid bilayer (Bracey et al.
2002).

Diazomethylarachidonoylketone (DAK) (De Petrocellis et al. 1997; Edgemond
et al. 1998) also inhibits FAAH; its carbonyl carbon is likely to bind to an active
site serine, whereas the diazomethyl carbon reacts with the imidazolium residue
of a histidine, resulting in a very stable complex. In line with this model, three
histidine residues are conserved in rodent and human FAAHs (Giang and Cravatt



192
W

.-S.V.Ho
and

C.J.Hillard
Table 1. Inhibitors of FAAH activity

Inhibitor Tissue IC50 (nM) Reference Remarks

PMSF Rat brain homogenates 290 Deutsch et al. 1997b Irreversible. Unstable in aqueous solution (t1/2 <60 min, pH 7)
Rat forebrain membranes 13,000 Hillard et al. 1995
Solubilized from porcine brain ∼15,000 Ueda et al. 1995

AM374 Rat brain homogenates 13 Deutsch et al. 1997b Irreversible; binds to CB1 receptors (IC50 520 nM;
Deutsch et al. 1997b)

Brain microsomes 50 Lang et al. 1996

ATFMK N18TG2 cells 700 Deutsch et al. 1997a Reversible; inhibits cPLA2 (IC50 2–15 µM; Street et al. 1993);
binds to CB1 receptor (IC50 0.65–2.5 µM, Koutek et al. 1994)

Rat brain homogenate 900 Deutsch et al. 1997b
Solubilized porcine brain FAAH 1,000 Ueda et al. 1995
Mouse neuroblastoma N18TG2 cells 3,000 Maurelli et al. 1995
Rat brain microsomes 4,000 Beltramo et al. 1997a

MAFP Solubilized from N18TG2 cells, RBL-1 cells, 1–3 De Petrocellis et al. 1997 Irreversible. Also inhibits cPLA2 (Lio et al. 1996).
and porcine brain RBL-1 cells, Binds irreversibly to CB1 receptor IC50 20 nM; Deutsch et al. 1997a
and porcine brain

Rat brain homogenates 2.5 Deutsch et al. 1997a
N18TG2 cells 20 Deutsch et al. 1997a

DAK Rat brain membranes 500 Edgemond et al. 1998 Irreversible; binds to CB1 receptors (IC50 1.3 µM;
Edgemond et al. 1998)

Solubilized from N18TG2 cells, 2,000–6,000 De Petrocellis et al. 1997 Reversible
RBL-1 cells, and porcine brain

AA-5-HT RBL-2H3 cells 560 Bisogno et al. 1998 Reversible; inactive at cPLA2, CB1, or CB2 receptors
N18TG2 cells 1,200 Bisogno et al. 1998

URB597 Rat cortical neurons 0.5 Kathuria et al. 2003 Irreversible; active in vivo at 0.3 mg/kg
Rat brain membranes 4.6 Kathuria et al. 2003

AA-5-HT, arachidonoylserotonin; AM374, palmitylsulfonylfluoride; ATFMK, arachidonyltrifluoromethylketone; DAK, diazomethylarachidonylketone; MAFP, methylarachidonylflu-
orophosphonate; PMSF, phenylmethylsulfonyl fluoride.
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1997). Structural alignment of the residues are crucial for the irreversible action of
DAK, as indicated by the observation that DAK inhibition of FAAH in detergent-
solubilized preparation, but not that in native membranes, is reversed after anion
exchange chromatography of the proteins (De Petrocellis et al. 1997; Edgemond
et al. 1998). It is unclear if DAK also inhibits PLA2, but it binds to neuronal CB1

receptors at concentrations similar to those producing FAAH inhibition (Ki 1.3 µM;
Edgemond et al. 1998).

While the inclusion of arachidonic acyl groups in the inhibitors results in high
affinity for FAAH, these inhibitors also bind to other arachidonate-binding pro-
teins, such as PLA2 and the CB1 receptor. An exception to this is arachidonoylsero-
tonin (AA-5-HT), which is a tight-binding but reversible inhibitor of FAAH that
is devoid of activity at CB1 receptors and cPLA2 (Bisogno et al. 1998). More re-
cently, Boger et al. (2000) reported a new class of α-keto heterocyclic inhibitors of
FAAH by combining several features—an optimal fatty acid chain length (C8-C12),
cis-double bond at the corresponding arachidonoyl location and an α-keto oxa-
zolopyridine ring with a weakly basic nitrogen. These compounds inhibit FAAH
reversibly at a picomolar or low nanomolar range, including ∆9,10-octadecynoyl-α-
keto-oxazolopyridine, which exhibits a Ki of 140 pM (Boger et al. 2000). However,
its pharmacological profile and specificity for FAAH remain to be determined.

Another series of irreversible inhibitors—alkylcarbamic acid aryl esters, with
apparent specificity for FAAH—has also been reported (Kathuria et al. 2003; Tarzia
et al. 2003). These inhibitors, which do not bind to CB1 or CB2 receptors or inhibit
MGL or AEA cellular uptake, act by carbamoylation of the active site serine residue.
Themostpotentof the series isURB597 (Kathuria et al. 2003).Of addedsignificance
is that these analogs, although difficult to emulsify, are also active as inhibitors
of FAAH in vivo, resulting in an elevation of brain AEA content of approximately
threefold at a dose of 0.3 mg/kg without an effect on the content of 2-AG (Kathuria
et al. 2003).

Several endogenous fattyacidderivativescan inhibitFAAH-mediatedcatabolism
ofAEAbyvirtueof the fact that they functionasalternative substrates. For example,
N-arachidonoylglycine does not bind to CB1 or CB2 receptors but, as a substrate of
FAAH, can decrease AEA catabolism (Huang et al. 2001; Burstein et al. 2002; Grazia
Cascio et al. 2004). FAAH inhibition and the subsequent increases in concentra-
tions of AEA and/or PEA mediate the analgesic effect of N-arachidonoylglycine.
Oleamide has also been suggested to induce sleep, at least in part, by competing
with AEA for FAAH (Mechoulam et al. 1997; Mendelson and Basile 1999), although
recent studies have cast doubt over this mechanism (Fedorova et al. 2001; Lichtman
et al. 2002; Leggett et al. 2004).

Understanding the effects of endogenous or pharmacological inhibition of
FAAH is important for the elucidation of the biological activity of fatty acid-derived
substances and the investigation of the therapeutic potentials of selective FAAH
inhibitors (Gaetani et al. 2003). Modulation of FAAH activity could play a role in
the mechanism of currently used drugs. For example, propofol (2,6-diisopropyl
phenol), an intravenous anesthetic that is frequently used for both induction and
maintenance of general anesthesia, inhibits FAAH, elevates brain AEA content,
and is dependent upon activation of CB1 receptors for its effect after i.p. admin-
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istration (Patel et al. 2003). Similarly, the non-steroidal anti-inflammatory drugs
indomethacin, ibuprofen, and suprofen have been suggested to inhibit FAAH as
well as cyclooxygenase (Fowler et al. 1997a,b). While these compounds are not very
potent inhibitors of FAAH (IC50 values of 10–5–10–4 M), high doses of ibuprofen
(400 mg) used by patients with rheumatoid arthritis result in peak plasma concen-
trations in the range 110 to 150 µM (Karttunen et al. 1990). In addition, FAAH is
most sensitive to inhibition by these compounds at acidic pH (Fowler et al. 1997a;
Holt et al. 2001; Fowler et al. 2003), which might occur in certain inflammatory
conditions including rheumatoid arthritis.

3
Monoacylglycerol Lipase

3.1
Biochemical and Molecular Characteristics of MGL

MGL was first purified and characterized from rat adipose tissue (Tornqvist and
Belfrage 1976). This enzyme has a molecular weight of approximately 33 kDa and
a pI of 7.2. The purified protein was shown to hydrolyze 1(3)- and 2-monoacyl-
glycerols at equal rates but to have no hydrolytic activity against triacylglycerols or
diacylglycerols. Enzymatic activity is inhibited by micromolar concentrations of
diisopropylfluorophosphate (DFP), indicating that the enzyme active site contains
a reactive serine, and by mercurials, indicating the presence of essential sulfhydryl
groups. Cloning of MGL from mouse adipose tissue confirmed and extended
these biochemical studies (Karlsson et al. 1997). MGL is a serine hydrolase with
a GXS122XG consensus sequence; the other members of the catalytic triad are
Asp-239 and His-269. MGL has a ubiquitous tissue distribution, including brain,
heart, and spleen. However, Western blot analyses of different mouse tissues reveal
protein size differences (Karlsson et al. 2001). In particular, mouse brain MGL
exhibits two immunoreactive bands, one migrating at the same molecular weight
as the adipose enzyme and another with a slightly larger size. The same doublet has
been observed in rat brain tissue (Dinh et al. 2002). The differences in migration
on Western blot of MGL-like immunoreactive proteins could be evidence of MGL
splice variants, isoforms, or post-translational processing. Interestingly, neuronal
nuclei from rabbit cerebral cortex express a 1-monoacylglycerol lipase that has not
been well characterized (Baker and Chang 2000). Human (Karlsson et al. 2001; Ho
et al. 2002) and rat brain (Dinh et al. 2002) MGL have also been cloned; these two
sequences are highly homologous to the mouse adipose clone.

3.2
Brain MGL

Within the brain, the distribution of MGL mRNA is ubiquitous but the expression
levels are variable (Dinh et al. 2002). Regions with high transcript expression in-
clude cerebellum, cortex, and hippocampus, while low transcript levels are found
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in the brain stem and hypothalamus. Protein distribution within the hippocampus
is consistent with the presence of MGL in axon terminals; no protein is detected in
hippocampal principal cells. This distribution agrees with earlier work in which
MGL activity was found to be enriched in synaptosomes (Vyvoda and Rowe 1973)
and synaptoneurosomes (Farooqui and Horrocks 1997) and contrasts with the dis-
tribution of FAAH, which is found predominately within hippocampal pyramidal
cell bodies and is absent from presynaptic profiles (Tsou et al. 1998).

3.3
Subcellular Distribution of MGL

The subcellular distribution of MGL has been studied in several tissues and cell
types using the distribution of enzymatic activity as an assay. In many tissues and
cells, including brain and adipocytes, MGL activity is nearly equivalent in cytosolic
and particulate fractions (Sakurada and Noma 1981; Bisogno et al. 1997b; Di Marzo
et al. 1999; Goparaju et al. 1999). However, in pancreatic islet cells (Konrad et al.
1994) and erythrocytes (Somma-Delpero et al. 1995), the majority of MGL activity
is associated with plasma membrane-enriched fractions and very little activity is
seen in the cytosolic fractions. These data suggest that MGL can be associated
with membranes but that it is not an intrinsic membrane protein. This conclusion
agrees with the lack of obvious transmembrane domains in the MGL amino acid
sequence.

A few studies have examined the question of whether different subcellular pools
of MGL are kinetically similar. In rat adipocytes, the particulate and cytosolic
enzymes are essentially identical with respect to pH dependence and substrate
and inhibitor profiles (Sakurada and Noma 1981). Similar inhibitor profiles are
also seen in cytosolic and membrane fractions from porcine brain (Goparaju
et al. 1999). However, cytosolic MGL activity is reduced by 50% in adipocytes
isolated from 24-h fasted rats without any change in membrane MGL activity
(Sakurada and Noma 1981). Similarly, treatment of rat macrophages and platelets
with lipopolysaccharide results in inhibition of MGL activity in particulate frac-
tions but has no effect on cytosolic enzymatic activity (Di Marzo et al. 1999). The
available data suggest that MGL of different subcellular compartments is likely the
same enzyme isoform but that the location of the enzyme results in differential
regulation by cellular processes.

A study comparing the subcellular distribution of MGL activity between rest-
ing and activated human neutrophils suggests that MGL can translocate from one
subcellular compartment to another in response to cellular changes (Balsinde et
al. 1991). In this study, MGL activity in resting neutrophils was localized primarily
in gelatinase-containing granules, but upon activation by A23187, a dramatic shift
in activity to the plasma membrane occurred. Interestingly, the enzyme associ-
ated with the plasma membrane exhibited an increase in Vmax for the hydrolysis
of 2-AG, suggesting there is a greater pool of substrate available at the plasma
membrane.
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3.4
Substrate Specificity of MGL

MGL can hydrolyze both 1(3)- and 2-monoacylglycerols and has very little ability
to hydrolyze triacylglycerols or diacylglycerols (Tornqvist and Belfrage 1976; Di
Marzo et al. 1999; Goparaju et al. 1999). MGL hydrolyzes fatty acyl esters but
not fatty acyl amides or ethers. In particular, neither AEA (Bisogno et al. 1997b;
Goparaju et al. 1999; Dinh et al. 2002; Saario et al. 2004) nor noladin ether (Saario
et al. 2004) are hydrolyzed by MGL. Interestingly, there is one report that AEA
(at a concentration of 100 µM) inhibits MGL activity by 77% in macrophage
membranes (Di Marzo et al. 1999). The enzyme prefers but does not require
a glycerol head group as MGL purified from erythrocytes hydrolyzes oleoylethanol
at a rate about 50% of the oleic ester of glycerol (Somma-Delpero et al. 1995) and
the ester virodhamine is hydrolyzed to arachidonic acid at a rate about twofold
lower than that of 2-AG (Saario et al. 2004).

The glycerol esters of arachidonic acid, oleic acid, and palmitic acid are all
hydrolyzed by MGL (Vyvoda and Rowe 1973; Dinh et al. 2002; Saario et al. 2004).
Only a fewstudies have compared the rates of hydrolysis of various monoacylesters.
In macrophages the 1(3)-monoglycerols of arachidonic acid, γ-linolenoyl and
linolenoyl acid were hydrolyzed at a higher specific activity than the palmitic
acid analog (Di Marzo et al. 1999). In another study, the 1(3)-monoglycerol of
arachidonic acid was hydrolyzed at a higher rate than the corresponding oleic
acid ester (Goparaju et al. 1999). However, none of these differences is large, and
when Km values are compared across studies the values are very similar, in spite
of the fact that different substrates and tissue sources were used (Table 2). These
data suggest that any possible isoforms of MGL differ little in their affinity for
monoacylglycerols and that there is little selectivity for the acyl substituents of the
substrates, at least among long chain fatty acid esters.

Table 2. Km values for monoacylglycerol hydrolysis by MGL-like enzymatic activities

Tissue Substrate Km (µM) Reference

Rat adipocyte membrane 1(3)- and 2-oleoylglycerol 210 Sakurada and Noma 1981

Rat adipocyte cytosol 1(3)- and 2-oleoylglycerol 370 Sakurada and Noma 1981

Human erythrocyte membranes 1(3)-Oleoylglycerol 270 Somma-Delpero et al. 1995

Human erythrocyte membranes 2-Oleoylglycerol 490 Somma-Delpero et al. 1995

Rat pancreatic islet homogenates 2-Arachidonoylglycerol 0.14 Konrad et al. 1994

J774 macrophage membranes 2-Arachidonoylglycerol 110 Di Marzo et al. 1999

J774 macrophage membranes 2-Palmitoylglycerol 170 Di Marzo et al. 1999

Purified rat adipose enzyme 1(3)- or 2-oleoylglycerol 200 Tornqvist and Belfrage 1976
in detergent

Human neutrophil supernatants 2-Arachidonoylglycerol 34 Balsinde et al. 1991
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3.5
Regulation of MGL Activity

MGL activity in vitro is not affected by the addition of calcium to the incubation
buffer (Sakurada and Noma 1981; Balsinde et al. 1991; Konrad et al. 1994). However,
MGL activity could be inhibited by calcium, as two studies have reported an
increase in activity following the addition of ethylene glycol-bis(β-aminoethyl
ether)N,N,N′,N′,-tetraacetic acid (EGTA) to the assay buffer (Sakurada and Noma
1981; Witting et al. 2004). Very high concentrations of sodium (i.e., 1 M) are
inhibitory (Sakurada and Noma 1981) as is zinc (Tornqvist and Belfrage 1976).

Although calcium does not appear to have a direct effect on MGL activity,
activation of N-methyl-d-aspartate (NMDA) receptors in spinal cord neurons in

Table 3. Inhibitors of MGL activity

Inhibitor Tissue IC50 or % inhibition Reference
(concentration)

DFP Purified from adipocyte 100% (10 µM) Tornqvist and Belfrage 1976
Rat adipocyte cytosol 81% (2 mM) Sakurada and Noma 1981
Rat adipocyte membrane 89% (2 mM) Sakurada and Noma 1981
Purified enzyme in CHAPS 88% (5 mM) Somma-Delpero et al. 1995

PMSF Purified enzyme in CHAPS 43% (0.5 mM) Somma-Delpero et al. 1995
N18 cell cytosol 30% (0.5 mM) Bisogno et al. 1997b
N18 cell microsomes 47% (0.5 mM) Bisogno et al. 1997b
Platelet membranes 1% (0.1 mM) Di Marzo et al. 1999
Macrophage membranes 21% (0.1 mM) Di Marzo et al. 1999
Rat cerebellar membranes 155 µM Saario et al. 2004

MAFP Porcine brain cytosol 2 nM Goparaju et al. 1999
Platelet membranes 0 (50 nM) Di Marzo et al. 1999
Macrophage membranes 21% (50 nM) Di Marzo et al. 1999
Rat brain cytosol 800 nM Dinh et al. 2002
Rat cerebellar membranes 2 nM Saario et al. 2004

ATFMK N18 cell cytosol 11% (0.5 mM) Bisogno et al. 1997b
N18 cell microsomes 23% (0.5 mM) Bisogno et al. 1997b
Porcine brain cytosol 30 µM Goparaju et al. 1999
Platelet membranes 7.5% (10 µM) Di Marzo et al. 1999
Macrophage membranes 89% (10 µM) Di Marzo et al. 1999
Rat brain cytosol 2.5 µM Dinh et al. 2002
Rat cerebellar membranes 66 µM Saario et al. 2004

HDSF Rat brain cytosol 6.2 µM Dinh et al. 2002
Rat cerebellar membranes 241 nM Saario et al. 2004

URB597 Rat brain cytosol 0 (30 µM) Kathuria et al. 2003
Rat cerebellar membranes 30% (1 mM) Saario et al. 2004

ATFMK, arachidonyltrifluoromethylketone; DFP, diisopropylfluorophosphate; HDSF, hexadecylsulfonyl
fluoride; MAFP, methylarachidonylfluorophosphonate; PMSF, phenylmethylsulfonyl fluoride.
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culture (Farooqui et al. 1993) and in synaptoneurosomes prepared from young
rat brain (Farooqui and Horrocks 1997) results in a very significant activation
of MGL activity. While the mechanism of this activation is not known, the time
course of activation following NMDA or glutamate treatment is short (onset at
6 min in cells). Since MGL is not activated by calcium directly, it is possible that the
regulation involves phosphorylation or another post-translational modification.
Interestingly, a recent study by Di Marzo and colleagues revealed that MGL activity
in the striatum but not the hippocampus was reduced in rat brain harvested during
the dark phase (i.e., active phase) compared to the light phase of the day (Valenti
et al. 2004).

3.6
MGL Inhibitors

Since MGL is a serine hydrolase, its sensitivity to many of the available serine hy-
drolase inhibitors has been explored (Table 3). The results support the hypothesis
that MGL can be inhibited by compounds that interact with its reactive serine. On
the other hand, the potencies of the inhibitors are quite variable; in some cases, this
likely reflects differences in assay methodology (i.e., substrate concentration, pH,
form of the enzyme). However, in a few cases, the same assay conditions revealed
very different inhibitory potencies (e.g., compare the platelet and macrophage
membrane studies by Di Marzo et al. 1999). In any event, studies of these com-
pounds are not likely to yield selective inhibitors of MGL. All of these compounds
are inhibitors of FAAH (see above) and many are also inhibitors of PLA2, diacyl-
glycerol lipase, and acetylcholine esterase, among other hydrolases. By analogy to
the development of the URB series of FAAH inhibitors (Kathuria et al. 2003), it is
likely that selective inhibitors of MGL will come from other synthetic avenues.

4
Endocannabinoid Transmembrane Movement

4.1
Introduction

While the molecular identities of the proteins involved are not yet understood, it is
clear that neurons and other cell types accumulate AEA intracellularly (Hillard and
Jarrahian 2003). There are several characteristics of endocannabinoid transmem-
brane movement that are well supported by data obtained in multiple laboratories.
To summarize, the accumulation of AEA by cells does not require sodium or ATP
and is moderately temperature dependent. The accumulation exhibits saturation
in the micromolar range and is inhibitable by a variety of structural analogs of
AEA, suggesting that AEA accumulation involves its interaction with a saturable
cellular component. Some data are consistent with the component being a plasma
membrane transporter (see for example Hillard and Jarrahian 2000; Ronesi et al.
2004) while other data indicate that, in some cells, the accumulation is driven by
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FAAH-mediated catabolism (Deutsch et al. 2001; Glaser et al. 2003). Regardless
of the mechanisms involved, inhibitors of the accumulation process have been
developed that will help to shed light on the fundamental processes involved in the
accumulation as well as the importance of this process in the biological activity of
the eCBs.

4.2
AEA Uptake Inhibitors

Many analogs of AEA have been tested as inhibitors of the AEA uptake process
(Table 4). The reader is referred to comprehensive papers that include most of
the structure–activity profiles of the first generation of inhibitors (Piomelli et al.
1999; Jarrahian et al. 2000; Di Marzo et al. 2002). Of these analogs, the best studied
has been AM404 (N-(4-hydroxybenzyl)arachidonoylamine), which inhibits AEA
uptake into neurons and other cell types with IC50 values in the low micromo-
lar range and potentiates the effects of exogenously administered AEA in vivo
(Beltramo et al. 1997b). However, AM404 is not an ideal inhibitor because it also
inhibits FAAH (Jarrahian et al. 2000) and activates TPRV1 vanilloid receptors
(De Petrocellis et al. 2000) at similar concentrations. VDM 11 (N-(4-hydroxy-2-
methylphenyl)arachidonoylamine) has also been used as an uptake inhibitor in
vitro (De Petrocellis et al. 2000) and in vivo (Gubellini et al. 2002). While VDM 11
has the advantage over AM404 of much lower affinity for the TRPV1 receptors,
it inhibits FAAH-mediated hydrolysis of AEA at the same concentration range
(Fowler et al. 2004).

Another series of analogs of arachidonic acid with furyl substitutions in the
head group have been tested (Lopez-Rodriguez et al. 2001). Of this series, UCM707
(N-(3-furylmethyl)arachidonoylamine) has the highest affinity for the transporter
and exhibits low binding affinities for the CB1 and TPRV1 receptors. Interestingly,
UCM707 has relatively high affinity for the CB2 receptor (67 nM). UCM707 is
hydrolyzed by FAAH with an IC50 of 30 µM (Lopez-Rodriguez et al. 2003; Fowler et
al. 2004), which makes it metabolically unstable and, although it does not inhibit
FAAH as potently as AM404, this feature of the molecule could be responsible for
its ability to inhibit uptake in some cell types (Fowler et al. 2004).

Another series of inhibitors, OMDM-1, -2, -3, and-4, like AM404, are fatty acid
amides with aromatic head groups but the acyl chain has been changed to oleoyl
(18:1) (Ortar et al. 2003). Two members of the series, OMDM-1 and OMDM-2
(R- and S-1′-4-hydroxybenzyl derivatives of N-oleoylethanolamine, respectively)
exhibit affinity for inhibition of AEA uptake similar to AM404 in RBL-2H3 cells
and are resistant to FAAH. However, both compounds have a small but measurable
effect on TPRV1 receptor activity in the same concentration range. The inhibitory
potencies and efficacies of these two compounds as uptake inhibitors appear to be
cell-specific, having greater potency and, for OMDM-2, greater efficacy in RBL2H3
cells thanC6gliomacells (Fowleret al. 2004).Theiraffinities for inhibitionofuptake
in primary neurons have not been determined. In vivo studies of these compounds
have been carried out, and they exhibit anti-spasticity efficacy in a mouse model of
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Table 4. Inhibitors of AEA cellular uptake

Inhibitor Cell IC50 (µM) Reference(s) Remarks

AM404 Primary neurons 4–5 Beltramo et al. 1997b Inhibits FAAH, VR1 agonist
VDM 11 RBL-2H3 and C6 glioma 10–11 De Petrocellis et al. 2000 Inhibits FAAH, little effect on VR1

PC-3 cells 11 Ruiz-Llorente et al. 2004
UCM-707 U937 cells 0.8 Lopez-Rodriguez et al. 2001 Moderate inhibition of FAAH, little effect on VR1,

binds CB2 receptors
RBL-2H3 25 Fowler et al. 2004
C6 glioma 41 (max. 50% inhibition) Fowler et al. 2004
PC-3 cells 25% inhibition at 100 µM Ruiz-Llorente et al. 2004

UMC-119 PC-3 cells 11 Ruiz-Llorente et al. 2004
OMDM-1 RBL-2H3 2.4 Ortar et al. 2003; Fowler et al. 2004 K i : CB1—12 µM; FAAH>50 µM; VR1>10 µM

C6 glioma >20 Fowler et al. 2004
OMDM-2 RBL-2H3 3 Ortar et al. 2003 K i: CB1—5 µM; FAAH>50 µM; VR1—10 µM

RBL-2H3 3 Fowler et al. 2004
C6 glioma 17 (max. 50% inhibition) Fowler et al. 2004

AM1172 Cortical neurons 2 Fegley et al. 2004 No inhibition of FAAH at 10 µM;
moderate affinity for CB1 and CB2; no effect at VR1

Please refer to text for the chemical names of the inhibitors.
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multiple sclerosis alone and can produce potentiation of exogenously administered
AEA (de Lago et al. 2004). However, the role of the CB1 receptor in the effects was
not determined.

The “reverse” of AM404, i.e., N-arachidonoyl-4-hydroxybenzamide (also called
AM1172) has been synthesized and studied (Fegley et al. 2004). This compound is
not a substrate for FAAH and does not inhibit the hydrolysis of AEA at concentra-
tions up to 10 µM but is equivalent to AM404 in its ability to inhibit AEA uptake
into primary cortical neurons. Interestingly, however, this analog has a moder-
ate affinity for both CB1 and CB2 receptors and behaves as a partial agonist in
biochemical assays of receptor activation.

5
Summary

It is easy to argue from the current eCB literature that pharmacological manipula-
tions of eCB inactivation will be important for human health. It is also important
that selective inhibitors of each of the inactivation processes be designed so that
mechanistically interpretable studies of these processes can be accomplished. Al-
though significant progress has been made in the development of these agents, it
is clear that more selective inhibitors are needed.
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Abstract The discovery and cloning of CB1 and CB2, the two known Gi/o protein-
coupled cannabinoid receptors, as well as the isolation and characterization of two
familiesof endogenouscannabinergic ligandsrepresentedbyarachidonoylethanol-
amide (anandamide) and 2-arachidonoylglycerol (2-AG), have opened new hori-
zons in this newly discovered field of biology. Furthermore, a considerable number
of cannabinoid analogs belonging to structurally diverse classes of compounds
have been synthesized and tested, thus providing substantial information on the
structural requirements for cannabinoid receptor recognition and activation. Ex-
periments with site-directed mutated receptors and computer modeling studies
have suggested that these diverse classes of ligands may interact with the recep-
tors through different binding motifs. The information about the exact binding
site may be obtained with the help of suitably designed molecular probes. These
ligands either interact with the receptors in a reversible fashion (reversible probes)
or alternatively attach at or near the receptor active site with the formation of
covalent bonds (irreversible probes). This review focuses on structural require-



210 G.A. Thakur et al.

ments of cannabinoid receptor ligands and highlights their pharmacological and
therapeutic potential.

Keywords Cannabinoid receptors · Cannabinoid receptor probes · Structure–
activity relationships · Selectivity

1
Introduction

Marijuana (Cannabis sativa) is one of the oldest drugs of abuse with a strong social,
legal, and medical controversy over its therapeutic utility. Its major psychoactive
component, ∆9-tetrahydrocannabinol (∆9-THC), was characterized and synthe-
sized in 1964 and served as a prototype for the synthesis of numerous analogs as
potential pharmacological agents (Gaoni and Mechoulam 1964). The next mile-
stone in cannabinoid research was the discovery that cannabinoids produce most
of their biochemical and pharmacological effects by interacting with CB1 and CB2,
the two known Gi/o protein-coupled cannabinoid receptors (Devane et al. 1988;
Gerard et al. 1990; Matsuda et al. 1990; Munro et al. 1993). CB1 is found in the
central nervous system (CNS) with high density in the cerebellum, hippocampus,
and striatum (Gatley et al. 1998; Herkenham 1991, 1990; Mailleux et al. 1992; Mat-
suda et al. 1993). It is also found in a variety of other organs including the heart,
vascular endothelium, vas deferens, testis (Breivogel and Childers 1998; Gerard et
al. 1991), small intestine, sperm (Schuel et al. 1999), and uterus (Paria et al. 1998).
Conversely, the CB2 receptor appears to be associated exclusively with the immune
system. It is found in the periphery of the spleen and other cells associated with im-
munochemical functions, but not in neurons in the brain (Munro et al. 1993), and
is believed to have an immunomodulatory role. Recent data suggest the presence
of a third cannabinoid-like receptor (Begg et al. 2003).

CB1 and CB2 share an overall homology of 44% and 68% in the transmembrane
domains. The rat (Matsuda et al. 1990), mouse (Abood et al. 1997; Chakrabarti
et al. 1995), and human CB1 receptors (Gerard et al. 1990) have been cloned and
show 97%–99% sequence identity across species, while the mouse CB2 (Shire et al.
1996a,b) exhibits 82% sequence identity with the human clone (Munro et al. 1993).
CB1 and CB2 share common signal transduction pathways, such as inhibition of
adenylyl cyclase and stimulation of mitogen-activated protein kinase. However,
unlike CB1, CB2 has not been shown to affect ion channels (Pertwee 1997).

The subsequent discovery of the endocannabinoids, arachidonoylethanolamine
(anandamide) (Devane et al. 1992b; Hanus et al. 1993) and 2-arachidonoyl glyc-
erol (2-AG) (Di Marzo 1998; Mechoulam et al. 1995; Stella et al. 1997) has led to
a better understanding of the physiological and biochemical roles of the endo-
cannabinoid system. 2-Arachidonyl glyceryl ether, also known as noladin ether
(Hanus et al. 2001), has been proposed as a representative of a third endocannabi-
noid class. However, noladin ether’s pathway of formation has not been charac-
terized and its occurrence in the normal brain has been questioned (Oka et al.
2003).
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Extensive studies on the endocannabinoid system have revealed a number of
cannabinergic proteins involved in the inactivation and biosynthesis of endo-
cannabinoids. These include fatty acid amide hydrolase (FAAH) (Di Marzo et al.
1994; Gaetani et al. 2003; Piomelli et al. 1999), monoglyceride lipase (MAG) (Dinh
et al. 2002), and the anandamide transporter (ANT) (Beltramo et al. 1997; Di Marzo
et al. 1994; Fegley et al. 2004; Hillard et al. 1997). The above three proteins and the
two cannabinoid receptors have received considerable attention and show great
promise as potential targets for the development of novel medications for vari-
ous conditions, including pain, immunosuppression, peripheral vascular disease,
appetite enhancement or suppression, and motor disorders.

Although both CB1 and CB2 have been cloned and their primary sequences
are known, their three-dimensional structures and the amino acid residues at the
active sites which are involved in ligand recognition, binding, and activation have
not been characterized. In the absence of any X-ray crystallographic and nuclear
magnetic resonance (NMR) data, information about the structural requirements
for ligand–receptor interactions is obtained with the help of suitably designed
molecular probes (Khanolkar et al. 2000). These ligands either interact with the
receptor in a reversible fashion or, alternatively, attach at or near the receptor active
site with the formation of a covalent bond. Information related to ligand binding
and receptor activation can also be obtained with the help of receptor mutants
(McPartland and Glass 2003; Rhee et al. 2000) and computer modeling (Reggio
1999).

During the last decade, numerous ligands with high affinities and selectivity
profiles for cannabinoid receptors (CB1 and CB2) evolved from rigorously pursued
structure–activity relationship (SAR) studies (for recent reviews see Goutopou-
los and Makriyannis 2002; Palmer et al. 2002). These ligands can be classified
into six major classes: (1) classical cannabinoids, (2) non-classical cannabinoids
(NCCs), (3) hybrid cannabinoids, (4) aminoalkylindoles, (5) diarylpyrazoles, and
(6) endocannabinoid-like ligands.

This review focuses on key cannabinoid receptor probes representing the dif-
ferent classes of cannabinergic ligands, their SAR, and therapeutic potentials. The
stereoselectivity aspects of interactions between these probes and cannabinoid
receptors will also be briefly discussed. Throughout this review we have used the
Ki values of individual ligands as measures of their relative abilities to recognize
their binding sites. However, it is well known that the Ki values are subject to
considerable variability depending on the radioligand used in the binding assays
as well as on the experimental details under which the assays were carried out (e.g.,
albumin concentration, etc.). Direct comparisons hold best within groups of com-
pounds that have been tested under identical experimental conditions. The reader
is thus advised to consider the Ki values only as approximate relative measures of
a ligand’s affinity when interpreting the SAR data and not necessarily a measure
of functional potency.
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2
Classification of Cannabinoid Receptor Ligands

2.1
Classical Cannabinoids

Classical cannabinoids (CCs) are ABC-tricyclic terpenoid compounds bearing
a benzopyran moiety (Figs. 1–3, 5, and 6). This class includes the natural product
(–)-∆9-THC (1, Fig. 1), the more stable and almost equipotent isomer (–)-∆8-THC
(2, Fig. 1), and other pharmacologically active constituents of the plant Cannabis
sativa. Many CC analogs have been synthesized and evaluated pharmacologically
and biochemically (for reviews see Goutopoulos and Makriyannis 2002; Khanolkar
et al. 2000; Makriyannis and Goutopoulos 2004; Makriyannis and Rapaka 1990;
Mechoulam et al. 1999; Palmer et al. 2002; Razdan 1986). SAR studies recog-
nize four pharmacophores within the cannabinoid prototype: a phenolic hydroxyl
(PH), a lipophilic alkyl side chain (SC), a northern aliphatic hydroxyl (NAH), and
a southern aliphatic hydroxyl (SAH). The first two are encompassed in the plant-
derived cannabinoids, while all four pharmacophores are represented in some of
the synthetic NCCs developed by Pfizer (e.g., 25, Fig. 7). The CC structural features
that are important for cannabinoid activity are discussed below.

2.1.1
SAR of Classical Cannabinoids

The Phenolic Hydroxyl This group can be substituted by an amino group, but not
by a thiol group (Matsumoto et al. 1977a) while its replacement by a fluorine atom
diminishes CB1 affinity (e.g., 3, Fig. 2) (Martin et al. 2002). It has also been shown
that CCs in which the phenolic hydroxyl is either replaced by a methoxy group
(e.g., 4, Fig. 2) or totally absent (5 and 6, Fig. 2) retain some receptor-binding
affinity, especially for CB2 (Gareau et al. 1996; Huffman et al. 2002, 1999, 1996).
However, this is not the case for the cannabinol series in which the C-ring is fully
aromatized (Khanolkar et al. 2000; Mahadevan et al. 2000).

The Benzopyran Ring This ring is not essential for activity and its expansion to
B-ring homocannabinoid derivatives has been considered since the early days of

Fig. 1. The structures of (–)-∆9-and (–)-∆8-tetrahydrocannabinol (THC)
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Fig. 2. Phenolic hydroxyl, B- and C-ring modified cannabinoid analogs

cannabinoid structure–activity correlations (Matsumoto et al. 1977b). The pyran
oxygen can be substituted by nitrogen as exemplified by compound 7 developed at
Pfizer (Fig. 2) (Melvin et al. 1995) or can be eliminated in open phenol or resorcinol
analogs. The latter gave rise to the NCC class described in Sect. 2.2.

Neither the double bond nor the 9-methyl at the C-ring is necessary for activity,
and this ring may be modified into a heterocyclic system (e.g., 8, Fig. 2) (Lee et al.
1977, 1983; Osgood et al. 1978; Pars et al. 1976).

C-3 Side Chain This alkyl chain has been recognized as the most critical CC phar-
macophoric group. Variation of the n-pentyl group of natural cannabinoids can
lead to wide variations in potency and selectivity. Optimal activity is obtained with
a seven or eight carbon length substituted with 1′,1′-or 1′,2′-dimethyl groups (e.g.,
9, Fig. 3) as was first demonstrated by Adams (Adams et al. 1949; Huffman et al.
2003b; Liddle and Huffman 2001). More recent studies have focused on novel side
chains bearing 1′,1′-cyclic moieties (Papahatjis et al. 1998, 2001, 2002, 2003). Some
of the synthesized analogs exhibited remarkably high affinities for both CB1 and
CB2 cannabinoid receptors (e.g., 10, 11, 12, Fig. 3) while in vitro pharmacological
testing found the dithiolane analog 10 to be a potent CB1-selective agonist (Pa-
pahatjis et al. 2003). The results of these studies suggest the presence of a subsite
within the CB1 and CB2 binding domain at the level of the benzylic side carbon in
the THC series. In an effort to define the stereochemical limits of this putative sub-
site, we generated receptor-essential volume maps and receptor-excluded volume
maps using molecular modeling approaches (Fig. 4) (Papahatjis et al. 2003).

The observation that the bulky adamantyl ∆8-THC (13, Fig. 3) (Khanolkar et
al. 2000; Palmer et al. 2002) exhibits considerable affinity and selectivity for CB1

points to a greater tolerance for steric bulk in that receptor subsite. Oxygen atoms
(ethers) and unsaturations (Busch-Petersen et al. 1996; Papahatjis et al. 1998)
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Fig. 3. Representative C-1′ side chain-modified analogs

Fig. 4. Molecular modeling of (–)-∆8-THC ligands with different substitution in the C-1′ side chain position
using molecular mechanics/molecular dynamics. CB1/CB2 receptor-excluded volume map (red contours) and
essential volume map (white grid) for the C-1′ subsite in ∆8-THC series. The red area represents the free
space within the receptor region that accommodates high-affinity C-1′-substituted ligands, whereas, C-1′
substituents falling within the white grid experience unfavorable or less favorable interactions at the binding
site
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Fig. 5. Representative side chain-modified analogs

within the chain or terminal carboxamido, cyano, azido, and halogen groups are
also well tolerated (Charalambous et al. 1991; Crocker et al. 1999; Khanolkar et al.
2000; Martin et al. 1993, 2002; Nikas et al. 2004; Tius et al. 1997, 1993) (e.g., 14,
Fig. 3; 15, 16, 17, Fig. 5). The side chain seems to be the place of choice for halogen
substitution and a considerable enhancement in affinity for CB1 is observed by
halogen substitution at the end carbon of the side chain with the bulkier halogens
producing the largest effects (e.g., 18, Fig. 5). Additionally, naphthyl, phenyl, and
cycloalkyl groups have served as side chain substituents (Krishnamurthy et al.
2003; Nadipuram et al. 2003; Papahatjis et al. 1996). Thus, substitution of the 1′,1′-
dimethylalkyl side chain with a 1′,1′-dimethylcycloalkyl or 1′,1′-dimethylphenyl
group can lead to analogs possessing high affinities for both CB1 and CB2 (e.g.,
19, Fig. 5). In another variation, novel tetracyclic analogs of ∆8-THC in which the
alkyl side chain is conformationally more defined by adding a fourth ring in the
ABC-tricyclic cannabinoid skeleton fused to the aromatic A-ring have also been
reported (e.g., 20, Fig. 5) (Khanolkar et al. 1999).

Northern Aliphatic Hydroxyl Group It has been shown that introduction of a hy-
droxyl group at the C-9 or C-11 positions (northern aliphatic hydroxyl; NAH)
leads to significant enhancement in affinity and potency for CB1 and CB2. Thus,
(–)-11-hydroxydimethylheptyl-∆8-THC (21, Fig. 6), a ligand that has received con-
siderable attention because of its high affinity for both receptors, is more potent
than the parent analog with no 11-hydroxy substitution (Mechoulam et al. 1988,
1987). This is also the case for the cannabinol series in which the C-ring is fully
aromatized (Rhee et al. 1997) and in the hexahydrocannabinols (HHC, e.g., 22 and
23, Fig. 6) in which the C-ring is fully saturated. It has also been shown that the
relative configuration of C-9 substituents in CCs can have significant effects in the
compound’s potency (Kriwacki and Makriyannis 1989; Reggio et al. 1989) where
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Fig. 6. Cannabinoid analogs possessing a northern aliphatic hydroxyl (NAH) group

an unfavorable orientation of a C-9 hydroxyl or hydroxymethyl substituent can
seriously interfere with this ligand’s ability to interact with cannabinoid receptors.
Based on the relative configuration at the C-9 position, the HHC encompasses two
types of isomers (9α and 9β). Although both isomers are biologically active, the
β-epimers in which the C-9 hydroxyl or hydroxymethyl group is equatorial (e.g.,
22 and 23, Fig. 6) have been shown to be more potent than the α-axial isomers
(Devane et al. 1992a; Wilson et al. 1976; Yan et al. 1994). The preference for the 9β
relative configuration has been used for the design and synthesis of high-affinity
photoactivatable probes for the cannabinoid receptors (e.g., AM1708, 70, Fig. 19)
(Khanolkar et al. 2000). Presence of a C-9 carbonyl group encompassed in nabilone
(24, Fig. 6) is also known to significantly enhance cannabinergic activity (Archer et
al. 1986). Although the nature of the substituent at the northern end of the classical
cannabinoid structure has an effect on the ligands’ potencies, these effects have
not yet been fully investigated. Thus, 9-nor-∆9-THC, a molecule that lacks a C-9
substituent, exhibits significant cannabinoid activity (Martin et al. 1975).

2.2
Non-classical Cannabinoids

A second class of cannabinergic ligands possessing close similarity with CCs was
developed at Pfizer in an effort to simplify the CC structure, while maintaining
or improving biological activity (Johnson and Melvin 1986; Little et al. 1988).
This group of compounds, generally designated as non-classical cannabinoids
(NCCs), includes AC-bicyclic (e.g., 25 and 26, Fig. 7) and ACD-tricyclic (e.g., 27,
Fig. 7) ligands lacking the pyran B-ring of CCs. Of these the best known is CP-
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Fig. 7. Non-classical cannabinoid receptor ligands

55,940 (25) a crystalline ligand exhibiting high affinity for both CB1 and CB2

as well as a high degree of stereoselectivity. [3H]CP-55,940, the tritiated analog,
was the key compound that led to the discovery of CB1 (Devane et al. 1988).
This class of compounds shares some of the key pharmacophores of the CCs,
namely the phenolic OH, the side chain, and the northern aliphatic hydroxyl
groups. Additionally, it encompasses an hydroxypropyl chain on the cyclohexyl
ring contiguous and trans to the aromatic phenolic group as with CP-55,940. This
important new pharmacophore was designated as the southern aliphatic hydroxyl
group (SAH) (Makriyannis and Rapaka 1990) and has been subjected to extensive
investigation by the Makriyannis and Tius groups (Chu et al. 2003; Drake et al.
1998; Harrington et al. 2000; Tius et al. 1997, 1994).

The recently introduced ligand HU-308 (28, Fig. 7), which has the opposite
absolute configuration from all other CC and NCC analogs, is another example
of bicyclic cannabinoid receptor ligands (Hanus et al. 1999) and exhibits a high
degree of CB2 selectivity.

2.3
CC/NCC Hybrid Cannabinoids

The southern aliphatic hydroxyl (SAH) pharmacophore is absent in the naturally
occurring cannabinoids. To study more precisely the stereochemical requirements
of this new pharmacophore, Makriyannis and co-workers designed a group of
hybrid ligands that incorporated all of the structural features of both classical and
non-classical cannabinoids (Drake et al. 1998; Tius et al. 1995, 1994).
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Fig. 8. Hybrid classical/non-classical (CC/NCC) cannabinoids

This new class of analogs (CC/NCC hybrids) had the added advantage of serving
as conformationally more defined three-dimensional probes for the CB1 and CB2

active sites than their non-classical counterparts. Receptor binding data showed
that at C-6 the equatorial β-hydroxypropyl analog had higher affinity than its α-
axial epimer (e.g., 29 and 30, Fig. 8) (Drake et al. 1998; Tius et al. 1994). Further re-
finement of the CC/NCC hybrid cannabinoids was obtained by imposing restricted
rotation around this SAH pharmacophore. This was accomplished through the in-
troduction of double and triple bonds at the C2′′ position of the 6β-hydroxypropyl
chain (e.g., 31 and 32, Fig. 8).

Theaffinitydata forCB1/CB2 receptors shown inFig. 8 for analogs31and32 refer
to the racemic compounds. Enantiomers of 32 were recently separated using chiral
AD [amylose tris(3,5-dimethylphenylcarbamate] columns (Thakur et al. 2002) (see
Sect. 4). This very promising class of compounds encompassing four asymmetric
centers is among the most structurally complex and potent cannabinergic agents
synthesized to date.

2.4
Aminoalkylindoles

The fourth chemical class of cannabinergic ligands, the aminoalkylindoles (AAIs)
were initially developed at Sterling Winthrop as potential non-ulcerogenic analogs
of non-steroidal anti-inflammatory drugs (NSAIDs) (Bell et al. 1991) and bear no
structural relationship to the cannabinoids. These analogs also exhibited antinoci-
ceptive properties that eventually were attributed to their interactions with the
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cannabinoid receptors (D’Ambra et al. 1992; Eissenstat et al. 1995). The most
widely studied compound of this series is WIN-55,212-2 (33, Fig. 9), a potent CB1

and CB2 agonist with a slight preference for CB2. Cannabinergic activity resides
principally with only one optical antipode and is more potent than ∆9-THC in
several pharmacological and behavioral assays (Compton et al. 1992; Martin et al.
1991). WIN-55,212-2 has played an important role in the identification and char-
acterization of cannabinoid receptors and their associated functions and is now
in standard use as a CB1/CB2 radioligand. The four pharmacophores identified for
the aminoalkylindoles are: (1) C-3 substituents, (2) the N-1 aminoalkyl side chain,
(3) C-2 substituents, and (4) indole ring substituents and modifications. The SAR
requirements of this class of compounds are summarized as follows:

2.4.1
SAR of Aminoalkylindoles

C-3Substituents Pravadoline (34, Fig. 9),which carries ap-methoxybenzoyl group
at C-3, was used as a benchmark ligand to explore structural requirements at
this site (Eissenstat et al. 1995). Its o-methoxy isomer exhibits higher potency.
However, ortho-substitution with other groups such as –CH3, –OH, –Cl, –CN, or –
F diminishes activity. The presence of an ethyl group at the para position improves
potency, but further increase in chain length results in diminished potency. The
1-naphthoyl substitution at C-3 is more potent (IC50 = 19 nM) than the 2-napthoyl
analog (IC50 = 128 nM). Replacement of the naphthyl ring with an alkyl (e.g., CH3)
or alkenyl [(CH3)2C=CH] groups results in complete loss of CB1 receptor affinity
(Ki>10,000 nM) (Huffmann et al. 1994).

NMR and X-ray crystallography studies of 34 and its C-2H congener have re-
vealed that AAIs can exist in two distinct conformations based on the orientation
of the C-3 aroyl system (Bell et al. 1991; Reggio et al. 1998). In the s-trans con-
formation, which predominates when the C-2 substitution is hydrogen, the aryl
group is proximal to C-2, while the carbonyl oxygen atom is located near C-4. In
the s-cis conformation, which predominates when the C-2 substituent is a methyl
group, the conformational preference shows the aryl ring to be located near C-4,
and the carbonyl oxygen near C-2.

Naphthylidene-substituted aminoalkylindenes (e.g.,35, Fig. 9), a conformation-
ally more rigid version of initial AAIs, were originally designed to circumvent the
CNS side effects of pravadoline (Kumar et al. 1995). These analogs were tested
as a mixture of E- and Z-isomers and exhibited higher CB1 affinity compared to
pravadoline. Later, it was shown that the CB1 and CB2 affinities and pharmacologi-
cal potencies were higher for the E-geometric isomer (35, s-trans, Fig. 9) compared
to the Z-isomer (Reggio et al. 1998). Removal of the carbonyl oxygen of the C-3
aroyl group in AAIs having unsubstituted C-2 results in moderate reduction in
affinity for CB1 compared to their carbonyl precursors (Huffman et al. 2003a).
However, the loss of affinity is larger in the 2-methyl substituted analogs (e.g., 36,
Fig. 9). Both observations support the hypothesis that the s-trans conformation of
AAI analogs such as 33 is the preferred conformation for interaction at both CB1
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Fig. 9. C-3 modified cannabinergic aminoalkylindoles

and CB2 receptors and that aromatic stacking of the ligands with aromatic residues
in helices 3, 4, and 5 of both receptors may be an important interaction for AAIs at
these receptors (Burley and Petsko 1985; Huffman et al. 2003a; Reggio et al. 1998).

The spatial and electronic requirements of the C-3 substituent were further
explored by introducing a C-3 amide group (Bristol Myers Squibb). The AAI C-3
amide ligand 37 (Fig. 9) with a methoxy group at C-7, exhibited high CB2 affinity
(Ki = 8 nM) and selectivity (CB1/CB2 = 500) (Hynes et al. 2002). Replacement of the
amino acid moiety in 37 with the S-fenchylamine component resulted in slightly
reduced affinity for the CB2 receptor (Ki = 30 nM). However, in the S-fenchyl amide
series, when the 2-methyl group in indole was replaced by hydrogen, the resulting
ligand (38, Fig. 9) showed improved CB2 affinity (Ki = 11 nM).

The 4-alkyloxy indole analogs were derived by translocating the C-3 substituent
of AAIs to C-4 via an ether linkage. Some of these exhibited in vivo cannabimimetic
activity, but most of them lacked cannabinoid receptor affinity (Dutta et al. 1997).
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Fig. 10. Chemical structures of some aminoalkylindole-derived analogs

N-1 Aminoalkyl Chain A number of indole analogs bearing different aminoalkyl
substituents at N-1 were synthesized (N-attached analogs, e.g.,34, Fig. 9) and tested
(Eissenstat et al. 1995). This study found the aminoethyl substitution as an optimal
requirement with morpholino, thiomorpholino, and piperidino analogs showing
the highest activities. The respective acyclic amine and piperazine analogs were
inactive.

The Sterling Winthrop and Makriyannis laboratories further explored struc-
tural requirements at the N-1 position by synthesizing novel analogs in which the
aminoalkyl chain of the indole ring is attached to a heterocyclic amine through
a C–C bond. These analogs are generally more potent compared to the C–N analogs
and exhibit more favorable physicochemical properties. Potency was optimum for
N-methylpiperidinyl-2-methyl substitution at the N-1 position (39, Fig. 10), while
activity resided predominately in the R-enantiomer (D’Ambra et al. 1996).

AM1241 (40, Fig. 10), a highly CB2-selective and potent agonist (Ibrahim et
al. 2003; Malan et al. 2001) was recently developed by Makriyannis. Design of
this molecule incorporated the N-methylpiperidinyl-2-methyl substituent at the
N-1 position and a novel 2-iodo-5-nitrobenzoyl group at C-3. AM1241 exhibits
remarkably high peripheral analgesia in vivo and does not produce catalepsy,
hypothermia, inhibition of spontaneous locomotor activity, or impairment of per-
formance on the rotarod apparatus. The potential use of this CB2 receptor agonist
for the treatment of neuropathic pain is being explored.
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Replacement of the aminoalkyl substituent by an alkyl chain results in N-alkyl
indoles (non-AAIs) (e.g., 41, Fig. 10). The SAR of cannabimimetic 2-methylindoles
indicates that compounds with N-alkyl substituents from n-propyl to n-hexyl have
good affinities for both CB1 and CB2 receptors with a preference for CB2. The
in vivo potencies of these compounds were reported to be consistent with their
receptor affinities (Huffmann et al. 1994; Wiley et al. 1998).

C-2Substituents Analysis of the effect of C-2 substitution on cannabinoid receptor
affinity in AAIs reveals a strong preference for a small substituent at C-2. Thus,
hydrogen or methyl groups are well tolerated with the C-2H analogs exhibiting
slightly higher affinities for the CB2 than C-2 methyl analogs (Eissenstat et al. 1995;
Hynes et al. 2002; Wrobleski et al. 2003).

Recently, researchers at Bristol Myers Squibb reported their discovery of inda-
zole carboxamides (e.g., 42, Fig. 10), a new class of cannabimimetics, in which the
C-2 carbon of 3-amido AAIs (e.g., 38, Fig. 9) is replaced by nitrogen. The indazole
analog 42 exhibits high affinity for the CB2 receptor (Ki = 2.0 nM) compared to the
corresponding AAI analogs 38 (Wrobleski et al. 2003). Indolopyridones (e.g., 43,
Fig. 10), which are conformationally restricted C-3 amido AAIs, exhibit increased
affinities for the CB2 receptor (Ki = 1.0 nM) and possess anti-inflammatory proper-
ties when administered orally in an in vivo murine inflammation model (Wrobleski
et al. 2003).

Indole Ring Substituents and Modifications Introduction of a methyl group at
C-4 or various substituents such as –CH3, –OCH3, –F, –Br, or –OH groups at
C-5 of pravadoline diminishes affinity. Conversely, C-6 substitution with –CH3, –
OCH3, or –Br (WIN-54,461, bromopravadoline) groups improves receptor affinity,
but the ligands exhibit diminished agonist properties (Eissenstat et al. 1995).
Incorporation of an iodo group at C-6 led to AM630 (44, Fig. 10), a ligand that
exhibits improved affinity as well as selectivity for CB2 (Hosohata et al. 1997a,b;
Pertwee et al. 1995). This compound was shown to be a potent and selective
antagonist/inverse agonist for CB2 and is a useful pharmacological tool developed
before its principal target site was identified (Ross et al. 1999). Substitution at C-7
gives modest improvement in binding affinity. Potent AAI analogs were generated
by conformationally restricting the N-1 side chain through the formation of a six-
membered ring between the N-1 and C-7 substituents (D’Ambra et al. 1992). In
N-alkyl indoles, replacement of the indole phenyl ring with a cyclohexyl ring led to
an analog with reduced affinities for both CB1 and CB2 (Tarzia et al. 2003). Removal
of the phenyl ring in AAIs or non-AAIs led to a pyrrole class of cannabimimetics
(e.g., 45, Fig. 10). The SAR of pyrrole cannabinoids has been explored first by
Sterling Winthrop and later by Huffman (Wiley et al. 1998) and Tarzia et al. (2003).
Most of the pyrrole-derived analogs are less potent than the corresponding indole
derivatives. However, the 4-bromopyrrole analog (Tarzia et al. 2003) exhibits high
affinity for both CB1 and CB2 (EC50 = 13.3 nM for rCB1 and 6.8 nM for hCB2)
comparable to WIN-55,212-2.
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2.5
Diarylpyrazoles

The most widely studied compound of the diarylpyrazole class is SR141716A (Ri-
monabant) (46, Fig. 11) developed by Rinaldi-Carmona and co-workers at Sanofi
(Rinaldi-Carmona et al. 1994) and is currently undergoing clinical trials as an
antiobesity medication. This highly potent and selective CB1 receptor ligand has
served as a unique pharmacological and biochemical tool for further character-
ization of the CB1 cannabinoid receptor (Lan et al. 1999; Nakamura-Palacios et
al. 1999). In vitro, SR141716A antagonizes the inhibitory effects of cannabinoid
agonists on both mouse vas deferens (MVD) contractions and adenylyl cyclase
activity in rat brain membranes. SR141716A also antagonizes the pharmacological
and behavioral effects produced by CB1 agonists after intraperitoneal (i.p.) or oral
administration (Rinaldi-Carmona et al. 1994).

Other diarylpyrazole ligands that have contributed to our understanding of CB1

pharmacology are AM251 and AM281 (Lan et al. 1999), both of which are CB1

antagonist/inverse agonists (47 and 48 respectively, Fig. 11) capable of displacing
[3H]SR141716A and [3H]CP-55,940 in CB1 receptor membrane preparations. Both
AM251 and AM281 share the ability of SR141716A to attenuate the responses to

Fig. 11. Representative diarylpyrazole ligands
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established cannabinoid receptor agonists like WIN-55,212-2 or CP-55,940. How-
ever, recent evidence indicates that AM251 may have a more “CB1-selective” role
than SR141716A (Hajos and Freund 2002). In addition to AM630, the most no-
table CB2 receptor antagonist/inverse agonist is SR144528, a diarylpyrazole (49,
Fig. 11) developed by Sanofi, exhibiting 700-fold selectivity for the CB2 receptor
over CB1 (Rinaldi-Carmona et al. 1998). Structural requirements for SR141716A-
like compounds are summarized below (for earlier reviews see Howlett et al. 2002;
Palmer et al. 2002).

2.5.1
SAR of Pyrazole Cannabinoid Receptor Antagonists

N-1 Substituents 2,4-Dichlorophenyl is the optimal substituent for both high CB1

affinity and subtype selectivity (Barth and Rinaldi-Carmona 1999; Lan et al. 1999).
Its replacement with 1-(5-isothiocyanato)-pentyl group decreased CB1 affinity
only by a factor of four (Howlett et al. 2000). The inclusion of 4-butylphenyl, 4-
pentylphenyl or a phenyl group at N-1 significantly reduces affinity while n-pentyl,
n-hexyl,n-heptyl substitution retains affinity (Shimet al. 2002).Optimal selectivity
for CB2 is contributed by a 4-methylbenzyl group as represented in SR144528
(49, Fig. 11) (Rinaldi-Carmona et al. 1998). In the 2,4-dichlorophenyl moiety,
elimination of p-chloro substitution or replacement of o-chloro with o-fluoro or o-
methoxygroups led to low-affinityanalogs (Katoch-Rouseetal. 2003).Replacement
of the 2,4-dichlorophenyl by unsubstituted cycloalkyl groups decreased both CB1

and CB2 affinities, while the 3-methyl and 4-methylcyclohexyl analogs exhibited
moderate improvement in CB2 affinity without any enhancement in selectivity
compared to SR141716A (Krishnamurthy et al. 2004).

C-3 Substituents Alkylation of the amide group as well as its replacement by
a ketone, alcohol, or ether (Wiley et al. 2001) greatly decreases CB1 affinity. Re-
placement of the piperidinyl group with the respective five- or seven-membered
heterocyclic rings or by a cyclohexyl group does not alter CB1 binding affin-
ity, while replacement with a morpholine group or linear alkyl chains leads to
reduction in CB1 affinity (Lan et al. 1999). Alkyl hydrazines, amines, and hydrox-
yalkylamines of varying lengths were substituted for the aminopiperidinyl moiety
to probe the structural and steric requirements of this pharmacophore (Francisco
et al. 2002). For alkylamides, hydroxyalkyl amides, and alkyl hydrazides, affinity
for CB1 was found to increase with increasing chain length from ethyl to butyl
or pentyl. Further increase in the carbon chain length reduced affinity for both
receptors. Alkylamide analogs exhibited enhanced CB1 selectivity when compared
to SR141716A, whereas hydroxyalkyl amide and alkylhydrazide analogs had both
decreased affinities and selectivities (Francisco et al. 2002).

C-4 Substituents Compounds with methyl, ethyl, bromo, or iodo substituents in
the 4-position of the pyrazole ring are approximately equipotent, whereas replace-
ment of methyl with hydrogen results in a 12-fold decrease in CB1 affinity (Wiley
et al. 2001).
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Fig. 12. 3,4-Disubstituted pyrazolines

C-5 Substituents The 4-chloro group of the phenyl ring can be replaced by bromo
or alkyl groups but not by nitro or amino groups (Lan et al. 1999; Thomas et
al. 1998; Wiley et al. 2001). Replacement of 4-chloro with a 4-iodo substituent
(AM251) leads to optimal CB1 affinity and CB1/CB2 selectivity. AM251 has proved
to be an excellent CB1 probe and is widely used as a standard. Conversely, re-
placement of the aromatic ring with alkyl groups abolishes CB1 affinity (Lan et al.
1999).

Recently, two research groups independently reported a number of rigid analogs
of SR141716A. Solvay (Stoit et al. 2002) first reported some tricyclic CB1-selective
ligands in which the 4- and 5-substituents are conformationally restricted through
the formationofa relatively rigid tricyclic system. In thesecompounds the4-methyl
group is connected with the ortho position of the aromatic 5-aryl substituent to
form benzocycloheptapyrazole analogs represented by 50 (Fig. 11) that exhibited
higher CB1 affinity than the parent SR141716A (Stoit et al. 2002). However, the
compound had poor oral bioavailability. Later Pinna and co-workers (Mussinu et
al. 2003) reported similar tricyclic pyrazole analogs in which the above additional
7-membered ring was replaced by a five-membered ring. Interestingly, most lig-
ands in this class had high affinity and selectivity for CB2 compared to 50 and
SR141716A.

Very recently, Solvay Pharmaceuticals (Lange et al. 2004) reported a novel class
of 3,4-disubstituted pyrazoline analogs exhibiting high CB1 selectivity (e.g., 51,
Fig. 12). Another novel class of CB1 antagonists that has received only limited
attention includes the 3-alkyl-5-arylhydantoins (Ooms et al. 2002).

While the search for high affinity/efficacy ligands is ongoing, the development
of well-designed radiolabeled ligands has enhanced our understanding of the
physiological role of the endocannabinoid system. [123I]AM281, an 123I-labeled
1,5-biarylpyrazole, has served as a useful imaging agent in single photon emission
computed tomography (SPECT) studies (Gatley et al. 1997, 1998; Gifford et al.
1997).
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2.6
Endocannabinoids

In 1992 an arachidonic acid ethanolamide derivative (52, AEA, Fig. 13) isolated
from porcine brain and characterized as an endogenous ligand for the cannabinoid
receptors was named anandamide (Devane et al. 1992b). AEA is a highly lipophilic
compound encompassing four non-conjugated cis double bonds and is sensitive to
both oxidation and hydrolysis. It was shown to bind to the CB1 receptor with mod-
erate affinity (Ki = 61 nM), has low affinity for the CB2 receptor (Ki = 1,930 nM),
and behaves as a partial agonist in the biochemical and pharmacological tests
used to characterize cannabinoid activity. Its role as a neurotransmitter or neu-
romodulator is supported by its pharmacological profile as well as by the bio-
chemical mechanisms involved in its biosynthesis and bioinactivation. Two other
polyunsaturated fatty acid ethanolamides, homo-γ-linolenoylethanolamide and
7,10,13,16-docosatetraenoylethanolamide, also were isolated subsequently from
porcine brain and shown to bind with high affinity to CB1 (Hanus et al. 1993).
Following that, 2-AG (53, Fig. 13), a monoglyceride representing a new class of
endocannabinoid ligands and capable of binding to both CB1 and CB2 receptors
was isolated from intestinal and brain tissues and shown to be another endoge-
nous cannabinoid (Mechoulam et al. 1995; Stella et al. 1997) present in brain in
concentrations approximately 170-fold higher than anandamide (Di Marzo et al.
1998; Mechoulam et al. 1996; Mechoulam et al. 1995; Stella et al. 1997). Another
endogenous agonist for both CB1 and CB2 receptors is mead ethanolamide (Priller
et al. 1995).

An ether-type endocannabinoid, 2-arachidonyl glyceryl ether (noladin ether,
54, Fig. 13) was reported to be isolated from porcine brain (Hanus et al. 2001).
Noladin ether was found to bind selectively to the CB1 receptor (Ki = 21.2 nM) and
cause sedation, hypothermia, intestinal immobility, and mild antinociception in

Fig. 13. Endogenous cannabinoid receptor agonists
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mice, effects typically produced by cannabinoid agonists. Synthetic noladin ether
was used by Sugiura and co-workers to examine its effects on Ca2+ levels in cells
(Sugiura et al. 1999; Suhara et al. 2000) and found to exhibit appreciable agonistic
activity, although significantly lower than that of 2-AG.

2.6.1
SAR of Endocannabinoids

The chemical structure of anandamide can be divided into two major molecular
fragments: (1) a polar ethanolamido head group and (2) a hydrophobic arachi-
donoyl chain (see Fig. 14). The polar head group is comprised of a secondary amide
functionality with an N-hydroxyalkyl substituent, while the hydrophobic fragment
is a non-conjugated cis tetraolefinic chain and an n-pentyl tail reminiscent of the
lipophilic side chain found in the classical cannabinoids.

A number of anandamide analogs have been synthesized and tested for their bi-
ological activities. These efforts have resulted in the development of several potent
metabolically stable analogs some of which are important pharmacological tools
useful in elucidating the physiological role of anandamide. Below we summarize
the SAR (for previous reviews see Khanolkar and Makriyannis 1999; Palmer et
al. 2000; Razdan and Mahadevan 2002; Reggio 2002; Thomas et al. 1996) of anan-
damide analogs for the currently known high-affinity cannabinergic sites with
which anandamide and its analogs are known to interact.

All known arachidonoylethanolamides are primarily CB1-selective ligands and
bind poorly to the peripheral CB2 receptor. Therefore, the following discussion
will focus on the endocannabinoid ligand SAR for the CB1 receptor.

Fig. 14. Structural features of anandamide

Modification of N-Hydroxyethyl Group One carbon homologation to the N-
hydroxypropyl analog increases CB1 receptor affinity. However, further extension,
with or without branching, leads to a decrease in binding affinity (Pinto et al. 1994;
Sheskin et al. 1997). Thus, a three-carbon chain separating the amido NH group
from the terminal OH appears to be an optimal requirement for a favorable ligand–
receptor interaction. However, the hydroxyl group is not a necessary requirement
for receptor affinity/potency. N-alkyl analogs such as N-ethyl, N-propyl, and N-
butyl all show good receptor affinities. N-(n-Propyl)arachidonamide has a three-
fold higher CB1 affinity than anandamide, while the n-butyl homolog has about
equal affinity (Pinto et al. 1994). Substitution of the ethanolamine head group
with an N-cyclopropyl group leads to a high-affinity CB1-selective compound (55,
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Fig. 15. High-affinity head group analogs of anandamide

Fig. 15). N-Allyl (56, Fig. 15) and N-propargyl analogs also show high CB1 affinities
(Lin et al. 1998). Substitution of the hydroxyl group with a halogen such as F and
Cl (57, Fig. 15) also increases affinity for CB1 (Adams et al. 1995a,b; Lin et al.
1998). The above data suggest that anandamide analogs can interact with the CB1

receptor without the participation of the ethanolamide hydroxyl group.
One of the shortcomings of anandamide as an effective pharmacological tool

is its facile in vivo and in vitro enzymatic degradation. It was, thus, important to
develop analogs that are resistant to the hydrolytic actions of anandamide amido-
hydrolase.Toaddress this shortcoming, four chiral anandamideanalogspossessing
a methyl group at the C-1′ or the C-2′ positions were synthesized (Abadji et al.
1994; Goutopoulos et al. 2001; Lin et al. 1998). The rationale behind the design was
to slow down the enzymatic hydrolysis by increasing steric hindrance around the
amido group. Of these, the 1′-R-methyl isomer [AM356, R-(+)-methanandamide
58, Fig. 15] showed four times higher CB1 affinity than anandamide while exhibit-
ing excellent metabolic stability. This analog is now being used as an important
pharmacological tool in cannabinoid research. Interestingly, an inverse correlation
in stereoselectivity between CB1 receptor affinity and the ability of the ligand to
serve as a substrate for FAAH (fatty acid amide hydrolase) was observed. Thus, in
the case of 1′-methyl headgroup analogs, the R-enantiomer that has higher CB1

affinity also exhibited lower susceptibility to enzymatic hydrolysis. Introduction of
larger alkyl groups, e.g., ethyl or isopropyl, has a detrimental effect on CB1 affinity
(Khanolkar et al. 1996; Khanolkar and Makriyannis 1999).

Substitution of the 2-hydroxyethyl group with a phenolic group results in de-
creased affinity for CB1 (Khanolkar et al. 1996). However, N-(o-hydroxy)phenyl-
arachidonamide (AM403) was found to be an excellent substrate for FAAH (Lang
et al. 1999) while a second phenolic analog, N-(p-hydroxy)phenylarachidonamide
(AM404), was found to be an inhibitor for the anandamide transporter (ANT)
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(Beltramo et al. 1997). Arachidonamide and arachidonic acid esters (methyl, ethyl,
propyl) do not show significant affinity for CB1 (Sheskin et al. 1997), while cy-
clization of the head group into an oxazoline ring diminishes affinity (Lin et al.
1998).

Modificationof theAmideGroup Replacement of the amido group by a thioamido
group results in reduced affinity for CB1. Thus, both thioanandamide and R-
thiomethanandamide bind weakly to the receptor and show no significant biolog-
ical activity (Lin et al. 1998). The SAR also indicates that the amide group must
be secondary. Primary amides, e.g., arachidonamide, as well as tertiary amides,
e.g., N-methylanandamide, do not bind to the CB1 receptor (Lin et al. 1998; Pinto
et al. 1994; Sheskin et al. 1997). Reversing the position of the carbonyl and the
NH groups slightly decreases receptor affinity. These anandamides, designated
as retroanandamides (e.g., 59, Fig. 16), which were first developed by Makriyan-
nis, exhibit exceptional stability with regard to hydrolysis by FAAH (Lin et al.
1998).

Replacement of the amido group by a carbamate group decreases affinity for
CB1. However, when the amido group is replaced by substituted ureas (60, Fig. 16)
binding affinity as well as stability towards amidase hydrolysis is increased com-
pared to anandamide (Ng et al. 1999).

Fig. 16. Amide group modified analogs of anandamide

Importance of cis-Olefinic Bonds for Cannabimimetic Activity Drastic struc-
tural modifications of the arachidonyl component, such as complete saturation
or replacement of the double bonds with triple bonds, result in complete loss of
receptor affinity (Sheskin et al. 1997). Furthermore, ethanolamides of partially
unsaturated fatty acids such as linoleic (two double bonds) and oleic (one double
bond) acids exhibit considerably diminished affinity for CB1 and cannabimimetic
activity (Sheskin et al. 1997; Lin et al. 1998). From these results it can be argued that
the presence of four cis olefinic bonds is optimal for activity. Prostaglandins and
related analogs, which can be considered as conformationally rigid arachidonic
acid analogs, do not bind to the CB1 receptor (Pinto et al. 1994). Their inability to
interact with the receptor may be due to the conformational restriction imposed
by the five-member carbocyclic ring, which leads to preferred conformations that
are incongruent with those of arachidonoylethanolamide and its analogs. It could
also be due to the positions and stereochemistries of their hydroxyl and/or keto
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groups, which may destabilize their interactions with the receptor. Introduction of
a methyl group or gem-dimethyl group at the C-2 position results in metabolically
stable analogs with concomitant increase in CB1 affinity as in the case of C-1′
methylation (Adams et al. 1995b; Goutopoulos et al. 2001)

n-Pentyl Group Tail Modifications Although there is no apparent structural sim-
ilarity between the classical cannabinoids and anandamide, there is considerable
evidence suggesting that these two classes of cannabimimetic agents bind simi-
larly to the CB1 active site (Barnett-Norris et al. 2002; A. Makriyannis and C. Li,
unpublished results). There is ample chemical and computational evidence indi-
cating that arachidonic acid, the parent fatty acid of anandamide, favors a bent
or looped conformation in which the carbonyl group is proximal to the C14–
C15 olefinic bond. The chemical evidence for such a conformation includes the
highly regiospecific intramolecular epoxidation of arachidonoyl peracid (Corey et
al. 1984) and the facile macrolactonization of C20 hydroxyl methyl arachidonate
(Corey et al. 1983). These experimental results are corroborated by molecular dy-
namics calculations (Rich 1993) that indicate that indeed a bent conformation is
thermodynamically favorable. In the case of arachidonoylethanolamides, molecu-
lar modeling studies (Barnett-Norris et al. 1998, 2002; Rich 1993) have shown that
anandamide and other fatty acid ethanolamides and esters also prefer a hairpin
conformation. Additional data (Thomas et al. 1996; Tong et al. 1998) indicate that
such a bent conformation is capable of mimicking the three-dimensional structure
of tetrahydro- and hexahydrocannabinols.

However, it isunclearwhether thehairpinconformation isalso theconformation
at the CB1 receptor active site. Recent biophysical work on the conformational
properties of anandamide in the membrane provide evidence for a more extended
conformation for the C20 chain (A. Makriyannis and X. Tian, unpublished results)
and suggest alternative CB1 pharmacophoric conformations.

As discussed earlier, the SAR for the side chain of classical cannabinoids has
been studied extensively, and it is known that a 1′,1′-dimethylheptyl (DMH) sub-
stituent generally leads to optimal potency. There is also evidence that classical
cannabinoids and anandamides interact with similar residues at the CB1 binding
sites. This it was postulated that a similar substitution in anandamide should result

Fig. 17. Tail modified analogs of anandamide
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in an increase in receptor affinity and potency. To test the hypothesis, dimethyl-
heptyl and other alkyl chain analogs of anandamide were synthesized and tested
for their biological activities. As predicted, the dimethylheptyl analogs showed
marked increases in receptor affinity and in vivo potency (61, Fig. 17) (Ryan et
al. 1997; Seltzman et al. 1997; A. Makriyannis and J.K. Kawakami, unpublished
results). Also, congruent with classical cannabinoid SAR, introduction of either
bromo (62, Fig. 17) (Di Marzo et al. 2001) or cyano groups at the C-20 increases
CB1 affinity, whereas a hydroxyl group diminishes CB1 affinity.

2.7
Other Cannabinergic Classes

A notable CB1 receptor-selective antagonist that also exhibits inverse CB1 receptor
agonist properties in some assay systems is LY320135 (63, Fig. 18). This ligand was
developedbyEli Lilly (Felder et al. 1998) andshares theability of SR141716A tobind
preferentially to CB1. However, it has lower affinity for CB1 than SR141716A and
also binds to muscarinic and 5-HT2 receptors at low micromolar concentrations
(Felder et al. 1998). LY320135 also shares the ability of SR141716A to exhibit inverse
agonist activity at some signal transduction pathways of the CB1 receptor.

Aventis reported (Mignani et al. 2000) a new class of CB1 receptor antago-
nists, which are represented by the diarylmethyleneazetidine analog 64 (Fig. 18).
Very recently some novel 1,2,4-triazole derivatives were shown to behave as silent
cannabinoid antagonists (Jagerovic et al. 2004). Although, these compounds bind

Fig. 18. Structurally novel cannabinergic ligands
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to the CB1 receptor with much reduced affinity compared to SR141716A, they
exhibit similar antagonist efficacy in functional studies.

Recently, a novel class of diarylether sulfonyl ester cannabinoid agonists pos-
sessing neuroprotective properties was reported by Bayer AG (Wuppertal, Ger-
many) (Mauler et al. 2002).The representative agonist, (–)-R-3-(2-hydroxy-methyl-
indanyl-4-oxy)phenyl-4,4,4-trifluoro-1-sulfonate (65, BAY38-7271, Fig. 18), is
a high-affinity CB1 ligand (Ki = 0.46–1.85 nM; rat brain, human cortex, and re-
combinant human CB1 receptor) (Mauler et al. 2003).

Researchers at Japan Tobacco (Osaka, Japan) reported the CB2 selective inverse
agonist JTE-907, whose structure is characterized by the presence of a carboxamide
group in the 3-position of a quinolone nucleus (66, Fig. 18) (Iwamura et al. 2001)
with anti-inflammatory in vivo activity. Naphthyridine derivatives sharing some
structural features of JTE-907 were recently reported as cannabinoid receptor
ligands with a preference for the CB2 receptor (Ferrarini et al. 2004).

3
Covalent Binding Probes

Makriyannis and co-workers have developed several novel cannabinoid receptor
affinity ligands (for recent reviews see Khanolkar et al. 2000; Palmer et al. 2002)
that encompass reactive groups at judiciously chosen positions within the classical
cannabinoid structure and can be used as probes for obtaining information on
the receptor binding domain. Two types of reactive groups were incorporated:
(1) electrophilic isothiocyanate group (NCS) that target nucleophilic amino acid
residues such as lysine, histidine, and cysteine at or near the active site and (2)
a photoactivatable aliphatic azido groups (N3) capable of labeling the amino acid
residues at the active site via a highly reactive nitrene intermediate. Both types of
probes were shown to successfully label the cannabinoid receptors (Picone et al.
2002). The first photoaffinity label for the cannabinoid receptor, (–)-5′-azido-∆8-
THC (67, Fig. 19) was reported in 1992 and was shown to covalently attach to CB1

(Charalambous et al. 1992).
Secondgenerationcovalentprobescarrying isothiocyanatoorazidogroupswith

improved affinities for both CB1 and CB2 were also reported and shown to label
these receptors. The best known of these are (–)-11-hydroxy-7′-isothiocyanato-
1′,1′-dimethylheptyl-∆8-THC (68, Fig. 19) and (–)-11-hydroxy-7′-azido-1′,1′-di-
methylheptyl-∆8-THC (69, Fig. 19) (Yan et al. 1994).

A significant improvement in the design of these new probes was the introduc-
tion of a 125I-substituent in the ligand without compromising its high receptor
affinity (e.g., AM1708, 70, Fig. 19) (Khanolkar et al. 2000; A.D. Khanolkar, G.A.
Thakur, and A. Makriyannis, unpublished). These radio-iodinated probes have
served as valuable tools for receptor purification and characterization of the CB1

and CB2 receptors (A. Makriyannis and W. Xu unpublished). Currently, a variety
of mono- and bifunctional covalent ligands with hybrid cannabinoid structures
(71, Fig. 19) (Chu et al. 2003), as well as endocannabinoid-like compounds (C. Li
and A. Makriyannis, unpublished) are being used to elucidate the binding motifs
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Fig. 19. Covalent probes for cannabinoid receptors

of the various classes of cannabinergics for the CB1 and CB2 receptors. This ligand-
based approach in structural biology can serve as a useful avenue for studying the
active sites of membrane-bound structural proteins that are not easily amenable
to a crystallization approach.

4
Enantioselective Cannabinergic Ligands

Ligand enantioselectivity is often an important criterion in the characterization of
drug receptors and in the development of biochemical and pharmacological assays.
Thus, a highly enantioselective enantiomer can be a radioligand in a binding assay
in which its much-less-potent enantiomer can be used to determine non-specific
binding. Similarly, the less active enantiomer can serve as a control in in vitro or
in vivo drug evaluations.

The cannabinergic ligand library includes a number of key enantiomeric pairs
that have found substantial use in laboratories engaged in cannabinoid research.
A careful examination of the literature reveals striking discrepancies in reported
bioenantioselectivities. These are generally attributable to inadequate chiral reso-
lution leading to a chirally impure enantiomer. Variation in enantioselectivity can
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Table 1. Stereoselectivity ratios of cannabinergic ligandsa

HU-210 K i (nM) AM4030 K i (nM)
CB1 CB2 CB1 CB2

(6aR,10aR) (−) 0.7 0.2 (6S,6aR,9R,10aR) (−) 0.6 1.1
(6aS,10aS) (+) Does not bind significantly (6R,6aS,9S,10aS) (+) 94.8 124.8

SLV-319 K i (nM) AM1241 K i (nM)
CB1 CB2 CB1 CB2

4S(−) 7.8 7,943 R (+) 139.7 1.4
4R(+) 894 >1000 S (−) 2049 160.5

WIN-55,212-2 K i (nM) AM356 K i (nM)
CB1 CB2 CB1 CB2

R (+) 1.9 0.3 R (+) 17.9 868
S (−) 6300 >1000 S (−) 309 8220

aThe structures shown in this table represent the most active enantiomer.
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be seen depending on the target protein or for the corresponding protein among
different species, the CB2 receptor being a case in point where the homology be-
tween the commonly used mouse spleen CB2 preparation and that of expressed
human receptor is only 82%. Discrepancies between in vitro and in vivo enan-
tioselectivities may also be due to metabolic or bioavailability factors where the
two enantiomers of a chiral ligand can be metabolized by the same enzyme but at
different rates or exhibit different rates of uptake. Below we list some key chiral
cannabinergic ligands currently used in cannabinoid research (Table 1).

(–)-∆9-THC, the active constituent of marijuana, which has a 6aR, 10aR stere-
ochemistry, was found to be 5 to 100 times more potent than its synthetic (+)-
enantiomer in producing static ataxia in dogs, depressing schedule-controlled re-
sponding in monkeys, and in producing hypothermia and inhibiting spontaneous
activity in mice (Dewey et al. 1984; Martin et al. 1981). Similarly, Hollister and
co-workers (Hollister et al. 1987) showed enantioselectivity of THC enantiomers
in human studies using indices of the subjective experience, or “high,” while May’s
group found enantioselectivity in a series of structurally modified ∆9-THC analogs
in tests of motor depression and analgesia (Wilson and May 1975; Wilson et al.
1976, 1979).

Pfizer’s levonantradol (CP-50,556-1) is 30 times as potent as (–)-∆9-THC in
several in vivo tests, whereas its (+)-enantiomer, dextronantradol (CP-53,870-1) is
inactive (Little et al. 1988). (–)-CP-55,244 (NCCs with ACD ring) and (–)-CP-55,940
analogs are 30 to 2,000 times more potent than their respective (+)-enantiomers
(Little et al. 1988).

(–)-Cannabidiol (CBD) is a non-psychotropic component of cannabis with pos-
sible therapeutic use as an anti-inflammatory drug. Recent studies on both enan-
tiomers of CBD showed enantioselectivity in their interaction with cannabinoid
and vanniloid (VR1) receptors as well as on the cellular uptake and enzymatic
hydrolysis of anandamide (Bisogno et al. 2001).

HU210 [(–)-R,R-11-hydroxy-1′,1′-dimethylhepthyl-∆8-THC] is one of the most
potent cannabinoids known. It acts through CB1 and CB2 receptors and is a potent
inhibitor of forskolin-stimulated cyclic adenosine monophosphate (cAMP) pro-
duction. Both the affinity and potency of HU210 are much higher than those of its
synthetic (+)-S, S-enantiomer HU211 (also called dexanabinol). HU-211 is devoid
of cannabinoid activity but has other interesting in vivo properties, including its
action as an NMDA (N-methyl-d-aspartate) antagonist, antioxidant, and inhibitor
of the synthesis of tumor-necrosis factor (TNF). It has found utility as a potential
neuroprotective agent, and after favorable results in animal models (Shohami and
Mechoulam 2000), it is now undergoing phase III clinical trials in Europe and Israel
for traumatic brain injury (Knoller et al. 2002; Agranat et al. 2002).

The classical/non-classical cannabinoid hybrid AM4030 was resolved using chi-
ral AD columns (Thakur et al. 2002).The (–)-isomer AM4030a has the (6S, 6aR, 9R,
10aR) stereochemistry and binds to CB1 with subnanomolar affinity. The affinity
of AM4030a was 158 times higher than that of its (+)-isomer AM4030b.

In the class of 3,4-diarylpyrazolines, SLV-319, the (–)-enantiomer, was found to
bind to CB1 with high affinity and selectivity (CB1 = 7.8 nM, CB2 = 7,943 nM) and
∼100-fold higher potency than its (+)-isomer (Lange et al. 2004).
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WIN-55,212-2, the (+)-enantiomer binds with high affinity to CB1 (1.9 nM) and
CB2 (0.3 nM) whereas its (–)-isomer, WIN-55,212-3 does not bind significantly to
CB1 and CB2 (both >1000 nM) (Pertwee 1997; Xie et al. 1995). The aminoalkylin-
dole AM1241 exhibits high CB2 selectivity (Ibrahim et al. 2003; Malan et al. 2001).
Enantiomeric resolution of this ligand using chiral AD column gave the eutomer
R-(+)-AM1241, which shows higher CB2 affinity and selectivity (CB1 = 139.7 nM;
CB2 = 1.4 nM) than S-(–)-AM1241 (CB1 = 2049 nM; CB2 = 160.5 nM). Recently,
the asymmetric synthesis of R-(+)-AM1241 was carried out (A. Zvonok and
A. Makriyannis, unpublished results).

AM356, R-(+) methanandamide, (Abadji et al. 1994; Lin et al. 1998) showed 4
times higher affinity (CB1 = 17.9 nM) for CB1 receptor than that of anandamide and
17 times higher than that of S-(–) methanandamide (CB1 = 309 nM). Conversely,
the S-enantiomer is a considerably better substrate of FAAH.

5
Present and Future

Currently, the field of cannabinoid research is at a very exciting phase. Under-
standing of the structural–activity relationships (SARs) of cannabinergic ligands
has led to the development of highly selective and potent agonists, antagonists,
and inverse agonists that in turn have assisted in the biochemical and pharmaco-
logical characterization of the cannabinoid receptors. These potent and selective
compounds are now playing a major role in unraveling the physiological func-
tions of the endocannabinoid system and the signaling mechanisms associated
with it. Furthermore, some of these ligands are being evaluated for their potential
therapeutic usefulness. In parallel with the above work, the binding motifs of the
different classes of cannabinergic ligands are being elucidated with the help of
receptor mutants and suitably designed high-affinity covalent binding probes.

Recent results describing the effects of some cannabinergic ligands in CB1/CB2

knockout mice suggest the presence of more cannabinoid-like receptors. One such
receptor has been characterized pharmacologically in the vascular endothelium.
The prospect of such novel cannabinoid or cannabinoid-like receptors offers ex-
cellent opportunities for future SAR work and the development of suitable probes
for these new systems. Similarly, the recognition that the endocannabinoid system
is closely linked biochemically to a number of key lipid modulators offers addi-
tional opportunities for the development of novel lipidomimetic ligand probes and
potential therapeutic agents.
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Abstract ThecannabinoidCB1 andCB2 receptorsbelong to the classA, rhodopsin-
like family of GPCRs. Antagonists for each receptor sub-type, as well as four
structural classes of agonists that bind to both receptors, have been identified.
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An extensive amount of structure–activity relationship information (SAR) has
been developed for agonists and antagonists that bind at CB1, while the SAR of
CB2 ligands is only now emerging in the literature. This chapter focuses both
on recent CB1 and CB2 SAR and on the pharmacophores for ligand recognition
at the CB1 receptor that have been developed using ligand–ligand or ligand–
receptor approaches. In a ligand–ligand approach, the structure of the binding
site of the ligand is not directly considered. This approach is an attempt to infer
information about the macromolecular binding site, and/or modes of binding
interactions from a correlation between experimentally determined biological
activities and the structural and electronic features of a series of small molecules.
In a ligand–receptor approach, cannabinoid (CB) receptor models are probed for
ligand binding sites and binding sites can be screened using energetic criteria, as
well as ligandSARand theCBmutation literature.This chapterdiscusses the factors
that control the quality of the results emanating from each of these approaches
and identifies areas of agreement and of disagreement in the existing CB literature.
Challenges for future SAR and pharmacophore development are also identified.

Keywords Cannabinoid SAR · Modeling · Receptor modeling

1
Introduction

Both the CB1 and the CB2 receptors belong to the class A rhodopsin-like family
of G protein-coupled receptors (GPCRs). The cloning and expression of a com-
plementary DNA from a rat cerebral cortex cDNA library that encoded the first
cannabinoid receptor subtype (CB1) was reported by Matsuda and co-workers
(1990). Subsequently, the primary amino acid sequences of an amino terminus
variant CB1 receptor (Shire et al. 1995), as well as the CB1 sequence in human
brain and in mouse were reported (Abood et al. 1997; Gerard et al. 1991). A helix
net representation of the human CB1 receptor sequence is presented in Fig. 1. In
addition to being found in the central nervous system (CNS), mRNA for CB1 has
also been identified in testis (Gerard et al. 1991). The CB1 receptor has been shown
to have a high level of ligand-independent activation (i.e., constitutive activity)
in transfected cell lines, as well as in cells that naturally express the CB1 receptor
(Bouaboula et al. 1997; Pan et al. 1998; Mato et al. 2002; Meschler et al. 2000). Kearn
and co-workers (1999) have estimated that in a population of wild-type (WT) CB1

receptors, 70% exist in the inactive state (R) and 30% exist in the activated state
(R*).

The second cannabinoid receptor sub-type, CB2, was derived from a human
promyelocytic leukemia cell HL60 cDNA library (Munro et al. 1993). The human
CB2 receptor exhibits 68% identity to the human CB1 receptor within the trans-
membrane regions, 44% identity throughout the whole protein. The CB2 receptor
in both rat (Griffin et al. 2000) and mouse (Shire et al. 1996) has been cloned as
well. A helix net representation of the human CB2 receptor sequence is presented
in Fig. 2. Unlike the CB1 receptor, which is highly conserved across human, rat, and
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Fig. 1. A helix net representation of the human CB1 receptor sequence. (Gerard et al. 1991)

Fig. 2. A helix net representation of the human CB2 receptor sequence. (Munro et al. 1993)

mouse, the CB2 receptor is much more divergent. Sequence analysis of the coding
region of the rat CB2 genomic clone indicates 93% amino acid identity between rat
and mouse and 81% amino acid identity between rat and human. CB2 receptor-
transfected CHO cells exhibit high constitutive activity (Bouaboula et al. 1999).
Evidence for other cannabinoid receptors is mounting in the literature (Breivogel
et al. 2001; Di Marzo et al. 2000; Fride et al. 2003; Jarai et al. 1999; Wagner et al.
1999). However, no new CB receptor subtypes have yet been cloned.
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1.1
Cannabinoid Receptor Agonists

The CB1 receptor transduces signals in response to CNS-active constituents of
Cannabis sativa, such as the classical cannabinoid (CB) (–)-trans-∆9-tetrahydro-
cannabinol [(–)-∆9-THC (1)] and to three other structural classes of ligands, the
non-classicalCBs typifiedby(1R,3R,4R)-3-[2-hydroxy-4-(1,1-dimethylheptyl)phe-
nyl]-4-(3-hydroxypropyl) cyclohexan-1-ol [CP-55,940 (2)] (Devane et al. 1988;
Melvin et al. 1995), the aminoalkylindoles (AAIs) typified by R-[2,3-dihydro-5-
methyl-3-[(4-morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl](1-naph-
thalenyl)methanone [WIN55,212-2 (3)] (Compton et al. 1992; D’Ambra et al. 1992;
Ward et al. 1991), and the endogenous CBs. The non-classical CBs clearly share
many structural features with the classical CBs, e.g., a phenolic hydroxyl at C-1
(C2′), and alkyl side chain at C-3 (C-4′), as well as the ability to adopt the same
orientation of the carbocyclic ring as that in classical CBs (Reggio et al. 1993).
The AAIs, on the other hand, bear no obvious structural similarities with the
classical/non-classical CBs.

The first endogenous CB was isolated from porcine brain by Mechoulam and
co-workers (Devane et al. 1992). The endogenous CB ligands are unsaturated
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fatty-acid ethanolamides. The first identified ligand of this class was arachi-
donoylethanolamide (AEA, also called anandamide, 4) (Devane et al. 1992). AEA
has been shown to be synthesized from lipid in neurons and to be degraded by fatty
acid amide hydrolase (FAAH), an integral membrane protein (Bracey et al. 2002).
2-Arachidonoylglycerol (2-AG; 5) was isolated from intestinal tissue and shown to
be a second endogenous CB ligand (CB1 Ki = 472 ± 55 nM; CB2 Ki = 1400 ± 172 nM)
(Mechoulam et al. 1995). 2-AG has been found present in the brain at concentra-
tions 170 times greater than anandamide (Stella et al. 1997). In addition, a fatty
acid glycerol ether, 2-arachidonyl glyceryl ether, called noladin ether (6) has been
identified as another endogenous CB ligand (Hanus et al. 2001).

1.2
Cannabinoid CB1 Receptor Antagonists/Inverse Agonists

The first CB1 antagonist, N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichloro-
phenyl)-4-methyl-1H-pyrazole-3-carboxamide [SR141716A (7)] was developed by
Rinaldi-Carmona and co-workers at Sanofi Recherche (Rinaldi-Carmona et al.
1994). SR141716A displays nanomolar CB1 affinity (Ki = 1.98 ± 13 nM), but very
low affinity for CB2. In vitro, SR141716A antagonizes the inhibitory effects of CB
agonists on both mouse vas deferens contractions and adenylyl cyclase activity
in rat brain membranes. SR141716A also antagonizes the pharmacological and
behavioral effects produced by CB1 agonists after intraperitoneal (IP) or oral
administration (Rinaldi-Carmona et al. 1994). Several other CB1 antagonists have
been reported: LY-320135 (Felder et al. 1998), O-1184 (Ross et al. 1998), CP-27,2871
(Meschler et al. 2000), a class of benzocycloheptapyrazoles (Stoit et al. 2002) and,
most recently, a novel series of 3,4-diarylpyrazolines (Lange et al. 2004).

SR141716A (7) has been shown to act as a competitive antagonist and inverse
agonist in host cells transfected with exogenous CB1 receptor, as well as in bi-
ological preparations endogenously expressing CB1. Bouaboula and co-workers
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(1997) reported that CHO cells transfected with human CB1 receptor exhibit high
constitutive activity at the level of both mitogen-activated protein (MAP) kinase
and adenylyl cyclase. Guanine nucleotides enhanced the binding of SR141716A,
a property of inverse agonists. Lewis and co-workers (Pan et al. 1998) demon-
strated constitutive activity of CB1 receptors in inhibiting Ca2+ currents that was
not due to endogenous agonist. These investigators reported that SR141716A an-
tagonized the Ca2+ current inhibition induced by the CB agonist, WIN55,212-2,
in neurons heterologously expressing either rat or human CB1 receptors. Further,
when applied alone, SR141716A increased the Ca2+ current, with an EC50 of 32 nM,
via a pertussis toxin-sensitive pathway, indicating that SR141716A can act as an
inverse agonist by reversal of tonic CB1 receptor activity. Howlett and co-workers
(Meschler et al. 2000) demonstrated that constitutive activity is demonstrable in
neuronal cells that endogenously express CB1 (N18TG2 cells) and that SR141716A
acts as a competitive antagonist and reduces basal activity in the manner of an
inverse agonist in these cells.

In some experiments, SR141716A has been found to be more potent in blocking
the actions of CB1 agonists than in eliciting inverse responses by itself. For example,
in their study that focused upon rat brain membrane and brain sections, Sim-Selley
et al. (2001) suggested that SR141716A may bind to two sites on the CB receptor,
a high-affinity site at which it exerts its competitive antagonism and a lower affinity
site at which it exerts its inverse agonism.

1.3
CB2 Antagonists

The first CB2 antagonist, SR144528 (8), was reported by Rinaldi-Carmona and
co-workers at Sanofi Recherche (Rinaldi-Carmona et al. 1998). SR144528 displays
sub-nanomolar affinity for both the rat spleen and cloned human CB2 receptors
(Ki = 0.60 ± 0.13 nM). SR144528 displays a 700-fold lower affinity for both the rat
brain and cloned human CB1 receptors. CB2 receptor-transfected CHO cells exhibit
high constitutive activity, and this activity can be blocked by SR144528, working
as an inverse agonist (Bouaboula et al. 1999). More recently, JTE-907 has also been
identified as an inverse agonist at CB2 (Iwamura et al. 2001) and AM630 has been
reported to be a CB2-selective antagonist (Ross et al. 1999a).

2
CB Pharmacophore Development:
Ligand–Ligand and Ligand–Receptor Approaches

Pharmacophore development can be approached from a ligand–ligand perspective
or from a ligand–receptor perspective. In a ligand–ligand approach, the structure
of the binding site of the ligand is not directly considered. This approach is an
attempt to infer information about the macromolecular binding site, and/or modes
of binding interactions from a correlation between experimentally determined
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biological activities and the structural and electronic features of a series of small
molecules (Nakanishi et al. 1995).

There are many computer modeling/QSAR (quantitative structure–activity re-
lationship) techniques that can be used to deduce information about a receptor
binding site based upon ligand SAR. Among these, conformational analysis, molec-
ular electrostatic potential mapping, receptor steric and receptor essential volume
mapping, and the comparative molecular field analysis (CoMFA) QSAR method
have been used in the literature to gain indirect information about the CB recep-
tors. Central to many of these techniques is a structural superimposition using
hypothesized key pharmacophoric features as molecular alignment guides. The
quality of results emanating from this approach is highly dependent on these
chosen alignments with template molecules. Much of the driving force for struc-
tural superpositions in the CB literature has been the fact that the four structural
classes of CB agonist ligands and the CB antagonist ligands for a particular recep-
tor sub-type displace one another in radioligand binding experiments. This fact
has led to the assumption that key molecular features must superimpose because
the molecules must interact with the same key amino acids of the receptor and
share the same binding site to be able to displace one another. However, ligands do
not necessarily have to occupy exactly the same space nor interact with the same
key amino acids in order to displace one another. The presence of steric overlap
between binding sites is sufficient to account for ligand displacement data. This
means that alignments that incorporate structurally diverse classes of CB ligands
may not lead to the best results.

In a ligand–receptor approach, CB receptor models are probed for binding
sites for ligand classes and binding sites can be screened using energetic criteria,
as well as ligand SAR and the CB mutation literature. The quality of the research
emanating fromthisapproachdependsheavilyon thequalityof thereceptormodel,
including the state that this model represents. The reliability of ligand binding sites
identified based on energetic criteria is completely dependent on the model itself.
If this model is far from the true receptor structure, then the identification of low
energy binding sites will have little relevance for the CB field. Since the publication
of the 2.8 Å X-ray crystal structure of bovine rhodopsin (Rho) in 2000 (Palczewski
et al. 2000), most models of GPCRs, including the CB receptors (Barnett-Norris et
al. 2002b; Hurst et al. 2002; McAllister et al. 2003; Salo et al. 2004; Shim et al. 2003;
Xie et al. 2003), have been based upon this crystal structure. It is important to note
that this structure represents the dark (inactive) state structure of Rho in which
the inverse agonist, 11-cis-retinal is covalently bound. For ligand–receptor studies
that employ a homology model of Rho, the relevant conformational state of the
receptor should be taken into consideration because the inactive and active states
of a GPCR are fundamentally different in conformation (Ghanouni et al. 2001b;
Hulme et al. 1999; Jensen et al. 2001). Therefore, the state of the receptor for which
an inverse agonist has high affinity (the inactive state) is not the state for which
agonists have high affinity (the activated state).

In the next section, the use of both ligand–ligand and ligand–receptor ap-
proaches in the CB field will be discussed. This discussion is organized around
individual structural classes of CB ligands.
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3
Classical/Non-classical CB Pharmacophores

Prior to the discovery of the cannabinoid CB1 receptor, CB SARs were developed
by those who hypothesized that at least some of the effects produced by CBs may
be receptor mediated. The early SAR that emerged has been reviewed compre-
hensively by Razdan (1986) and by Makriyannis and Rapaka 1990). These reviews
consider both classical and non-classical CB compounds. Because there is struc-
tural/conformational similarity between the classical and non-classical CBs (Lagu
et al. 1995; Reggio et al. 1993; Xie et al. 1994, 1996, 1998), unified pharmacophores
developed for these two classes have agreed with one another and have led to
a consensus pharmacophore that involves the existence of the following at the CB1

receptor:

1. A hydrophobic binding pocket of limited depth into which the C-3 (C-4′) alkyl
chain fits such that the chain is nearly perpendicular to the aromatic ring
(Howlett et al. 1988; Melvin and Johnson 1987; Xie et al. 1998). Analogs with
side chains of less than five carbons have no affinity for CB1. Highest affinity is
associated with the 1′,1′-dimethylheptyl side chain.

2. Hydrogen bonding sites for the phenolic hydroxyl of ring A (see 1), the C-9/C-11
hydroxyls of the carbocyclic ring (ring C; see 1) (Howlett et al. 1988; Melvin and
Johnson 1987) (Huffman et al. 1996; Song and Bonner 1996) and the southern
aliphatic hydroxyl (SAH) group (see 2) (Drake et al. 1998; Tius et al. 1994).

3. An occluded region behind C-9 (classical), C-1 (non-classical) of the carbocyclic
ring (ring C; see1) occupied by residues of the receptor itself (Reggio et al. 1993).

4. A large hydrophobic pocket that accommodates SAH hydrophobic analogs and
a smaller hydrophilic pocket that accommodates the SAH group (see 2) (Drake
et al. 1998; Tius et al. 1994).

3.1
Ligand–Ligand Studies: CoMFA Pharmacophores for Classical/Non-classical CBs

Thomas and co-workers presented the first CoMFA QSAR model of the CB receptor
that employed Martin multiple paradigm activity data as the biological activity
and considered both classical and non-classical CBs (Thomas et al. 1991). Com-
pounds were superimposed at the aromatic ring and alkyl side chain. The n-propyl
alcohol chain (SAH) of CP-55,940 (2) was aligned with respect to its restricted
analog CP-55,243. Results indicated steric repulsion behind the C-ring (see 2) is as-
sociated with decreased predicted binding affinity and pharmacological potency.
The steric bulk of the C-4′ side chain of 2 that is extended up to seven carbons
was found to contribute to predictions of increased binding affinity and potency.
The electrostatic fields of the CB analogs that correlated with increased predicted
potency were predominantly seen around the C11 position of ∆9-THC (1). Results
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indicated that the protons of hydroxyl groups at positions corresponding to the
C11 position of 1 may interact with an electronegative acceptor atom.

3.1.1
Side Chain SAR

One of the molecular regions of the classical/non-classical CBs that has been the
focus of recent interest is the C-3 alkyl side chain. Several groups have looked at the
effect of the introduction of unsaturation or functionality in the alkyl side chain
of classical CBs. 1′,1′-Cyclopropyl side chain substituents were found to enhance
the affinities of (–)-∆8-tetrahydrocannabinol (∆8-THC) and respective cannabidiol
analogs for the CB1 and CB2 cannabinoid receptors (Papahatjis et al. 2002). For
novel analogs of ∆8-THC (9) in which the conformation of the side chain was
restricted by incorporating the first one or two carbons into a six-membered ring
fused with the aromatic phenolic ring, results indicated that the “southbound”
chain conformer retained the highest affinity for both receptors (Khanolkar et al.
1999). Papahatjis and co-workers (1998) published a study involving side chain-
constrained analogs of ∆8-THC, including a 3-(1-heptynyl) analog synthesized in a
β-11-HHC (10) series and a potent 1′-dithiolane derivative. No analog had the side
chain in a fully restricted conformation. However, the authors concluded from their
binding data, and in particular the increased potency of the 1′-dithiolane and the
1′-methylene analogs, that a hydrophobic subsite of the CB pharmacophore exists
in both CB1 and CB2 at the level of the benzylic side chain carbon. To study the
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stereochemical requirements of the side chain, Busch-Petersen (1996) synthesized
a series of β-11-hydroxyhexahydrocannabinol (10) CBs in which rotation around
the C1′-C2′ bond is blocked by the introduction of a double (cis or trans) or triple
bond. All the analogs tested showed nanomolar affinity for the receptors, the
cis-hept-1-ene side chain having the highest affinity for CB1 (Ki = 0.89 nM) and
showing the widest separation between CB1 and CB2 affinities (Busch-Petersen et
al. 1996).

Razdan and co-workers have also pursued the effects of unsaturation or added
functionality in the C-3 side chain of classical CBs. These investigators have found
that manipulations of the side chain can produce high-affinity ligands with either
antagonist, partial agonist, or full agonist effect. In particular, antagonists such as
11 were developed through strategic placement of a triple bond (Griffin et al. 1999;
Martin et al. 1999; Ross et al. 1998, 1999b; Ryan et al. 1995; Singer et al. 1998). It
is possible that the reason that this ligand functions as an antagonist is that such
substitution reduces the flexibility of the side chain and leads to loss of efficacy.

Nadipuram and co-authors synthesized a series of C3 cyclic side-chain analogs
of ∆8-THC in which ring substituents were attached at the 1′ position. Substitution
of a dithiolane ring at the 1′ position and a carbocyclic ring at the 1′ position
led to compounds that retained very good affinity for CB1 and CB2, suggesting
that the binding pocket for the classical CB side chain may be ellipsoidal rather
than elongated (Nadipuram et al. 2003). Substitution of a phenyl ring at the C-
1′ position along with a dithiolane ring at C-1′ or a 1′,1′-dimethyl group led to
compounds with high affinities for both CB1 and CB2, while affinity was reduced
when the phenyl ring was attached to a C-1′ CH2 or carbonyl group. The dimethyl
and ketone analogs displayed selectivity for the CB2 receptor (Krishnamurthy et
al. 2003)

Pharmacophore for Classical CB Side Chain

Thomas and co-workers used the extensive side chain SAR generated by Razdan
to develop a novel QSAR for the side chain region of ∆8-THC (9) (Keimowitz et al.
2000). A series of 36 side chain-substituted ∆8-THCs with a wide range of pharma-
cological potency and CB1 receptor affinity was investigated using computational
molecular modeling and QSAR analyses. The conformational mobility of each
compound’s side chain was characterized using a quenched molecular dynam-
ics approach. The QSAR techniques included a modified active analog approach
(MAA), multiple linear regression analyses (MLR), and CoMFA studies. Results
obtained support the hypothesis that for optimum affinity and potency, the side
chain must have conformational freedom that allows its terminus to fold back and
come into proximity with the phenolic ring (Keimowitz et al. 2000). This result fits
very well with those of Razdan and co-workers mentioned above who produced
classical CB antagonists, such as 11, by restricting the conformational freedom of
the side chain (Griffin et al. 1999; Martin et al. 1999; Ross et al. 1998, 1999b; Ryan
et al. 1995; Singer et al. 1998).



Cannabinoid Receptors and Their Ligands: Ligand–Ligand and Ligand–Receptor Modeling Approaches 257

3.2
Ligand–Receptor Studies for Classical/Non-classical CB Binding to CB1

Shim and co-workers recently published a ligand–receptor study in which a molec-
ular docking approach that combined Monte Carlo and molecular dynamics sim-
ulations was used to identify putative binding conformations of non-classical CB
agonists, including AC-bicyclic CP-47,497 and CP-55,940 (2), and ACD-tricyclic
CP-55,244 (Shim et al. 2003). These investigators used an inactive state model of
CB1 for these docking studies based upon the X-ray crystal structure of rhodopsin
(Palczewski et al. 2000). Ligand placement was based upon the assumption of
a critical hydrogen bond between the A-ring OH and the side chain N of Lys192
in transmembrane helix (TMH) 3. Two alternative binding conformations were
considered, with a conformation in which the C-3 side chain pointed inside the re-
ceptor chosen as the binding site conformation for which the ligand could achieve
more interactions. Key hydrogen bonds were identified between both K3.28(192)
and E(258) and the A-ring OH (see 2), and between Q(261) and the C-ring C-12
hydroxypropyl.

3.3
CB2 Selective Classical/Non-classical CBs Break CB1 SAR rules

In recent years, it has become clear that one way to develop CB2-selective com-
pounds is to violate long accepted pharmacophore requirements for binding to CB1

(see consensus pharmacophore list above). In particular, CB2-selective compounds
have emerged through changes in the phenolic hydroxyl region and through short-
ening of the alkyl side chain.

3.3.1
Phenolic Hydroxyl

Huffman was first to show that removal of the phenolic hydroxyl of 11-hydroxy-∆8-
tetrahydrocannabinol-1′, 1′-dimethylheptyl (HU-210, 12) results in a CB2-selective
compound (13) with high affinity for both the CB1 and CB2 receptors (CB1

Ki = 1.2 ± 0.1 nM, CB2 Ki = 0.032 ± 0.019 nM) (Huffman et al. 1996). In addition,
Gareau reported that the conversion of the C-1 phenolic hydroxyl of a classical
CB to a methoxy group (i.e., etherification) also produced a CB2-selective ligand
(Gareau et al. 1996). In both of these studies, analogs possessed a longer side chain
than natural CBs, a 1′, 1′-dimethylheptyl (DMH) side chain at C-3. Huffman and
co-workers also showed that removal of the 11-hydroxy group of deoxy-HU-210
to produce deoxy-∆8-THC-DMH still resulted in a ligand with good CB1 affinity
(CB1 Ki = 23 ± 7 nM) and CB2 selectivity (CB2 Ki = 2.9 ± 1.6 nM) (Huffman et al.
1996). O,2-propano-9β-OH-11-nor-HHC (14), a rigidified C-1 ether, has also been
reported to have good CB1 affinity (Ki = 26 ± 2 nM) and a 4.5-fold CB2 selectivity
(Ki = 5.8 ± 2.9 nM) (Reggio et al. 1997).
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In the non-classical CBs, Melvin has also shown that the phenolic hydroxyl at
C-2′ (see drawing of 2) is not necessary as 2′-deoxy-CP-55,940 (15) possessed a
Ki = 40.2 ± 13.5 nM at the CB1 receptor (Melvin et al. 1993). In this case, however,
although CB1 affinity is retained, the deoxy analog does have an attenuated affinity
relative to that of CP-55,940 (2) whose CB1 Ki = 0.137 ± 0.038 nM. The affinity dif-
ference between 1-deoxy-11-hydroxy-∆8-THC-DMH (13) and 2′-deoxy-CP-55,940
(15) may be due to the greater entropic expense incurred by 15 upon binding, as it
is a more flexible molecule.

Razdan and co-workers (Wiley et al. 2002) recently reported a series of resor-
cinol derivatives that exhibited varying affinities for CB1 and CB2. When the free
phenols at C1 and C3 in this series (with DMH side chains) were etherified, CB2-
selective compounds resulted [e.g., O-1966A (16), CB1 Ki = 5,055 ± 984 nM; CB2

Ki = 23 ± 2.1 nM]. These results are consistent with results reported by Mechoulam
and co-workers (Hanus et al. 1999) for HU-308 (17), which also has etherification
at the same positions as O-1966A and is highly CB2-selective (CB1 Ki>10µM; CB2

Ki = 22.7 ± 3.9 nM).
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3.3.2
Side Chain

In traditional CB SAR, a 1′, 1′-dimethylheptyl C-3 side chain has been a “magic
bullet,” improving the CB1 affinity and efficacy of nearly every molecule to which
it has been attached (Razdan 1986). In a series of papers, Huffman and co-workers
have shown that the CB2 receptor clearly can accommodate shorter alkyl side
chains than can CB1. This group reported that 1-deoxy-3(1′-1′-dimethylbutyl)-
∆8-THC (18) had high CB2 affinity [Ki = 3.4 ± 1.0 nM], but 200-fold lower affin-
ity for CB1 (Ki = 677 ± 132 nM) (Huffman et al. 1998, 1999). 1-deoxy-3(n-butyl)-
∆8-THC (CB1 Ki = 2791 ± 820 nM; CB2 Ki = 53.8 ± 8.0 nM) and 1-deoxy-∆8-THC
(CB1 Ki>10,000 nM; CB2 Ki = 31.6 ± 8.7 nM) were also CB2-selective. 1-deoxy-∆8-
THCs with 1′, 1′-dimethyl-pentyl and hexyl side chains at C-3 bound weakly to
CB1 (Ki = 338 ± 76 nM, Ki = 295 ± 52 nM), but maintained high CB2 affinity (CB2

Ki = 10 ± 2 nM to CB2 Ki = 19 ± 4 nM) with the octyl and nonyl analogs showing
lower affinity (Huffman et al. 1998, 1999).

More recently, this group prepared three series of new CBs: 1-methoxy-3-(1′,1′-
dimethylalkyl)-∆8-tetrahydrocannabinol, 1-deoxy-11-hydroxy-3-(1′,1′-dimethyl-
alkyl)-∆8-tetrahydrocannabinol and 11-hydroxy-1-methoxy-3-(1′,1′-dimethyl-
alkyl)-∆8-tetrahydrocannabinol, which contain alkyl chains from dimethylethyl
to dimethylheptyl appended to C-3 of the CB. All of these compounds had greater
affinity for the CB2 receptor than for the CB1 receptor; however, only 1-methoxy-
3-(1′,1′-dimethylhexyl)-∆8-THC has effectively no affinity for the CB1 receptor
(Ki = 3134 ± 110 nM) and high affinity for CB2 (Ki = 18 ± 2 nM) (Huffman et al.
2002).

4
Endogenous CB Pharmacophores

The arachidonic acid (AA) moiety in anandamide and congeners confers the
molecule with what could be called “dynamic plasticity.” The arachidonic acid acyl
chain contains four homoallylic double bonds (i.e., cis double bonds separated by
methylene carbons). Rabinovich and Ripatti (1991) reported that polyunsaturated
acyl chains in which double bonds are separated by one methylene group are char-
acterized by the highest equilibrium flexibility compared with other unsaturated
acyl chains. Rich (1993) reports that a broad domain of low-energy conformational
freedom exists for these C–C bonds. Results of the Biased Sampling phase from
Conformational Memories calculations of arachidonic acid are consistent with
Rich’s and with Rabinovich and Ripatti’s results (Barnett-Norris et al. 1998), as
they revealed a relatively broad distribution of populated torsional space about the
classic skew angles of 119°(s) and –119°(s′) for the C8-C9-C10-C11 torsion angle
in anandamide, for example (see 4 for numbering system).
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4.1
Endocannabinoid SAR

4.1.1
Acyl Chain SAR

While the fatty acid literature indicates that unsaturated fatty acids that possess
multiple homoallylic double bonds, such as AA, exhibit a high degree of flexibility,
this literature also indicates that saturated fatty acids tend to be significantly less
flexible and adopt primarily extended conformations. Fatty acids with decreas-
ing amounts of unsaturation tend to show a decreasing tendency to form folded
structures, but still tend to curve in acyl chain regions in which unsaturation is
present (Reggio and Traore 2000). A correlation has been drawn between this
acyl chain conformation trend and the SAR of the anandamide (AEA) acyl chain
(Barnett-Norris et al. 2002b). Endocannabinoid SAR indicates that the CB1 recep-
tor recognizes ethanolamides whose fatty acid acyl chains have 20 or 22 carbons,
with at least three homoallylic double bonds and saturation in at least the last
five carbons of the acyl chain (Sheskin et al. 1997). Reggio and co-workers have
suggested that this acyl chain unsaturation SAR requirement is an outgrowth of
the shape of the AEA binding pocket at CB1 which may require tightly folded
conformations, conformations not possible for AEA analogs with less than three
homoallylic double bonds (Barnett-Norris et al. 2002b).

An analogy has been drawn in the literature between the C16–C20 portion
of AEA (see 4) and the C-3 pentyl side chain of the classical CB, ∆9-THC (see
1). Consistent with this hypothesis, replacement of the pentyl tail of AEA with
a dimethylheptyl chain results in enhanced affinity (although not to the same
degree as seen in the classical CBs) (Ryan et al. 1997; Seltzman et al. 1997).

Although initially it seemed that the development of rigid anandamide analogs
that mimic the AA conformations discussed above would help to identify the
receptor-appropriate conformation of AEA, all attempts at rigidifying AEA have
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been met with little success (Berglund et al. 1999, 2000; Pinto et al. 1994) Pinto
and co-workers investigated a series of arachidonyl amides and esters in addi-
tion to a series of “rigid hairpin” conformations typified by N-(2-hydroxyethyl)-
prostaglandin amides to determine the structural requirements for binding to the
CB1 receptor. 2D drawings of anandamide and PGB2-EA (19) make the shapes of
these two compounds look similar. However, all of the rigid prostaglandin analogs
synthesized by Pinto et al. (1994) failed to alter [3H]CP-55,940 binding to CB1 in
concentrations as great as 100 µM. Barnett-Norris and co-workers 1998) reported
conformational memories (CM) results for PGB2-EA (19) which showed an atten-
uated ability for the prostaglandin ethanolamide to adopt extended conformations
or to form U-shaped conformations like AEA and 2-AG. Instead, the CM results
showed that the conjugation of the acyl chain with the ring double bond intro-
duces “stiffness” into this part of the molecule, resulting in a predominantly folded
L-shaped conformation.

4.1.2
Head Group SAR

In order for high-affinity binding to the CB1 receptor to occur and for agonist
binding to activate G proteins, the carbonyl group of the AEA amide head group
must be present (Berglund et al. 1998). Arachidonamide and simple alkyl esters
of arachidonic acid did not show significant CB1 affinity (Pinto et al. 1994). Cy-
clization of the head group into an oxazoline ring diminished affinity (Lin et al.
1998). Arachidonylethers, carbamates, and norarachidonlycarbamates had poor
CB1 affinity (Ng et al. 1999). However, norarachidonyl ureas showed generally good
binding affinities for the CB1 receptor (Ki = 55–746 nM). Some of the weaker affin-
ity analogs in this series produced potent pharmacological activity. These analogs
showed hydrolytic stability toward amidase enzymes as well (Ng et al. 1999).

Methylation at the C-1′ position in the AEA (see 4 for numbering system)
head group resulted in an 1′-R-methyl isomer (R-methanandamide, 20) which had
fourfold higher CB1 affinity than AEA, while the 1′-S-methyl isomer had two-fold
lowerCB1 affinity thanAEA.R-Methanandamide (20) alsowas found tobe resistant
to enzymatic breakdown (Abadji et al. 1994). Methylation at the 2′ position also
produced some stereoselectivity, as the S(+) isomer was found to have twofold to
fivefold higher CB1 affinity than the R(–)-isomer (Abadji et al. 1994; Berglund et al.
1998). Introduction of larger alkyl groups had a detrimental effect on CB1 affinity
(Adams et al. 1995a). A series of C1′-C2 dimethyl anandamide analogs revealed
stereochemical requirements of the CB1 binding pocket, as only the R,R isomer,
(R)-N-(1-methyl-2-hydroxyethyl)-2-(R)-methyl-arachidonamide, had significant
affinity for CB1 (Ki = 7.42 ± 0.86 nM) (Goutopoulos et al. 2001).

Enlargement of the ethanolamine head group by insertion of methylene groups
revealed that the N-propanol analog had slightly higher CB1 affinity than AEA,
while higher homologs had reduced CB1 affinity (Pinto et al. 1994; Sheskin et al.
1997). Alkyl branching of the alcoholic head group led to lower affinity analogs
(Sheskin et al. 1997). N-(Propyl) arachidonylamide possessed higher CB1 affinity
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(Ki = 7.3 nM) than anandamide itself (Ki = 22 nM) (Pinto et al. 1994; Sheskin et al.
1997). Substitution of an N-cyclopropyl group for the ethanolamine head group of
AEA led to a very high CB1-affinity compound (Hillard et al. 1999). These results
suggest that there may exist a hydrophobic sub-site for the AEA head group such
that the hydroxyl of AEA may not be necessary for receptor interaction (Lin et
al. 1998). Replacement of the hydroxyl group of AEA with a halogen such as F or
CI increased CB1 affinity as well (Adams et al. 1995b; Hillard et al. 1999; Lin et
al. 1998). Substitution of the 2-hydroxyethyl group of AEA with a phenolic group,
however, greatly decreased affinity for CB1 (Edgemond et al. 1995, 1998; Khanolkar
et al. 1996; Lang et al. 1999).

Taken together, all of these results suggest that the hydroxyl in the anandamide
head group is not essential for receptor interaction, but that the CB receptor can
accommodate both hydrophobic and hydrophilic head groups, possibly in two
different subsites. The size(s) of the cavity(ies) in which the head group binds,
however, is (are) small as only relatively small variations on the head group permit
the retention of high-affinity binding.

4.2
Ligand–Ligand Studies of Endocannabinoids

CoMFA models for endocannabinoids have been developed using rigid classical
CBs as templates. However, the inherent flexibility of the arachidonic acyl chain of
anandamide has been an obstacle to the identification of an unambiguous overlay
needed for COMFA studies.

Thomas et al. were first to report a CoMFA QSAR pharmacophore model for
anandamide (4) and its analogs (Thomas et al. 1996). These authors used molecular
dynamics studies to explore conformations of 4 that present pharmacophoric
similaritieswith∆9-THC(1).A J-shapedor loopedconformationof 4was identified
that had good molecular volume overlap with 1 when (1) the carboxyamide of 4
was overlaid with the pyran oxygen (O-5) in 1; (2) the head group hydroxyl of 4 was
overlaid with the C-1 phenolic hydroxyl group of 1, (3) the five terminal carbons
of the 4 fatty acid acyl chain were overlaid with the C-3 pentyl side chain of 1; and
(4) the polyolefin loop of 4 was overlaid with the tricyclic ring system of 1. These
authors supported their use of a J-shaped conformation for 4 by citing synthetic
results for the internal epoxidation undergone by peroxyarachidonic acid, which
point to the J shape as necessary for such a reaction (Corey et al. 1979).

Tong and co-workers reported a pharmacophore model for anandamide (4)
using constrained conformational searching and CoMFA (Tong et al. 1998) and
a different alignment between key elements of the pharmacophore. 9-nor-9β-OH-
HHC (21) was used as the template to which 4 and its analogs were fitted. The
training set for the CoMFA model contained 29 classical and non-classical CBs.
The conformation identified for 4 was a helical conformation in which (1) the
oxygen of the carboxyamide overlaid the C-1 phenolic hydroxyl group of 21; (2)
the head group hydroxyl overlaid the C-9 hydroxyl of 21; (3) the alkyl tail of 4
overlaid the C-3 alkyl side chain of 21, and (4) the polyolefin loop overlaid the
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tricyclic ring structure of 21. These authors supported their use of a helix-shaped 4
by citing a recent X-ray crystallographic structure that shows that arachidonic acid
adopts a helical conformation when it is a substrate for cyclooxygenase (Stegeman
et al. 1998).

4.2.1
Tests of CoMFA Models

Howlett andco-workers (Berglundet al. 2000)used theTongpharmacophore (Tong
et al. 1998) to design a series of monocyclic and bicyclic alkyl amides. The bend
in the U-shaped conformation of AEA was approximated with incorporation of
a phenyl or naphthyl ring, and the importance of a flat ring was tested by incorpo-
ration of a cyclohexyl ring. Aspects of the Tong pharmacophore that were reported
to be important (i.e., the alkyl tail and carbonyl of the amide) were included or
excluded in the series. Highest affinity was associated with phenyl analogs, and
among these analogs, meta substitution on the phenyl ring yielded the highest
affinity compounds, presumably because it places the amide group and the alkyl
side chain at the best distance. Using the pharmacophoric elements proposed to
be important in the Tong model, the investigators calculated the distances between
the pharmacophoric elements [carbocyclic ring (ring C)-hydroxyl, phenolic hy-
droxyl and C-3 alkyl side chain] of a series of high-affinity, moderate-affinity and
low-affinity analogs relative to these distances in the high-affinity non-classical
CB, CP-55,244. However, the authors found it difficult to establish a clear relation-
ship between relative binding affinities and their corresponding pharmacophoric
distances due to the high flexibility of the compounds.

Van der Steldt and co-workers (van der Stelt et al. 2002) evaluated a series of
anandamide and 2-AG lipoxygenase products for their CB1 and CB2 affinities, as
well as their ability to inhibit AEA hydrolysis at the FAAH enzyme and to in-
hibit AEA transport. Several of these have previously been reported by Hillard
and co-workers (Edgemond et al. 1998). Conformational analysis was performed
using nuclear magnetic resonance (NMR) solution studies, as well as molecular
dynamics calculations. Conformational analysis results for the hydroxylated AEAs
were probed for consistency of placement of the key pharmacophoric elements
identified by Tong and co-workers (Tong et al. 1998) vs a CP-55,940 template. How-
ever, the overlapping regions of CP-55,940 and the hydroxylated-AEA series did
not reveal great differences between analogs with high or low CB1 affinities. Taken
together, the Howlett (Berglund et al. 2000) and van der Stelt et al. (2002) studies
illustrate the limited utility of a CoMFA pharmacophore model based on structural
superpositions of AEA analogs with a classical CB template (Tong et al. 1998).

4.3
Ligand–Receptor Modeling Studies of Endocannabinoid Binding

Endocannabinoid SAR indicates that the CB1 receptor recognizes ethanolamides
whose fatty acid acyl chains have 20 or 22 carbons, with at least three homoallylic
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double bonds and saturation in at least the last five carbons of the acyl chain (Reg-
gio and Traore 2000). Endocannabinoid SAR also indicates that the CB1 receptor
does not tolerate large endocannabinoid head groups; however, it does recognize
both polar and non-polar moieties in the head group region (Reggio and Traore
2000). Reggio and co-workers (Barnett-Norris et al. 1998, 2002b) have taken a dif-
ferent approach to the development of an endocannabinoid pharmacophore by
focusing on sets of AEA analogs with variation in one region of the molecule at
a time and by using the conformational memories (CM) method. CM is a Monte
Carlo/simulated annealing based approach (Guarnieri and Weinstein 1996) that
generates 100 low free energy structures of each compound at 310 K. In adopting
this approach, all possible endocannabinoid conformations can be considered,
rather than considering a smaller region of conformational space as is necessitated
by working hypotheses of required overlap of key regions with a rigid template
(see the CoMFA studies discussed above) (Thomas et al. 1996; Tong et al. 1998).

In order to probe the molecular basis for these acyl chain requirements, Barnett-
Norris and co-workers used the CM method to study the conformations avail-
able to an n-6 series of ethanolamide fatty acid acyl chain congeners, 22:4,n-6
(Ki = 34.4 ± 3.2 nM), 20:4,n-6 (Ki = 39.2 ± 5.7 nM), 20:3,n-6 (Ki = 53.4 ± 5.5 nM);
and 20:2,n-6 (Ki>1500 nM) (Sheskin et al. 1997). CM studies indicated that each
analog could form both U/J-shaped (Cls 1) and extended (Cls 2) families of con-
formers. However, for the low-affinity 20:2,n-6 ethanolamide, the higher populated
family was the extended conformer family, while for the other analogs in the se-
ries, the U/J-shaped family had the higher population. In addition, the 20:2,n-6
ethanolamide U-shaped family was not as tightly curved as were those of the other
analogs studied. In order to quantitate this variation in curvature, the radius of
curvature (in the C-3 to C-17 region) of each member of each U/J-shaped family
was measured. The average radii of curvature (with their 95% confidence inter-
vals) were found to be 5.8 Å (5.3–6.2) for 20:2,n-6; 4.4 Å (4.1–4.7) for 20:3,n-6;
4.0 Å (3.7–4.2) for 20:4,n-6; and 4.0 Å (3.6–4.5) for 22:4,n-6. These results suggest
that higher CB1 affinity is associated with endocannabinoids that can form tightly
curved structures.

In order to identify a head group orientation that results in high CB1 affinity,
Barnett-Norris and co-workers studied a series of dimethyl anandamide analogs
(R)-N-(1-methyl-2-hydroxyethyl)-2-(R)-methyl-arachidonamide (Ki = 7.42 ±
0.86 nM; 22), (R)-N-(1-methyl-2-hydroxyethyl)-2-(S)-methyl-arachidonamide
(Ki = 185 ± 12 nM), (S)-N-(1-methyl-2-hydroxyethyl)-2-(S)-methyl-arachidon-
amide (Ki = 389 ± 72 nM), and (S)-N-(1-methyl-2-hydroxyethyl)-2-(R)-methyl-
arachidonamide (Ki = 233 ± 69 nM) (Goutopoulos et al. 2001) using CM and com-
puter receptor docking studies in an active state (R*) model of CB1 (Barnett-
Norris et al. 2002b). These studies suggested that the high CB1 affinity of the R,R
stereoisomer (22) is due to the ability of the head group to form an intramolecular
hydrogen bond between the carboxamide oxygen and the head group hydroxyl
that orients the C2 and C1′ methyl groups to have hydrophobic interactions with
valine 3.32(196), while the carboxamide oxygen forms a hydrogen bond with ly-
sine 3.28(192) at CB1. In this position in the CB1 binding pocket, F2.57(170) and
F3.25(189) have C-Hπ interactions with the C5–C6 and C11–C12 acyl chain double



Cannabinoid Receptors and Their Ligands: Ligand–Ligand and Ligand–Receptor Modeling Approaches 265

bonds, respectively. This binding site is supported by: NMR solution studies of AEA
thathave shown thepersistenceof this sameAEAheadgroup intramolecularhydro-
gen bond (Bonechi et al. 2001); CB1 K3.28A mutation studies that show that K3.28
is critical for the binding of AEA at CB1 (Song and Bonner 1996); and recent CB1

F3.25A mutation studies that suggest that F3.25 is an interaction site for AEA at CB1

(McAllister et al. 2003). Taken together, these studies suggest that anandamide and
its congeners must adopt tightly curved U/J-shaped conformations at CB1, and sug-
gest that the TMH 2–3–6–7 region is the endocannabinoid-binding region at CB1.

Finally, it is important to mention that the binding site model proposed by
Reggio and co-workers (Barnett-Norris et al. 2002b) does not address one last
aspect of endocannabinoid acyl chain SAR, the requirement for an acyl chain of
20–22 carbons. These investigators have hypothesized that this length require-
ment originates not from the requirements of the final binding site itself, but
from requirements for endocannabinoid entry into the binding pocket from lipid.
Recently, this group showed that alkyl tail interaction with V6.43(351)/I6.46(354)
(which form a groove on CB1 TMH 6 into which an alkyl tail can fit) results in
the induction of an active state conformation for TMH 6 (Barnett-Norris et al.
2002a). Simulations of TMH 6/endocannabinoid interaction in a lipid environ-
ment are currently underway in this laboratory to test the hypothesis that only
endocannabinoids with 20 to 22 carbon acyl chains (with at least 3 homoallylic
double bonds and at least 5 saturated carbons at their ends) extend to the proper
depth in the lipid membrane to access the V6.43/I6.46 groove.

5
Aminoalkylindole Pharmacophores

Of all CB agonists, the aminoalkylindoles (AAIs) are the most structurally dissim-
ilar to the classical CBs. This class of compounds also has been found to differ
significantly in the set of amino acids important for its binding as revealed by
mutation studies (Chin et al. 1998; McAllister et al. 2003; Song and Bonner 1996).
It is no wonder, then, that attempts to construct pharmacophores that include
WIN55,212-2 in structural superpositions with classical CB agonists have led to
the greatest ambiguity.

Adding another layer of complexity to the use of structural superpositions is the
fact that the AAIs, as typified by WIN55,212-2 are not rigid compounds, but can
adopt several low-energy conformations. AM1 conformational analysis revealed
two general classes of accessible conformers at biological temperature, s-cis and
s-trans conformations (see drawings 23 and 24) for a 2D representation of these
conformers (Reggio et al. 1998). This leads to the question: What is the bioactive
conformation of the AAIs at CB receptors? It is clear in 23 and 24 that the s-cis vs the
s-trans conformations of WIN55,212-2 place their naphthyl rings in very different
regions of space and that these conformers will differ in surface area accessible for
intermolecular interactions. As will become more evident in the discussion which
follows, the existence of both s-cis and s-trans conformers of WIN55,212-2 also
permits more than one superposition upon a classical CB template.
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One way to resolve the ambiguity concerning the bioactive conformation of
the AAIs is by the development of rigid AAI analogs. The Z,E-naphthylidene
indene AAI analogs (25, 26) synthesized as a mixture by Kumar are rigidified
compounds that lack the carbonyl oxygen of the AAIs, but still exhibit high CB1

affinity (Kumar et al. 1995). Reggio and co-workers extended the work of Kumar by
synthesizing each naphthylidene indene geometric isomer. AM1 conformational
analysis revealed that the indene E-isomer (26) mimics the s-trans conformation
of WIN55,212-2, while the Z isomer (25) mimics the s-cis conformation (Reggio et
al. 1998). CB1/CB2 binding assays revealed that the E-naphthylidene indene (26)
has significantly higher CB1 and CB2 affinity (R = H CB1 Ki = 2.72 ± 0.22 nM, CB2

Ki = 2.72 ± 0.32 nM; R = Me CB1 Ki = 2.89 ± 0.41 nM, CB2 Ki = 2.05 ± 0.22 nM) than
the corresponding Z isomer (25) (R = H CB1 Ki = 148 ± 29 nM, CB2 Ki = 132.0 ±
45.6 nM; R = Me CB1 Ki = 1945 ± 94 nM, CB2 Ki = 658 ± 206 nM) (Reggio et al.
1998). These results point to the s-trans AAI conformer (corresponds to the E-
indene) as the AAI bioactive conformation at the CB1 and CB2 receptors. Detailed
below are pharmacophores that have been developed for the AAIs.

5.1
Ligand–Ligand Studies of the Aminoalkylindoles and Related Compounds

Eissenstat and co-workers were first to develop a pharmacophore for AAI binding
atCB1.These investigatorspresented twopharmacophoricmodelsdevelopedusing
mouse vas deferens (MVD) data (Eissenstat et al. 1995). The first model was an
independent pharmacophore with three key structural features (see compound 3
for numbering system): (1) the nitrogen atom in the amino alkyl side chain; (2)
the C-3-aroyl ring, represented by a dummy atom placed at its centroid; and (3)
a heterocyclic nucleus represented by a dummy atom placed at the end of a 3-Å
normal passing through its centroid. No AAI agonists were identified that did not
conform to these pharmacophoric requirements; but not every molecule that fit
the pharmacophore was active in the MVD assay. A second approach taken by
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Eissenstat et al. involved the potential commonality between AAIs and classical
CBs (Eissenstat et al. 1995). The amine of the AAIs was considered to mimic the
C-1 phenolic hydroxyl of classical CBs—both engaging in a hydrogen bond with
the receptor. Furthermore, these investigators proposed that the amine of the AAIs
is similar to the amide functionality of anandamide. They also equated the AAI
indole ring with the dibenzopyran ring of classical CBs and the naphthyl ring of
the AAIs with the C-3 alkyl side chain of classical CBs.

Shim et al. (1998) reported two CoMFA models for AAI interaction at the
CB1 receptor based on pKi values measured using radioligand binding assays for
[3H]CP-55,940 and [3H]WIN55,212-2. Both models exhibited a strong correla-
tion between the calculated steric-electrostatic fields and the observed biological
activity for the respective training set compounds. CoMFA models with AAIs
protonated at the morpholino nitrogen were also developed. Comparison of the
statistical parameters resulting from these CoMFA models, however, failed to pro-
vide unequivocal evidence as to whether the AAIs are protonated or neutral as
receptor-bound species. When experimental pKi values for the training set com-
pounds to displace [3H]WIN55,212-2 were plotted against pKi values predicted for
the same compounds to displace [3H]CP-55,940, the correlation was moderately
strong (R2 = 0.73). These authors found that the variation in binding affinity among
AAIs was dominated by steric interactions at the receptor site. For CoMFA model 2,
the presence of a lipophilic aroyl group promoted increased binding inside a pre-
sumed large hydrophobic pocket within the receptor cavity. A sterically forbidden
region surrounded C2′ and C3′ of the naphthyl moiety. A region of enhanced bind-
ing was found surrounding the C4′ of the naphthyl moiety in 4′-substituted AAIs.
Although these CoMFA models were developed using only AAIs, these investiga-
tors propose that the CB1 receptor binding sites of the classical CBs and AAIs may
partly overlap and that the two distinct classes of compounds share some common
structural features to allow association with the CB1 receptor (Shim et al. 1998).

Xie and co-workers used a combination of NMR solution studies and molec-
ular modeling to study WIN55,212-2 (3; see numbering system). Their results
suggest that the minimum energy conformations of the WIN55,212-2 have dis-
tinct pharmacophoric features: (1) the naphthyl ring is oriented off the plane of
the benzoxazine ring by approximately 59 degrees with the carbonyl C = O group
pointing toward the C-2 methyl group, and (2) at the C10-position, the axial mor-
pholinomethyl conformation is preferred over the equatorial in order to relieve
a steric interaction with the C-2 methyl group. The preferred conformer as de-
fined by the three key pharmacophores, naphthyl, morpholino, and 3-keto groups,
shows that the morpholinyl ring of the molecule WIN55,212-2 deviates from the
plane of the benzoxazine ring by about 32 degrees and orients in the left molecular
quadrant. This model supports the hypothesis that a certain deviation of the mor-
pholino group from the plane of the indole ring in WIN55,212-2 is essential for
cannabimimetic activity. These authors have postulated that such an alignment by
the respective pharmacophores allows them to interact optimally with the receptor
(Xie et al. 1999).

Dutta and co-workers (1997) reported results for 4-alkyloxy indole AAI deriva-
tives. These investigators aligned the naphthoyl group of WIN55,212-2 (3) with the
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C-3 side chain of ∆9-THC (1) and the morpholino group of 3 with the carbocyclic
ring system of 1. A similar alignment was suggested by Xie et al. (1995) and by Eis-
senstat and co-workers (1995; see above). The C-2 methyl group of 3 was aligned
with the phenolic hydroxyl of 1. Because of the conformational flexibility of 3,
these investigators studied the conformational energy of 3 as a function of vol-
ume difference with 1. No specific AAI conformation that could be superimposed
with 1 was found to be preferable. Because no specific AAI conformation could be
identified as best to overlay with 1, these investigators proposed that a unique AAI
pharmacophore may need to be developed. In addition, Dutta et al. proposed that
the keto group of the AAIs may be important for interaction with the CB1 receptor
(Dutta et al. 1997).

In their initial studies of the AAIs, Huffman and co-workers aligned the carbonyl
oxygen of WIN55,212-2 with the phenolic hydroxyl of ∆9-THC (1); the naphthyl
moiety, with the cyclohexyl and pyran ring of 1; and the indole nitrogen and the
substituent extending from it with C-3 and its alkyl tail in 1 (Huffman et al. 1994).
Huffman demonstrated that elimination of the AAI naphthyl substituent led to
inactive compounds that failed to bind to the CB1 receptor (Huffman et al. 1994).
Huffman also showed that the morpholino ring can be replaced by an alkyl side
chain and retain good CB1 affinity (Huffman et al. 1994).

On the basis of this initial classical CB/AAI alignment, Huffman and co-workers
have synthesized a series of indole- and pyrrole-derived CBs in which the mor-
pholinoethyl group was replaced with another cyclic structure or with a carbon
chain that more directly corresponded to the side chain of ∆9-THC (1). Receptor
affinity and potency of these novel CBs were related to the length of the carbon
chain. Short side chains resulted in inactive compounds, whereas chains with four
to six carbons produced optimal in vitro and in vivo activity. Pyrrole-derived CBs
were consistently less potent than were the corresponding indole derivatives. These
results suggest that, whereas the site of the morpholinoethyl group in these CBs
seems crucial for attachment to CB1 receptors, the exact structural constraints on
this part of the molecule are not as strict as previously thought (Wiley et al. 1998).
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Most recently, Huffman synthesized a series of 1-pentyl-1H-indol-3-yl-(1-naph-
thyl)methanes and 2-methyl-1-pentyl-1H-indol-3-yl-(1-naphthyl)methanes to in-
vestigate the hypothesis that cannabimimetic 3-(1-naphthoyl)indoles interact with
the CB1 receptor by hydrogen bonding to the carbonyl group. Indoles (27) for
which R1 = H and R2 = H, CH3, or OCH3 were to found have significant (CB1

Ki = 17–23 nM) receptor affinity, somewhat less than that of the corresponding
naphthoylindoles (28; R1 = H, R2 = H, CH3, or OCH3). A cannabimimetic E-indene
hydrocarbon (29), which lacks any hydrogen bonding capability, was synthesized
and found to have a CB1 Ki = 26 ± 4 nM. These results suggest that hydrogen
bonding of the AAI carbonyl to CB1 is not crucial for binding.

5.2
Ligand–Receptor Studies of Aminoalkylindole Binding

Reggio and co-workers constructed a pharmacophore for AAI binding at CB1/CB2

based on their earlier experimental work that suggested that the s-trans confor-
mation of WIN55,212-2 was its bioactive conformation (Reggio et al. 1998). Their
work suggested that aromatic stacking was the primary interaction for AAIs at CB1

and that the aromatic residue-rich TMH 3–4–5–6 region in CB1 and CB2 constitutes
the binding pocket for AAIs at the CB receptors (Song et al. 1999). These investi-
gators used their CB1 and CB2 receptor models to identify F5.46 in CB2 (a residue
that is aromatic only in CB2) as the residue responsible for the higher affinity of
WIN55,212-2 for CB2. This prediction was confirmed by mutation studies (Song et
al. 1999).

Support for the TMH 3–4–5–6 region as the AAI binding region has come from
Shire and colleagues’ mutation/chimera studies of the CB receptors that suggest
that the TMH 4-E-2 loop–TMH 5 region of the CB receptors contains residues
important to the binding of the AAI, WIN55,212-2 (Shire et al. 1999). Subsequent
modeling studies in the Reggio lab of the CB1 R* (active state) identified direct
stacking interactions between WIN55,212-2 and F3.36, W5.43 and W6.48, with
W4.64 and Y5.39 forming part of the extended ligand–CB1 aromatic cluster. Results
of CB1 F3.36A, W5.43A, and W6.48A mutation studies were consistent with this
binding site model (McAllister et al. 2003). A recent modeling study reported by
Salo and co-workers identified aromatic stacking interactions of WIN55,212-2 with
F3.36, Y5.39, and W5.43 (Salo et al. 2004).

Molecular modeling and receptor docking studies of naphthoylindole (28;
R1 = H, R2 = OCH3) and its 2-methyl congener (28; R1 = CH3, R2 =
OCH3) vs indolyl-1-naphthylmethanes (27; R1 = H, R2 = OCH3) and (27; R1 = CH3,
R2 = OCH3), combined with the receptor affinities of these cannabimimetic in-
doles, strongly suggested that these CB receptor ligands bind primarily by aromatic
stacking interactions in the TMH 3–4–5–6 region of the CB1 receptor (Huffman et
al. 2003).

In summary, there is a great divergence between pharmacophores established
for AAI binding at CB1. This divergence can be attributed to the use of different
conformations of WIN55,212-2 in superpositions with classical or non-classical
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CB templates and the identification of different AAI functional groups as key for
interaction at CB1. Importance in some pharmacophores has been placed on the
morpholino nitrogen or the carbonyl oxygen. The fact that the morpholino ring
can be replaced by an alkyl chain with no loss in CB1 affinity (Huffman et al. 1994)
and that the carbonyl group can be replaced with a non-hydrogen bonding isostere
(i.e., the indenes) with little loss in CB1 affinity (Huffman et al. 2003; Reggio et
al. 1998) argues against the morpholino nitrogen or carbonyl oxygen serving as
key interaction sites at CB1. Instead, it appears that the aromatic rings are key to
the receptor interactions of the AAIs at CB1 (McAllister et al. 2003). Compound 29
(Ki = 26 ± 4 nM) (Huffman et al. 2003) is a good example of this.

6
SR141716A Pharmacophores

SR141716A (7) has been shown to act as a competitive antagonist and inverse
agonist inhost cells transfectedwithexogenousCB1 receptor, aswell as inbiological
preparations endogenously expressing CB1 (Bouaboula et al. 1997; Meschler et al.
2000; Pan et al. 1998). In some experiments, SR141716A has been found to be more
potent in blocking the actions of CB1 agonists than in eliciting inverse responses
by itself (Sim-Selley et al. 2001).

6.1
Ligand–Ligand Studies of SR141716A

Thomas and co-workers (Thomas et al. 1998) developed an SAR for SR141716A
(6) using a set of seven halogenated SR141716A analogs. They concluded that
this SR141716A SAR was consistent with a pharmacophoric alignment in which
the mono-chloro ring of 7 is overlaid with the C-3 alkyl side chain of ∆9-THC
(1); the pyrazole nitrogen of 7 is overlaid with the C-1 phenolic hydroxyl of 1;
and, the carbonyl oxygen of 7 is overlaid with the pyran oxygen (O-5) of 1. In
this superposition, the dichloro ring of SR141716A represents a region unique to
SR141716A. This region was hypothesized to be the antagonist-conferring moiety
of SR141716A.

More recently, Thomas and co-workers reported an SAR study of the amino-
piperidine region (C-3 substituent) of SR141716 (Francisco et al. 2002). Structural
modifications made in this study include the substitution of alkyl hydrazines,
amines, and hydroxyalkylamines of varying lengths for the aminopiperidinyl moi-
ety. In general, it was found that increasing the length and bulk of the C-3 sub-
stituent was associated with increased receptor affinity and efficacy (as measured
in a guanosine 5′-triphosphate-γ-[35S] assay). However, in most instances, receptor
affinity and efficacy increases were no longer observed after a certain chain length
was reached. A quantitative SAR study was carried out to characterize the pharma-
cophoric requirements of the aminopiperidine region. This model indicated that
ligands that exceed 3 Å in length would have reduced potency and affinity with
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respect to SR141716A and that substituents with a positive charge density in the
aminopiperidine region would be predicted to possess increased pharmacological
activity (Francisco et al. 2002).

Makriyannis and co-workers designed and synthesized a series of pyrazole
derivatives to aid in the characterization of the CB receptor binding sites and also
to serve as potentially useful pharmacological probes. Structural requirements for
potent and selective brain cannabinoid CB1 receptor antagonistic activity included
(1) a para-substituted phenyl ring at the 5-position, (2) a carboxamido group at
the 3-position, and (3) a 2,4-dichlorophenyl substituent at the 1-position of the
pyrazole ring (Lan et al. 1999).

Razdanandco-workers synthesizedandevaluatedaseriesofSR141716Aanalogs
that retained the central pyrazole structure of SR141716A with replacement of
the 1-, 3-, 4-, and/or 5-substituents by alkyl side chains or other substituents
known to impart potent agonist activity in traditional tricyclic CB compounds
(Wiley et al. 2001). Although none of the analogs alone produced the profile of
cannabimimetic effects seen with full agonists, several of the 3-substituent analogs
with higher binding affinities showed partial agonism for one or more measures.
Cannabimimetic activity was most noted when the 3-substituent of SR141716A was
replaced with an alkyl amide or ketone group. None of the 3-substituted analogs
produced antagonist effects when tested in combination with 3 mg/kg ∆9-THC
(1). In contrast, antagonism of ∆9-THC’s effects without accompanying agonist
or partial agonist effects was observed with substitutions at positions 1, 4, and 5.
These results suggest that the structural properties of 1- and 5-substituents are
primarily responsible for the antagonist activity of SR141716A.

Shim and co-workers used the semi-empirical AM1 method to perform a con-
formational analysis of SR141716A in its unprotonated and protonated forms.
Results from conformational analyses, superimposition models, and 3D-QSAR
models suggested that the N1 aromatic ring moiety of SR141716A dominates the
steric binding interaction with the receptor in much the same way as does the C3
alkyl side chain of CB agonists and the C-3 aroyl ring of the AAI agonists. Several
of the conformers considered in this study were found to possess the proper spatial
orientation and distinct electrostatic character to bind to the CB1 receptor. The
authors proposed that the unique region in space occupied by the C-5 aromatic
ring of SR141716A might contribute to conferring antagonist activity and that
the pyrazole C-3 substituent of SR141716A might contribute to conferring either
neutral antagonist or inverse agonist activity, depending upon the interaction with
the receptor (Shim et al. 2002).

Lambert and co-workers synthesized a set of 3-alkyl 5-arylimidazolidinediones
(hydantoins) with affinity for the human cannabinoid CB1 receptor (Kanyonyo et
al. 1999; Ooms et al. 2002). At least three of these compounds were found to act as
neutral antagonists. Using a set of selected compounds, experimental lipophilicity
wasmeasuredby reversed-phasehigh-pressure liquid chromatography (RP-HPLC)
and calculated by a fragmental method (CLOGP) and a conformation-dependent
method (CLIP) based on the molecular lipophilicity potential. The CB agonist
9β-OH-HHC (21) was used as a template to which both polar and non-polar
hydantoins were fit. For the polar hydantoins, optimal alignment with 21 was
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achieved by matching the oxygen atom of the morpholino ring or hydroxy moiety
with the northern aliphatic hydroxyl (NAH) of 21, the oxygen atom of the carboxyl
amide with the phenolic hydroxyl oxygen of 21, and the pro-R phenyl ring with the
side chain of 21. For the non-polar hydantoins, two pairs of atoms were used for
alignment with 21: the hydantoin carbonyl oxygens and the oxygen atoms in the
carbocyclic and aromatic rings of 21. No discussion of the basis for the antagonist
properties of these ligands was offered (Ooms et al. 2002).

6.2
Ligand–Receptor Models for SR141716A Binding

Reggio and co-workers recently used a combination of synthesis, mutation, elec-
trophysiology, and modeling to identify a binding site for SR141716A at CB1 (Hurst
et al. 2002). A mutant thermodynamic cycle was used to show that K3.28 is a direct
interaction site for SR141716A in the inactive state of CB1. Modeling studies of the
CB1 inactive R state indicated that aromatic stacking interactions were also crucial
for SR141716A binding. Direct stacking interactions were identified with F3.36,
Y5.39, and W5.43, while W4.64 and W6.48 were part of the larger ligand/aromatic
cluster. CB1 F3.36A, W5.43A, and W6.48A mutation study results were found to be
consistent with this binding site model (McAllister et al. 2003). Furthermore, these
modeling studies suggested that at the SR141716A binding site, the interaction
between the dichlorophenyl ring and F3.36, which in turn interacts with W6.48,
helps to maintain the receptor in its inactive state.

A recent modeling study of CB1 reported by Salo and co-workers identified
aromatic stacking interactions for SR141716A in the same aromatic cluster region
of CB1, with direct aromatic stacking interactions identified between SR141716A
and Y5.39 and W5.43 (Salo et al. 2004).

6.3
SAR of Other Recently Synthesized CB1 Antagonists

Mussinu and co-workers (2003) recently reported a new series of rigid 1-aryl-
1,4-dihydroindeno[1,2-c]pyrazole-3-carboxamides that are conformationally re-
stricted analogs of SR141716A. These investigators found that conformational
restriction resulted in markedly improved CB2 affinity and selectivity. These com-
pounds were not screened for agonism/antagonism.

Stoit and colleagues reported that benzocycloheptapyrazoles constitute a class
of very potent CB1 receptor antagonists in vitro (Stoit et al. 2002), while Mignani
and co-workers have reported that diarylmethyleneazetidine compounds also act
as CB1 antagonists (Mignani et al. 2000). Ruiu and colleagues recently reported
that the antagonist NESS0327 (N-piperidinyl-[8-chloro-1-(2,4-dichlorophenyl)-
1,4,5,6 tetrahydrobenzo[6,7]cyclo-hepta [1,2-c]pyrazole-3-carboxamide] is more
then 60,000-fold selective for CB1 (Ruiu et al. 2003). Lange and co-workers re-
ported a series of novel 3,4-diarylpyrazolines which elicited potent in vitro CB1
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antagonistic activities and in general exhibited high CB1 vs CB2 receptor subtype
selectivities (Lange et al. 2004). The binding affinities of these new compounds
were rationalized using the binding site model proposed by Hurst and co-workers
(2002)

7
Conclusions

This chapter clearly shows that there has been great growth in our knowledge of
the CB receptors and their ligands in the past decade. Pharmacophores have been
developed for the CB1 antagonist SR141716A and for every structural class of CB1

agonist. Attempts at creating a unified pharmacophore for all CB1 ligands have not
met with success. This is likely because CB1 ligands do not share a single binding
site. CB2-selective ligand development has been one of the major advances in the
CB field in the past decade, and information about GPCR structure combined with
mutation studies has permitted refinement of CB1 and CB2 receptor models.

Many future challenges for SAR and pharmacophore development still exist. No
pharmacophores have yet been developed for agonist or antagonist recognition
at CB2. Another major frontier in modeling studies of CB receptors will be the
elucidation of how the CB receptors are activated by agonists and how they are
inactivated by inverse agonists. Methodologically, this will be a challenge because
the timescale over which activation takes place [milliseconds for receptors with
diffusible ligands (Ghanouni et al. 2001b)] is orders of magnitude longer than the
timescales currently accessible computationally ( nanoseconds). In addition, there
is growing evidence that there may be more than one activated state for a GPCR,
with the activated conformational state dependent on the agonist that induced it
(Ghanouni et al. 2001a). This is very likely the situation in the CB field as well
(Glass and Northup 1999) and could present us with the opportunity ultimately
to develop highly selective CB ligands that couple through a specific G protein
subtype.
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Abstract The endocannabinoid signalling system in mammals comprises several
molecular components, including cannabinoid receptors (e.g. CB1, CB2), putative
endogenous ligands for these receptors [e.g. anandamide, 2-arachidonoylglycerol
(2-AG)] and enzymes involved in the biosynthesis and inactivation of anandamide
(e.g. NAPE-PLD, FAAH) and 2-AG (e.g. DAG lipase, MGL). In this review we
examine the occurrence of these molecules in non-mammalian organisms (in
particular, animals and plants) by surveying published data and by basic local
alignment search tool (BLAST) analysis of the GenBank database and of genomic
sequence data from several vertebrate and invertebrate species. We conclude that
the ability of cells to synthesise molecules that are categorised as “endocannabi-
noids” in mammals is an evolutionarily ancient phenomenon that may date back
to the unicellular common ancestor of animals and plants. However, exploitation
of these molecules for intercellular signalling may have occurred independently in
different lineages during the evolution of the eukaryotes. The CB1- and CB2-type
receptors that mediate effects of endocannabinoids in mammals occur through-
out the vertebrates, and an orthologue of vertebrate cannabinoid receptors was
recently identified in the deuterostomian invertebrate Ciona intestinalis (CiCBR).
However, orthologues of the vertebrate cannabinoid receptors are not found in
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protostomian invertebrates (e.g. Drosophila, Caenorhabditis elegans). Therefore,
it is likely that a CB1/CB2-type cannabinoid receptor originated in a deuterosto-
mian invertebrate. This phylogenetic information provides a basis for exploitation
of selected non-mammalian organisms as model systems for research on endo-
cannabinoid signalling.

Keywords Cannabinoid · Anandamide · 2-Arachidonoylglycerol · Deuterostome
· Protostome

1
Introduction

Cannabinoid receptors are activated by ∆9-tetrahydrocannabinol, the main psy-
choactive constituent of the drug cannabis (Howlett et al. 2002). Two G protein-
coupledcannabinoid receptorshavebeen identified inhumansandothermammals
and are known as CB1 and CB2 (Matsuda et al. 1990; Munro et al. 1993). CB1 is ex-
pressed by neurons and mediates effects of cannabis on the central nervous system
(CNS) whereas CB2 is associated with cells in the immune system. Following the
discovery of CB1 and CB2, putative endogenous ligands for these receptors were
isolated from mammalian tissues and identified as derivatives of arachidonic acid.
The first “endocannabinoid” to be characterised was arachidonoylethanolamide
(“anandamide”; Devane et al. 1992) followed by 2-arachidonoylglycerol (2-AG;
Mechoulam et al. 1995; Sugiura et al. 1995). With these discoveries the concept
of an endocannabinoid signalling system in mammals has emerged. Moreover,
the physiological roles of the endocannabinoid signalling system in mammals are
beginning to be elucidated. Recently it was established that endocannabinoids
and the CB1 receptor mediate retrograde signalling at synapses in the brain (Wil-
son and Nicoll 2002; Kreitzer and Regehr 2002), confirming a hypothesis first
put forward by Egertová et al. (1998) and elaborated on by Elphick and Egertová
(2001).

The purpose of this article is not to review research on endocannabinoid sig-
nalling in mammals, as this topic is covered in detail in other chapters of this
volume and in other recent reviews (Freund et al. 2003; Piomelli 2003). The aim
here is to examine the phylogenetic distribution and evolutionary origins of the
molecular components that are recognised as constituents of the endocannabinoid
signalling system in mammals. This is not the first article to discuss the evolution
of endocannabinoid signalling; several reviews on comparative aspects of cannabi-
noid biology have been published in recent years, including: Salzet et al. (2000),
Elphick and Egertová (2001), Salzet and Stefano (2002) and McPartland and Pruitt
(2002). What then justifies writing another? First, important discoveries have been
made since the last review appeared. Second, there are conflicting views on in-
terpretation of some published data. For this review we will largely restrict our
analysis to eukaryotes and in particular animals and plants, although in doing so
we do not presume that some elements of the endocannabinoid signalling system
in mammals might not have their origins in more ancient prokaryotic organisms.
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To investigate the phylogenetic distribution of proteins that could mediate the
biosynthesis, inactivation and physiological effects of endocannabinoids in non-
mammalian organisms, in addition to surveying published papers, we have em-
ployed the basic local alignment search tool (BLAST; Altschul et al. 1990) to anal-
yse the GenBank database and databases specifically associated with genome se-
quencing projects, using mammalian endocannabinoid-related proteins as search
sequences. The primary focus for these searches were several non-mammalian an-
imal species where complete or near complete genome sequence data are available.
These include the vertebrate species Fugu rubripes (puffer fish; Aparicio et al.
2002), Danio rerio (zebrafish), Xenopus laevis (African clawed toad) and Gallus
gallus (chicken), and the invertebrate species Caenorhabditis elegans (nematode
worm; The C. elegans sequencing consortium 1998), Drosophila elegans (fruit fly;
Adams et al. 2000), and Ciona intestinalis (sea-squirt; Dehal et al. 2002).

Interpretation of the significance of results obtained from BLAST analysis of
genome sequence data from different species requires knowledge of animal phy-
logeny, and therefore a brief introduction is necessary here. Comparative analysis
of extant animals based on both morphological and molecular data indicates that
the animal kingdom comprises two main clades: (1) the deuterostomes, which
include vertebrates, cephalochordates, urochordates (e.g. Ciona), hemichordates
and echinoderms and (2) the protostomes, which are further sub-divided into two
assemblages: (a) the ecdysozoa, which include nematodes (e.g. C. elegans) and
arthropods (e.g. Drosophila) and (b) the lophotrochozoa, which include molluscs
and annelids. Basal to the deuterostomes and protostomes are the cnidarians (e.g.
Hydra ), which are the most primitive animals with nervous systems (Adoutte et
al. 2000).

2
The Phylogeny of Endocannabinoids

2.1
The Phylogenetic Distribution of Anandamide and Enzymes
Involved in Anandamide Biosynthesis

Anandamide (arachidonoylethanolamide) is just one of a family of lipids known as
N-acylethanolamines (NAEs), which are generated from membrane phospholipids
via a common enzymatic pathway (see below). The occurrence of anandamide in
an organism is dependent on: (1) the presence of the fatty acid arachidonic acid
as a component of membrane phospholipids and (2) the presence of enzymes
that can catalyse formation of NAEs from membrane phospholipids. Therefore,
the phylogenetic distribution of anandamide is likely to reflect a combination of
both the phylogenetic distribution of arachidonic acid as a fatty acid component
of membrane lipids and the phylogenetic distribution of the enzymes that can
catalyse formation of NAEs.

The presence of arachidonic acid in an organism is determined by diet and/or
the presence of enzymes that catalyse formation of arachidonic acid from other
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fatty acids. In mammals, arachidonic acid is synthesised from linoleic acid through
the sequential activity of ∆6 fatty acid desaturase, ∆6 fatty acid elongase and ∆5
fatty acid desaturase (Nakamura and Nara 2003). Interestingly, zebrafish have a sin-
gle gene encoding an enzyme with both ∆5 and ∆6 fatty acid desaturase activities,
whereas the nematode C. elegans , like mammals, has two genes encoding a ∆5 fatty
acid desaturase and a ∆6 fatty acid desaturase (Hastings et al. 2001; Napier and
Michaelson 2001). These findings indicate that vertebrate and invertebrate species
can generate arachidonic acid, although this fatty acid is not necessarily ubiquitous
in animals. For example, arachidonic acid is not found as a component of phos-
pholipids in Drosophila heads (Yoshioka et al. 1985), which may reflect lack of
expression of genes encoding fatty acid desaturases and elongases or loss of genes
encoding these enzymes. However, in animal species that lack genes encoding fatty
acid desaturases and/or elongases, arachidonic acid may be a dietary constituent.
Thus, determination of an organism’s potential for generating anandamide from
arachidonic acid, as a component of membrane phospholipids, may require as-
sessment of both molecular genetic and dietary information. Consequently, there
are unlikely to be discrete phylogenetic patterns in the distribution of arachidonic
acid, and hence the potential to generate anandamide.

Anandamide and other NAEs are synthesised in mammalian tissues through
the sequential action of two enzymes: (1) a N-acyltransferase that generates
N-acylphosphatidylethanolamine (NAPE) from phosphatidylcholine and phos-
phatidylethanolamine and (2) a NAPE-phospholipase D (NAPE-PLD) that gen-
erates anandamide and other NAEs by cleavage of NAPE (Schmid et al. 1990; Di
Marzo et al. 1994; Piomelli 2003). The presence of enzymes that catalyse these reac-
tions has also been reported in invertebrate animals and in plant species (Bisogno
et al. 1997; Chapman 2000), indicating that the enzymatic machinery for forma-
tion of NAEs may be evolutionarily ancient. Unfortunately, phylogenetic analysis
of the distribution of these enzymes has been hindered by lack of sequence data
for genes that encode these enzymes. An important breakthrough was reported
recently, however, with the cloning and sequencing of cDNAs encoding NAPE-PLD
in human, rat and mouse (Okamoto et al. 2004). Thus, it is now possible to in-
vestigate the occurrence of related proteins in non-mammalian species. Analysis
of genome sequence data for the puffer fish Fugu rubripes reveals the presence
of a gene encoding a protein that shares a high level of sequence identity ( 60%)
with mammalian NAPE-PLDs. This protein is likely to be a fish orthologue of
mammalian NAPE-PLDs, and therefore NAPE-PLDs probably occur throughout
the vertebrates. However, genes encoding proteins resembling NAPE-PLD do not
appear to be present in two of the invertebrate species for which there are com-
plete genome sequence data available, the insect Drosophila melanogaster and the
sea-squirt Ciona intestinalis . Proteins sharing approximately 40% sequence iden-
tity with mammalian NAPE-PLDs are present in the nematode worm C. elegans
and in numerous bacterial species. However, experimental studies are required to
determine if these proteins actually function as NAPE-PLDs.
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2.2
The Phylogenetic Distribution of Fatty Acid Amide Hydrolase

The existence of an enzyme in mammalian tissues that catalyses hydrolysis of
anandamide to arachidonic acid and ethanolamide was established soon after
the identification of anandamide as an endogenous cannabinoid (Deutsch and
Chin 1993; Di Marzo et al. 1994; Ueda et al. 1995). Molecular characterisation
of this enzyme was accomplished by Cravatt et al. (1996) with the cloning and
sequencing of a rat cDNA encoding a protein that is now known as fatty acid
amide hydrolase (FAAH). Genes encoding orthologues of rat FAAH have been
identified in human and mouse (Giang and Cravatt 1997), but relatively little is
known about the occurrence of FAAH in non-mammalian animals. There are,
however, several reports of FAAH activity in homogenates of tissues from a variety
of invertebrate species. For example, FAAH-like activity has been detected in
whole-animal homogenates of the cnidarian Hydra viridis (De Petrocellis et al.
1999), in the nervous system of the leech Hirudo medicinalis (Matias et al. 2001)
and in the ovaries of the sea urchin Paracentrotus lividus (Bisogno et al. 1997).
Moreover, FAAH-like activity has also been detected in plant tissues (Shrestha et
al. 2002), indicating that FAAH may be an evolutionarily ancient enzyme.

An important recent discovery has been the identification of a FAAH gene in
the plant species Arabidopsis (Shrestha et al. 2003). Arabidopsis FAAH is a 607
amino acid protein that shares only 18% overall sequence identity with rat FAAH,
although this rises to 37%–60% in the catalytic domain, depending on the length
of sequence compared. Analysis of the enzymatic properties of heterologously
expressed Arabidopsis FAAH reveals that, like mammalian FAAHs, it catalyses
hydrolysis of anandamide and other NAEs. Therefore, it appears that FAAH is
an evolutionarily ancient enzyme whose ancestry dates back at least as far as
the unicellular eukaryotic common ancestor of plants and animals. Moreover, the
discovery of a plant gene encoding a protein that functions as a FAAH enzyme, but
which shares relatively little sequence similarity with mammalian FAAHs, suggests
that related genes in non-mammalian animal species may also encode enzymes
that have FAAH activity. For example, genes encoding FAAH-like proteins that
share much higher levels of sequence similarity with mammalian FAAHs than with
Arabidopsis FAAH are present in the genomes of the bird Gallus gallus (chicken),
the puffer fish Fugu rubripes , the urochordate Ciona intestinalis and the nematode
C. elegans . Further studies are now required to characterise the properties of the
enzymes encoded by these putative non-mammalian FAAH genes.

2.3
The Phylogenetic Distribution of 2-AG and Enzymes Involved in 2-AG Biosynthesis

2-AG was originally identified as a potential endogenous cannabinoid in mammals
by Mechoulam et al. (1995) and Sugiura et al. (1995) and subsequent studies
indicate that 2-AG is also present in several non-mammalian species, including the
insect Drosophila melanogaster (McPartland et al. 2001) and the annelid Hirudo
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medicinalis (Matias et al. 2001). These findings suggest that 2-AG may have a broad
phylogenetic distribution. However, as with anandamide, the ability of organisms
to generate 2-AG will depend on the presence of arachidonic acid as a component
of phospholipids.

Two enzymatic pathways have been proposed as potential mechanisms for 2-AG
biosynthesis in mammalian cells (Piomelli 2003). First, a pathway in which phos-
phatidylinositol is cleaved by phospholipase C (PLC) to generate 1,2-diacylglycerol
(DAG), which is then converted to 2-AG through the action of DAG lipase. Second,
a pathway in which phosphatidylinositol is cleaved by phospholipase A1 to gen-
erate 2-arachidonoyl-lysophospholipid, which is then converted to 2-AG through
the action of lyso-PLC. For the purposes of this review we will focus on the first
pathway because: (1) PLC is a ubiquitous effector for G protein-coupled recep-
tors throughout the animal kingdom and therefore a potentially important and
evolutionarily ancient mediator of 2-AG formation and (2) genes encoding mam-
malian DAG lipases have recently been identified, opening up new opportunities
for analysis of the molecular and cellular biology of 2-AG formation in cells.

Analysis of human genome sequence data revealed the presence of two genes
that encode sn1-DAG lipases and which are now known as DAGLα and DAGLβ
(Bisogno et al. 2003). Importantly, heterologous expression of DAGLα or DAGLβ
conferred increased formationof 2-AGfrom sn-1-stearoyl-2-arachidonoyl-glycerol
as a substrate, demonstrating that these enzymes can catalyse synthesis of 2-AG
in cells. Therefore, expression of DAGLα or DAGLβ in cells and tissues may serve
as molecular markers for cells that generate 2-AG in vivo. Consistent with this
notion, DAGLα is expressed in the dendrites of cerebellar Purkinje cells, neurons
which are sources of endocannabinoids that act as retrograde signalling molecules
by activating presynaptic CB1 receptors located on the axons of cerebellar granule
cells (Kreitzer and Regehr 2002).

Genes encoding orthologues of DAGLα and DAGLβ are present in other mam-
mals (e.g. mouse) and, more importantly for purposes of this review, in non-
mammalian vertebrates that include the bird Gallus gallus (chicken) and the
zebrafish Danio rerio (Bisogno et al. 2003). Moreover, a DAG lipase-like gene
(CG33174) is also present in an invertebrate species, the insect Drosophila melano-
gaster (Adams et al. 2000).

2.4
The Phylogenetic Distribution of Monoglyceride Lipase

The inactivation of 2-AG in mammals is thought to be mediated by the enzyme
monoglyceride lipase (MGL). However, molecular characterisation of MGL was
not driven by an interest in 2-AG but by research directed at identification of the
enzymes involved in the sequential hydrolysis of stored triglycerides. A mouse
cDNA encoding this enzyme was cloned and sequenced by Karlsson et al. (1997)
and found to encode a 302 amino acid protein that is expressed in a wide range
of tissues, including brain. Subsequently, Dinh et al. (2002) demonstrated that rat
MGL catalyses hydrolysis of 2-AG when expressed in cells. Interestingly, 2-AG is
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also a substrate for the enzyme FAAH in vitro (Goparaju et al. 1998), but in mice
lacking FAAH, the 2-AG content of the brain is not significantly different from
that in wild-type mice (Lichtman et al. 2002). Therefore, it is thought that MGL is
the primary physiological mediator of 2-AG inactivation in the mammalian brain
(Dihn et al. 2002).

Analysis of the occurrence of MGL-like proteins in non-mammalian organisms
by BLAST analysis reveals closely related proteins in the zebrafish Danio rerio and
the chicken Gallus gallus . It is likely, therefore, that MGL occurs throughout the
vertebrates. However, genes encoding proteins resembling MGL do not appear to
be present in any of the invertebrate species for which complete genome sequence
data are available (i.e. Drosophila, C. elegans, Ciona ). Genes encoding related
proteins are, however, present in the genomes of plant, bacterial and viral species.
This is an unusual pattern of phylogenetic distribution that raises questions about
the evolutionary origin of vertebrate MGL proteins. Relevant to this issue, it is
interesting to note that a cowpox virus gene encodes a protein that shares 40%
sequence identity with mammalian MGL proteins (Karlsson et al. 1997). Therefore,
perhaps an ancestral MGL gene was introduced into the vertebrate genome by
horizontal gene transfer mediated by a virus.

3
The Phylogeny of Cannabinoid Receptors
and Other Endocannabinoid Receptors

What our survey of the phylogenetic distribution of endocannabinoids and asso-
ciated enzymes indicates is that the ability of cells to produce and inactivate the
molecules that we classify as endocannabinoids in mammals is an evolutionarily
ancient phenomenon. Moreover, some components of the endocannabinoid sys-
tem may date back as far as the common ancestor of all eukaryotic organisms.
However, the ability of cells to produce these molecules does not necessarily im-
ply that they function as signalling molecules in all eukaryotes. In assessing the
evolution of endocannabinoid signalling, we should not assume that because en-
docannabinoids activate CB1/CB2-type G protein-coupled receptors in mammals
that receptors of this type necessarily mediate effects of these molecules in other
eukaryotes. Some organisms may have independently evolved their “own” endo-
cannabinoid receptors unrelated to the mammalian cannabinoid receptors. Other
organisms may be able to produce the chemicals that we, with our mammalian
bias, refer to as “endocannabinoids” but lack receptors for these molecules.

3.1
Receptors Related to Mammalian CB1 and CB2 Cannabinoid Receptors

Genes encoding orthologues of the mammalian CB1 and CB2 receptors have been
identified in the puffer fish Fugu rubripes (Yamaguchi et al. 1996; Elphick 2002).
This indicates that the existence of CB1 and CB2 receptors in vertebrates can be
traced back at least as far as the common ancestor of teleost fish like Fugu and
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the amphibians, reptiles, birds and mammals. Accordingly, CB1-type genes have
also been identified in birds and amphibians (Soderstrom and Johnson 2000, 2001;
Soderstrom et al. 2000). Thus far, the Fugu CB2 gene is the only one reported for
a non-mammalian vertebrate (Elphick 2002). However, BLAST analysis of genome
sequence data for the bird Gallus gallus (chicken) reveals the presence of both
CB1-and CB2-type genes in this species.

An interesting feature of the puffer fish Fugu rubripes is that it has one CB2 gene
(Elphick 2002) but two CB1-type genes (CB1A and CB1B; Yamaguchi et al. 1996).
The occurrence of duplicated genes, with respect to other vertebrates, is a feature of
teleost fish that is thought to be a legacy of a whole-genome duplication event that
occurred in an ancestral species (Taylor et al. 2001). However, duplicates of some
genes will have been lost with the passage of evolutionary time, which probably
explains the existence of only one CB2 gene in Fugu.

Although both CB1 and CB2 genes have been found in the “higher” vertebrates,
it remains to be established if CB1 and CB2 genes are also present in cartilagi-
nous fish (e.g. sharks, rays) and in primitive agnathan vertebrates (e.g. hagfish,
lamprey). However, progress has been made recently in investigating the occur-
rence of cannabinoid receptors in invertebrate chordates. The extant invertebrates
that are most closely related to the vertebrates are the cephalochordates (e.g. Am-
phioxus), based on both morphological and molecular evidence (Adoutte et al.
2000). Unfortunately, relatively little is known about the physiology and biochem-
istry of these animals. However, because of the important phylogenetic position of
these animals with respect to vertebrates, there are plans to sequence the genome
of a cephalochordate species.

An invertebrate chordate species that has had its genome sequenced recently is
the urochordate (sea-squirt) Ciona intestinalis (Dehal et al. 2002). As adults, these
animals exhibit little similarity with other chordates (vertebrates and cephalochor-
dates), but as larvae Ciona have several morphological characters that distinguish
them as chordates. Moreover, urochordates are the most primitive of the extant
chordates, and thus these animals are of particular interest for evolutionary stud-
ies. Analysis of the Ciona genome sequence has revealed the presence of a putative
cannabinoid receptor gene (CiCBR ) encoding a 423 amino acid protein that shares
28% and 24% sequence identity with the human CB1 and CB2 receptor, respec-
tively (Elphick et al. 2003). These are relatively low levels of sequence similarity,
but analysis of the relationship of CiCBR with cannabinoid receptors and other
G protein-coupled receptors, by construction of a phylogenetic tree based on se-
quence alignments, demonstrated that CiCBR is an orthologue of the vertebrate
cannabinoid receptors CB1 and CB2 (Elphick et al. 2003). Thus, CiCBR is the first
putative cannabinoid receptor to be identified in an invertebrate species. More-
over, phylogenetic analysis indicates that the common ancestor of CiCBR and
vertebrate CB1 and CB2 receptors predates a duplication event that gave rise to
CB1 and CB2 in vertebrates. In this respect, cannabinoid receptor genes conform
to a pattern seen in other gene families, where for each invertebrate gene there are
often two or more related genes in vertebrates. This feature is thought to reflect
a whole-genome duplication event that occurred in the invertebrate ancestor of
the vertebrates (Furlong and Holland 2002).
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The discovery of CiCBR indicates that the evolutionary history of cannabinoid
receptors that are related to the vertebrate CB1 and CB2 receptors extends back
at least as far as the common ancestor of vertebrates and the invertebrate chor-
dates (urochordates, cephalochordates). What remains to be established is whether
other, more distantly invertebrate animals also have orthologues of the vertebrate
cannabinoid receptors. The invertebrate animals that are most closely related to
the chordates are the hemichordates and echinoderms (Adoutte et al. 2000). Hemi-
chordates are a relatively obscure group of animals (e.g. acorn worms) that have
not been studied in great detail. There has, however, been a surge of interest in
these animals recently with the advent of molecular techniques for research on
developmental and evolutionary biology (e.g. Lowe et al. 2003). Moreover, there
are plans to sequence the genome of a hemichordate species, the acorn worm Sac-
coglossus kowalevskii . Therefore, as with Amphioxus, there may be opportunities
to investigate the occurrence of a cannabinoid receptor in hemichordates in the
near future.

The echinoderms (e.g. sea urchins and starfish) are an invertebrate group that
has been studied extensively, in particular for research on early stages of develop-
ment. Moreover, at the time of writing, a genome sequencing project for the sea
urchin species Strongylocentrotus purpuratus is ongoing (Cameron et al. 2000)
and due to be completed during 2004. This is of special interest for research on
cannabinoid receptors because this species has been the subject of a detailed study
on the effects of cannabinoids. Herbert Schuel and colleagues demonstrated that
cannabinoids block the acrosome reaction in sea urchin sperm, indicating that en-
docannabinoids may have a physiological role in preventing polyspermy (Schuel
et al. 1991, 1994). Moreover, Chang et al. (1993) demonstrated that cannabinoid
binding sites are present on sea urchin sperm. The molecular properties of these
cannabinoid binding sites and their relationship to vertebrate cannabinoid recep-
tors are currently unknown. However, analysis of sea urchin genome sequence
data, when it is available, may provide new opportunities for further research on
this issue.

Having considered the deuterostomian invertebrates, we will now turn our at-
tention to the protostomian clade of the animal kingdom. First we will consider
the ecdysozoa, which include two well-studied species for which complete genome
sequence data are available—the insect Drosophila melanogaster and the ne-
matode C. elegans . Analysis of the genome sequences of both of these species
has revealed, however, that orthologues of cannabinoid receptors are not present
(Elphick and Egertová 2001). Moreover, these species also do not have ortho-
logues of the G protein-coupled receptors in vertebrates that are most closely
related to CB1 and CB2—lysophospholipid receptors and melanocortin receptors
(Elphick and Egertová 2001). These data indicate, therefore, that the group of G
protein-coupled receptors that include cannabinoid receptors may have originated
in the deuterostomian branch of the animal kingdom, after the deuterostomian-
protostomian split. Consistent with these conclusions based on genome sequence
data, biochemical analysis of insect species has not revealed the presence of
cannabinoid binding sites (Egertová 1999; Elphick and Egertová 2001; McPartland
et al. 2001).
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Turning now to the lophotrochozoan phyla, here there have been a few studies
that have reported detection of cannabinoid binding sites. Stefano et al. (1996)
reported the presence of binding sites for anandamide on haemocytes from the
bivalve mollusc Mytilus edulis , whilst Stefano et al. (1997) reported anandamide
binding sites in the nervous system of the leech Hirudo medicinalis (Phylum
Annelida). Interestingly, the latter study was accompanied by a partial leech cDNA
sequence that shared sequence similarity with vertebrate CB1 receptors. However,
subsequent detailed analysis of this sequence revealed that it is chimeric with one
region that shares 98% amino acid identity with the bovine adrenocorticotropic
hormone receptor and two regions that share 68% and 65% amino acid identity
with mammalian CB1 receptors (Elphick 1998). It is unlikely, therefore, that this
sequence represents part of a bone fide leech cannabinoid receptor cDNA. How,
then, can the discovery of this unusual sequence be explained. One possibility
is that leech cDNA was contaminated with bovine DNA derived from blood that
leeches had fed on. Clearly, further work is required, but thus far there have been
no follow-up studies to confirm the existence of a full-length cannabinoid receptor
cDNA in the leech or in any other protostomian invertebrate.

The detection of cannabinoid binding sites in Mytilus and Hirudo, but not in in-
sects, has been explained by some authors as a consequence of loss of cannabinoid
receptor genes in the ecdysozoan lineage but not in the lophotrochozoan lineage
(McPartland and Pruitt 2002). However, as highlighted above, both Drosophila
and C. elegans also lack orthologues of the vertebrate G protein-coupled recep-
tors that are most closely related to cannabinoid receptors (lysophospholipid and
melanocortin receptors). Therefore, a more parsimonious explanation is that this
group of receptors originated in the deuterostomian branch of the animal kingdom
after the protostomian–deuterostomian split.

If orthologues of cannabinoid receptors are not present in protostomian inver-
tebrates, as proposed above and in previous reports (Elphick and Egertová 2001;
Elphick et al. 2003), how then can the existence of cannabinoid binding sites in
Mytilus and Hirudo be explained? Detection of these binding sites may reflect inter-
action of cannabinoids with membrane proteins in these species that are unrelated
to the vertebrate CB1/CB2-type cannabinoid receptors but which have evolved in-
dependently. However, demonstrating that these binding sites equate to functional
receptors that mediate physiological effects of endocannabinoids in these organ-
isms will require detailed molecular characterisation of the putative receptors, and
thus far this has yet to be accomplished. The same applies to cannabinoid binding
sites detected in the primitive cnidarian species Hydra viridis (De Petrocellis et
al. 1999). If these putative receptors can be characterised then they may provide
fascinating examples of convergent evolution in signalling mechanisms.

3.2
Other Endocannabinoid Receptors and Cannabinoid Receptors

Although the CB1 and CB2 cannabinoid receptors are by far the most well charac-
terised receptors for endocannabinoids in vertebrates, it is important to recognise
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that there are also other receptor types that may mediate physiological effects of
anandamide and 2-AG. For example, there is evidence of a third G protein-coupled
receptor in mammals that is activated by endocannabinoids (Breivogel et al. 2001).
Without molecular characterisation of this putative receptor it is impossible to
investigate its phylogenetic distribution. However, the possibility remains that
this receptor may have more widespread phylogenetic distribution than CB1/CB2-
related receptors and thereby account for cannabinoid binding sites that have been
reported in some invertebrate species.

Another receptor that has been implicated as a mediator of physiological ef-
fects of the endocannabinoid anandamide in mammals is the vanilloid receptor
VR1, more recently referred to as transient receptor potential vanilloid type 1
(TRPV1) (Zygmunt et al. 1999). However, VR1 is not activated by “classical”
∆9-tetrahydrocannabinol-like cannabinoid agonists. Therefore, VR1 is an endo-
cannabinoid receptor but not a cannabinoid receptor. Unlike CB1 and CB2, VR1
is not a G protein-coupled receptor but belongs to the TRP family of ligand-gated
cation channels (Montell et al. 2002). Genes encoding proteins that are closely
related to the mammalian VR1 receptor have been identified in Drosophila (nan)
and in C. elegans (OSM-9) (Montell 2003). However, to the best of our knowledge, it
is not known if these invertebrate VR1-like channels are activated by anandamide.
Therefore, it remains to be determined if the ability of anandamide to activate
TRP-type channels is an evolutionarily ancient phenomenon.

Another interesting member of the TRP channel family that has been charac-
terised recently is ANKTM1, which is activated by ∆9-tetrahydrocannabinol as well
as being implicated in the detection of noxious cold (Jordt et al. 2004). However,
the physiological relevance of the effect of ∆9-tetrahydrocannabinol on ANKTM1
is unclear because the endocannabinoids anandamide and 2-AG do not activate
this TRP channel (Jordt et al. 2004). Nevertheless, it is possible that other as-yet-
unidentified endocannabinoids act as endogenous ligands for ANKTM1.

In conclusion, there is now an emerging concept of TRP-type ion channels that
are receptors for cannabinoids and/or endocannabinoids, and an interesting area
for future research will be to investigate the occurrence of invertebrate TRP-type
channels that are also activated by cannabinoid-related molecules.

4
The Evolutionary Origins of Endocannabinoid Signalling

What can we conclude from our survey of the phylogenetic distribution of (1)
endocannabinoids, (2) enzymes involved in endocannabinoid biosynthesis and
inactivation and (3) cannabinoid/endocannabinoid receptors? It is clear that many
of the components of the enzymatic machinery that are used for biosynthesis
and inactivation of endocannabinoids in mammals are evolutionarily ancient. For
example, there is evidence that enzymes involved in biosynthesis and inactivation
of anandamide occur in animals and plants. Most notable in this respect has been
the recent discovery and enzymatic characterisation of a FAAH-like enzyme in
the plant Arabidopsis (Shrestha et al. 2003). Therefore, it appears that the ability
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of organisms to synthesise endocannabinoids such as anandamide and 2-AG may
date back at least as far as the unicellular eukaryotic common ancestor of plants
and animals. However, exploitation of these molecules for intercellular signalling
may have occurred independently in different lineages during the evolution of the
eukaryotes. For example, there is evidence that plants may also have receptors
for anandamide and/or related NAEs, because Tripathy et al. (2003) have detected
binding sites forNAEs in cellmembranes fromtheplant species Nicotiana tabacum
(tabacco) andArabidopsis . Ifmolecular characterisationof aputativeNAEreceptor
inplants canbeaccomplished, thismay provide a fascinating exampleofhowplants
have independently exploited NAEs as signalling molecules.

So far, the best-characterised example of endocannabinoid signalling in eukary-
otes is CB1/CB2-mediated processes in vertebrates. Moreover, our phylogenetic
analysis of the occurrence of CB1/CB2 receptors in invertebrates indicates that the
ancestor of these receptors originated in a deuterostomian invertebrate, and in
accordance with this view receptors of this type have so far not been found in
protostomian invertebrates. The CiCBR gene that was recently identified in the
invertebrate chordate Ciona intestinalis (Elphick et al. 2003) is an example of a re-
ceptor in a deuterostomian invertebrate that may resemble the putative ancestor
of the vertebrate CB1 and CB2 receptors. Therefore, analysis of CiCBR function in
Ciona is now of particular interest.

Looking ahead, we hope that this review may stimulate scientists with an interest
in endocannabinoid signalling to exploit not only the familiar mammalian model
species (rats, mice) but also the rich diversity of non-mammalian animals where
the existence of endocannabinoid receptors has been established.
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Abstract CB1 cannabinoid receptors appear to mediate most, if not all of the psy-
choactive effects of delta-9-tetrahydrocannabinol and related compounds. This G
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protein-coupled receptor has a characteristic distribution in the nervous system: It
is particularly enriched in cortex, hippocampus, amygdala, basal ganglia outflow
tracts, and cerebellum—a distribution that corresponds to the most prominent
behavioral effects of cannabis. In addition, this distribution helps to predict neu-
rological and psychological maladies for which manipulation of the endocannabi-
noid system might be beneficial. CB1 receptors are primarily expressed on neurons,
where most of the receptors are found on axons and synaptic terminals, emphasiz-
ing the important role of this receptor in modulating neurotransmission at specific
synapses. While our knowledge of CB1 localization in the nervous system has ad-
vanced tremendously over the past 15 years, there is still more to learn. Particularly
pressing is the need for (1) detailed anatomical studies of brain regions important
in the therapeutic actions of drugs that modify the endocannabinoid system and
(2) the determination of the localization of the enzymes that synthesize, degrade,
and transport the endocannabinoids.

Keywords Immunocytochemistry · In situ hybridization · Autoradiography ·
Cholecystokinin · Synapse

1
Introduction

1.1
Background

The CB1 cannabinoid receptor is the major mediator of the psychoactive effects
of cannabis and its derivatives. In addition, this G protein-coupled receptor trans-
duces many of the effects of the endogenous cannabinoids. Understanding the
distribution of CB1 receptors has proved helpful to both predict and understand
the effects of cannabinoids. For example, the high CB1 receptor levels found in
cortex, basal ganglia, and cerebellum coincide with the prominent effects cannabi-
noids have on functions subserved by these brain regions. By comparison, the
low levels present in the medullary nuclei responsible for regulating respiration
are consistent with the modest effects cannabinoids have on respiratory drive.
Furthermore, the strong presynaptic localization of the receptor found in ultra-
structural studies underscores its major role as a modulator of neurotransmitter
release.

The distribution of cannabinoid receptors has been extensively mapped by
quantitative autoradiography, in situ hybridization, and immunocytochemistry.
Each of these techniques has its strengths and weaknesses. Properly calibrated,
quantitative autoradiography provides the best measure of absolute receptor den-
sity. Nonetheless, its spatial resolution is limited and specificity depends on the
ligand used. In situ hybridization identifies the cells synthesizing CB1 mRNA. How-
ever, mRNA levels and protein levels may not necessarily correlate. Immunocyto-
chemistry provides outstanding spatial resolution; however, fixation artifacts and
unanticipated antibody crossreactivity must be assiduously avoided. For the most
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part, the results obtained from these three approaches have provided complemen-
tary and logically consistent results. In addition to these anatomical approaches, it
is possible to obtain a measure of CB1 receptor function by guanosine triphosphate
(GTP)γS binding, giving spatial resolution similar to quantitative autoradiogra-
phy. Finally, the results of experiments using regionally or neuron specific CB1

knockout mice can give additional insight into receptor localization.

1.2
Autoradiography

Miles Herkenham performed the first CB1 receptor distribution studies using au-
toradiography with the tritiated CB1 agonist, CP55,940. Examples of his results
from human brain are shown in Fig. 1. A striking feature of the autoradiographic
studies was the extraordinarily high levels of CB1 receptors found in substantia
nigra, globus pallidus, hippocampus, cerebellum, and cortex. The levels of CB1 re-
ceptors found in thesebrain regions in the rat approached6pmole/mg(Herkenham
et al. 1991). To give a sense of the magnitude of CB1 receptor expression, CB1 re-
ceptors are tenfold denser than D2 receptors in the basal ganglia and have a density
similar to cortical ionotropic glutamate receptors. The specificity of these results
was verified by Virginia Seybold and her colleagues, who performed a systematic
autoradiographic study of rat brain using tritiated WIN55,212-2, a structurally
distinct CB1 agonist (Jansen et al. 1992). These thorough studies in rodents have
been complemented by autoradiographic studies in human brain (Glass et al. 1997;
Mato et al. 2003). The results of the human and rodent studies are qualitatively sim-
ilar once the evolutionary changes associated with the development of the human
brain are considered.

1.3
In Situ Hybridization

Cloning the CB1 receptor (Matsuda et al. 1990) made it possible to identify CB1

synthesizing cells by in situ hybridization (Mailleux and Vanderhaeghen 1992;
Matsuda et al. 1993). Correlating the results of the autoradiographic and in situ
hybridization studies reveals several common themes of the CB1 system. The
first was that in some brain regions, particularly forebrain (for example, cortex,
amygdala, and hippocampus), CB1 receptors are expressed at very high levels in
a very restricted set of neurons. These neurons then project widely, resulting in
a dense network of CB1-positive axons. The second was that CB1 receptors were
primarily foundonaxons and terminals. For example, high levels ofCB1 arepresent
in the striatonigral pathway and substantianigra, yet nigral neurons expressno CB1

mRNA.Thesefindings strongly suggestCB1 receptors are synthesized in the striatal
projectionneurons (mediumspinyneurons—whichcontainmoderate levelsofCB1

mRNA) and are trafficked to their axons. The axonal and terminal localization of
CB1 receptors, coupled with the observation that CB1 receptors inhibit presynaptic
calcium channels, implied that a major function of CB1 receptors would be to
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Fig. 1. CB1 expression in human brain. CB1 receptors were detected by quantitative autoradiography using
tritiated CP55,940. Strikingly high levels are found in the substantia nigra pars reticulata (SNR) and the internal
segment of the globus pallidus (GPi). Moderate levels are present in the caudate, putamen, the external
segment of the globus pallidus (GPe), amygdala, and cortex. Lesser levels are present in hypothalamus, and
very lowexpression is apparent inmost areasof the thalamus. The laminarnatureof CB1 expression is apparent
in the most rostral parts of the cortex. Scale bar = 1 cm. (Original figure provided by Miles Herkenham)
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inhibit neurotransmitter release. The third theme was that in a few brain regions
(for example, anterior olfactory nucleus, caudate nucleus and cerebellum) CB1

receptors are uniformly expressed at moderate levels on a single class of neurons.

1.4
Immunocytochemistry

Elucidation of the primary sequence of the CB1 receptor allowed for production of
numerous CB1 receptor antibodies. There have been two thorough immunocyto-
chemical mapping studies in rodent brain (Tsou et al. 1998a; Egertová and Elphick
2000) and one in spinal cord (Farquhar-Smith et al. 2000). These generally support
the results from the autoradiographic studies, with some differences in relative
intensity of staining. These variations may be due to differences in antibody access
to specific epitopes, variable post-translational modification of an epitope (e.g.,
phosphorylation), or fixation conditions. There is little evidence for alternative
splicing in the coding region of rodent CB1 receptors (Matsuda 1997; Lutz 2002),
despite the report of alternatively splicing of the human CB1 receptor (Shire et al.
1995; Matsuda 1997; Lutz 2002); so alternative splicing is less likely to explain the
reported differences.

The immunocytochemical studies have led to additional insights into cannabi-
noid action. The first is that rigorous electron microscopic studies in the hip-
pocampus demonstrated that in this region CB1 is undetectable on somatic cell
membranes and dendrites, yet is very highly expressed in axon terminals and
preterminal segments (Hajos et al. 2000; Katona et al. 2000, 2001). An example of
this is shown in Fig. 2, with the labeling of four consecutive ultrathin sections of
a cortical axodendritic synapse. The second is that double-label immunostaining
experiments demonstrated that in forebrain there is a striking correlation between
cholecystokinin (CCK) and CB1 receptor expression (Katona et al. 1999, 2001; Tsou
et al. 1999). These findings have been confirmed and extended with double-label in
situ hybridization studies (Marsicano and Lutz 1999). Thus, the cells expressing the
highest levels of CB1 receptors in forebrain are γ-aminobutyric acid (GABA)ergic,
CCK-positive interneurons. Although inhibition of GABA release is measured in
the in vitro electrophysiological studies, activation of CB1 receptors in vivo will
attenuate both inhibitory transmission (generally fast, mediated by GABA A recep-
tors) (Wilson et al. 2001) as well as the slow, excitatory actions mediated by CCK
receptors (Beinfeld and Connolly 2001). Thus, the localization of CB1 receptors
on CCK-containing neurons suggests that CB1 receptors are well positioned to
modulate complex network behaviors (Freund 2003).

Once antibodies to the anandamide-degrading enzyme, namely fatty acid amide
hydrolase (FAAH), became available, it was apparent that in many regions FAAH
and CB1 expression is reciprocal in nature (Egertová et al. 1998, 2003; Tsou et
al. 1998b). For example, FAAH, but not CB1 is highly expressed in the somata
and proximal dendrites of hippocampal pyramidal cells and cerebellar Purkinje
neurons. These neurons are, in turn, densely innervated by CB1-positive fibers.
Thus, it has been proposed that anandamide, despite its possible presynaptic site



304 K. Mackie

Fig. 2A–C. CB1 expression in serial sections of a γ-aminobutyric acidergic (GABAergic) terminal synapsing
onto an apical dendrite in cortex. CB1 receptors (arrowheads) were detectedwith an antibody directed against
the C terminus of rat CB1 using pre-embedding immunogold with silver enhancement. The boutons are
forming symmetric synapses (arrows), characteristic of GABAergic axon terminals, onto the apical dendrite of
a cortical pyramidal cell. Scale bar = 0.5 µm. (Original photomicrograph provided by Tamas Freund and Agnes
Bodor)

Fig. 3A–C. Reciprocal expression of CB1 and FAAH in mouse hippocampus. FAAH was detected using an
antibody raised against the last 200 residues of FAAH, CB1 receptors were detected by an antibody directed
against its C terminus, andneuronal nuclear antigen (NeuN)wasdetectedusingamousemonoclonal antibody
from Chemicon. FAAH is expressed uniformly by pyramidal neurons (Pyr) including the apical dendrites. FAAH
is also expressed in interneurons (open and filled arrows). CB1 receptors are present in axons investing the
pyramidal cell layer and also some interneuron cell bodies (filled arrows), but not in others (open arrow).
Staining of neurons by NeuN identifies neuronal nuclei in the field. Scale bar = 18 µm. (Figure provided by
Tibor Harkany)
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of action, is synthesized and degraded in the postsynaptic neuron. An example of
this reciprocal localization in the CA1 region of mouse hippocampus is shown in
Fig. 3. The situation for monoacylglycerol (MAG) lipase, the major 2-arachidonoyl
glycerol-degradingenzyme, is still beingclarified.However, a recentpaper suggests
that MAG lipase, in contrast to FAAH is predominately localized presynaptically
(Gulyas et al. 2004). As the majority of CB1 receptors a presynaptic, location of
MAG lipase near these receptors would mean the endogenous cannabinoid 2-AG
would be metabolized at its likely site of action, rather than having to diffuse
back across the synapse. Thorough studies on the anatomical distribution of the
endocannabinoid-synthesizingenzymes,diacylglycerol lipase (Bisognoet al. 2003)
and the N-acyl phosphatidylethanolamine-preferring phospholipase D (Okamoto
et al. 2004), remain to be done.

1.5
Functional Studies

Functional studies have provided another dimension in cannabinoid receptor lo-
calization.Themostpertinent studies for this chapterareGTPγSstudiesandresults
inferred from studies with CB1 knockout mice. The chapter by Lindsey et al. (this
volume) will consider advances in positron emission tomography (PET), single-
photon emission computed tomography (SPECT) and 2-deoxy-glucose imaging of
CB1 receptors and their activation. GTPγS studies provide a measure of regional
CB1 receptor activation of G proteins with a spatial resolution similar to other
autoradiographic studies. Informative results from these studies include the ob-
servation that CB1 receptors are relatively inefficient activators of G protein (for ex-
ample, sevenfold less efficient than µ- or δ-opioid receptors) and that activation of
G proteins by CB1 receptors desensitizes strongly with chronic tetrahydrocannabi-
nol (THC) treatment (Sim et al. 1996a,b). As mentioned below, the region-specific
CB1 knockout mice experiments support the contention that some CB1 receptors
may be expressed on hippocampal pyramidal neurons.

2
CB1 Expression in Specific CNS Regions

2.1
Olfactory Areas

The highest levels of CB1 receptors in olfactory bulb are in the inner granule
cell layer, followed by the inner plexiform layer. The external plexiform layer,
the mitral cell (glomerular) layer, and the accessory olfactory bulb have few CB1

receptors (Herkenhametal. 1991;Tsouetal. 1998a;EgertováandElphick2000).The
anterior olfactory nucleus and anterior commissure, which connects the olfactory
bulbs, both contain high levels of CB1 receptor. In contrast to neighboring regions,
CB1 receptors are expressed uniformly by most neurons in the anterior olfactory
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Fig. 4. Laminar CB1 expression in cortex of three mammals. CB1 receptors were detected with an antibody
directed against the C terminus of rat CB1. Particularly high levels of CB1 are found in lamina layers II, upper
III (L2/3), IV (L4), and VI (L6). Scale bar = 250 µm. (Figure provided by Tibor Harkany)

nucleus (Herkenham et al. 1991; Mailleux and Vanderhaeghen 1992; Matsuda et
al. 1993; Tsou et al. 1998a; Marsicano and Lutz 1999; Egertová and Elphick 2000).
CB1 receptors are also found in the supporting cells of the olfactory epithelium as
well as axon bundles of the lamina propria (M. Caillol, personal communication).

2.2
Neocortex

CB1 receptors are densely expressed in all regions of the cortex (Herkenham et
al. 1991; Mailleux and Vanderhaeghen 1992; Matsuda et al. 1993; Glass et al. 1997;
Tsou et al. 1998a; Egertová and Elphick 2000). The variation in CB1 expression
across cortical regions has been examined most extensively in human brain using
receptor autoradiography. Here there is variation between regions, with higher
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Fig. 5A–C. CB1 expression on GABAergic terminals in rat somatosensory cortex. CB1 receptors (arrowheads)
were detectedwith an antibody directed against the C terminus of rat CB1 using pre-embedding immunogold
with silver enhancement. The boutons are forming symmetric synapses (arrows), characteristic of cortical
GABAergic axon terminals. CB1-positive terminals form synapses with pyramidal cell bodies (A), main apical
dendrites (B), and fine-caliber dendrite branches (C). Scalebar = 0.5 µm. (Original photomicrographprovided
by Tamas Freund and Agnes Bodor)

levels found in cingulate gyrus, frontal cortex, and secondary somatosensory and
motor cortex. Lesser levels are found in primary somatosensory and motor cortex
(Glass et al. 1997). The laminar nature of CB1 expression within the neocortex is
striking. The relative levels of expression between regions vary (Glass et al. 1997).
However, as an example, in rat somatosensory cortex, CB1 levels are relatively
higher in layers II, upper III, IV, and VI. In contrast, CB1 receptor expression
is relatively less in deeper layer III and layer V (Freund et al. 2003). Layer I
appears almost devoid of CB1 receptors. Examples of CB1 immunoreactivity in
mouse, rat, and mouse lemur cortex are shown in Fig. 4. While the general laminar
pattern between species is preserved, the amount of CB1 expression appears to
increase, particularly in layers III and V in the primate. Ultrastructural studies
reveal that in cortex, CB1-positive terminals synapse onto pyramidal cell bodies,
apical dendrites, and smaller caliber branches (Fig. 5).

In neocortex, almost all neurons expressing CB1 at high or moderate levels
are likely to be inhibitory due to the tight correlation between GAD65 and CB1

mRNA expression (Marsicano and Lutz 1999). However, there appear to be CB1-
mediated actions on glutamatergic transmission in cortex (Sjostrom et al. 2003).
The localization and nature of these cannabinoid receptors remain to be identified.
As in most other forebrain areas, the majority of strongly CB1-positive axons in
the cortex appear to arise from CCK-expressing interneurons (Marsicano and
Lutz 1999). However, among cortical neurons, those expressing lower levels of
CB1 receptors represent a more heterogeneous population, with 20% of the CB1-
positive cells not expressing detectable levels of CCK mRNA (Marsicano and Lutz
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Fig. 6A, B. Co-localization of CCK with CB1 in neocortex. A Expression of CCK in a cortical interneuron (arrow)
and CCK-positive processes (arrowheads). B CB1 is widely expressed in cortical axons. CCK-positive processes
are often CB1 positive as well (arrowheads). Scale bar = 25 µm. (Figure provided by Tibor Harkany)

1999). An example of this for layer II/III cortex is shown in Fig. 6. Here, a strongly
CB1-expressing neuron co-localizes with CCK immunoreactivity, and most CCK-
containing fibers also are immunopositive for CB1. However, there are also many
CB1-positive fibers that do not appear to contain CCK.

2.3
Hippocampal Formation

2.3.1
Hippocampus

The hippocampus expresses high levels of cannabinoid receptors. Because of the
cognitive effects of cannabinoids, this brain region has received much attention as
a site of action of endogenous and exogenous cannabinoids. The first autoradio-
graphic studies found very high levels of CB1 receptors in all subfields of the hip-
pocampus as well as the dentate gyrus (Herkenham et al. 1991; Jansen et al. 1992).
In situ hybridization studies revealed that most of this CB1 receptor expression
arose from a restricted subset of interneurons (Matsuda et al. 1990, 1993; Mailleux
and Vanderhaeghen 1992). Immunocytochemical studies identified a dense plexus
of CB1-containing axon terminals surrounding the pyramidal cell layer (periso-
matic labeling), consistent with CB1 receptor expression on basket cell axons (Tsou
et al. 1998a, 1999; Katona et al. 1999; Egertová and Elphick 2000). This is illustrated
in Figs. 3 and 7.

Basket cells can be conveniently separated into two groups distinguished by CCK
or parvalbumin expression (Freund and Buzsaki 1996; Freund 2003). Double-label
immunocytochemistry has shown that high levels of CB1 receptor expression are
restricted to the CCK-expressing interneurons (Katona et al. 1999; Tsou et al.
1999). Given that the CCK-expressing interneurons may be involved in the more
subjective (emotional and motivational) aspects of information processing, it is
likely that endocannabinoids are involved in the normal function of these circuits,
and exogenous cannabinoids may serve to disrupt them in some fashion. This
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Fig. 7A, B. CB1 expression in rat hippocampal formation. A CB1 cannabinoid receptors were detected with
an antibody raised against the C terminus of rat CB1. Receptor levels are particularly high in the pyramidal cell
layer (Py), themolecular layer (Mol) of thedentategyrus (DG), andat thebaseof thegranule cell layer (GrDG) of
the dentate gyrus. Lesser levels are found in the stratum oriens (Or), stratum radiatum (Rad), stratum lucidum
(SLu), and the polymorphic layer of the dentate gyrus (PoDG). CA1, field CA1 of the hippocampus; CA3, field
CA3 of the hippocampus. B CB1-positive fibers surround the somata of pyramidal cells (Py) in CA1. Numerous
varicosities, corresponding to terminals, are apparent. CB1 receptors are also seen on axon fibers, although at
lower levels, in stratum oriens (Or) and stratum radiatum (Rad). For both images, scale bar = 100 µm. (Original
photomicroph provided by Marja Van Sickle and Keith Sharkey)

pattern of selective interneuron and axonal CB1 receptor expression is preserved
at all stages of postnatal development in the rat (Morozov and Freund 2003).

Tight functional separation of GABAergic input onto CA1 pyramidal cells has
also been demonstrated in an elegant electrophysiological study where only large,
fast GABAergic inhibitory postsynaptic currents (IPSCs) mediated by inhibitory
terminals expressing N-type [(Cav1.2); but not P-type (Cav1.1)] calcium chan-
nels were subject to depolarization-induced suppression of inhibition (Wilson et
al. 2001). These electrophysiological results are satisfyingly consistent with the
anatomical localization of the CB1 receptor on perisomatic GABAergic terminals.

TheexpressionofCB1 receptorsonprincipal cells of thehippocampus is a source
of some controversy (as reviewed by Freund et al. 2003). On one hand, careful elec-
tron microscopic immunocytochemical studies with specific and sensitive CB1

receptor antibodies have consistently failed to find CB1 receptor expression in
pyramidal cells (Katona et al. 1999, 2000; Hajos et al. 2000; Chen et al. 2003). On
the other hand, in situ hybridization studies consistently show low levels of CB1

mRNA in the stratum pyramidale (Mailleux and Vanderhaeghen 1992; Matsuda
et al. 1993; Marsicano and Lutz 1999). Complicating interpretation of these stud-
ies are the observations that several drugs acting at CB1 receptors (for example,
WIN55,212-2 and SR141716) also inhibit glutamate release from pyramidal neu-
rons in a CB1 receptor-independent fashion [that is, they inhibit release in CB1

knockout mice (Hajos et al. 2001; Hajos and Freund 2002)]. The electrophysiolog-
ical and in situ data could conceivably be reconciled by crossreactivity of the in
situ probes with a receptor closely related to the CB1 receptor. However, this does
not seem to be the case, as targeted deletion of CB1 receptors from hippocam-
pal pyramidal neurons (sparing CB1 receptors in the interneurons) eliminates
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cannabinoid-mediated protection in a kainate neurotoxicity model (Marsicano et
al. 2003). Although this issue is not yet resolved, a parsimonious explanation of
experimental results thus far is that hippocampal pyramidal neurons may express
CB1 receptors, albeit at far lower levels than the CCK-containing basket cells.

2.3.2
Dentate Gyrus

As in the hippocampus, CB1 receptors in dentate gyrus are primarily found in
CCK-containing basket cells—parvalbumin-positive basket cells and the granule
cells do not express CB1 (Mailleux and Vanderhaeghen 1992; Matsuda et al. 1993;
Katona et al. 1999; Marsicano and Lutz 1999; Tsou et al. 1999). This results in
high levels of CB1 receptors in the inner third of the molecular layer and at the
base of the granule cell layer in the dentate gyrus (Fig. 7). While it has not been
studied anatomically, functional studies suggest the glutamatergic terminals of the
perforant path may express CB1 receptors (Kirby et al. 1995).

2.4
Amygdala

CB1 receptor distribution in the amygdala is markedly heterogeneous (Katona et
al. 2001; McDonald and Mascagni 2001). High levels are found in the basolateral
complex (comprising the lateral, basal, and accessory basal nucleus), nucleus of
the lateral olfactory tract, the periamygdaloid cortex, and amygdalohippocampal
areas. In contrast, CB1 receptors are sparsely expressed in the medial, central, and
intercalated nuclei (Fig. 1). As in other regions of the forebrain, CB1 receptors are
primarily expressed on large, GABAergic, CCK-containing axon terminals (Ka-
tona et al. 2001; McDonald and Mascagni 2001). Activation of these CB1 receptors
by cannabinoids decreases GABA release from these terminals, which may dis-
inhibit the basolateral glutamatergic pyramidal cells (Katona et al. 2001). As in
other forebrain regions, there is also a relatively high concordance between CB1

and serotonin-3 (5-HT3) receptor expression in amygdala (Morales et al. 2004).
Compelling evidence suggests that endocannabinoids play a role in modulating
fear conditioning at the level of the amygdala (Marsicano et al. 2002), and amyg-
daloid CB1 receptors may play a role in the panic states occasionally seen following
consumption of prodigious quantities of cannabis.

2.5
Subcortical CB1 Receptors

2.5.1
Basal Forebrain

Moderate levels of CB1 receptors are present in the basal forebrain. Autoradio-
graphic studies found CB1 in the medial and lateral septum and the intermediate
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nucleus of the lateral septum (Herkenham et al. 1991). CB1 mRNA is present at
moderate levels in many cells of the medial septum and the nucleus of the diagonal
band (Mailleux and Vanderhaeghen 1992; Matsuda et al. 1993). A recent immuno-
cytochemical study in mouse revealed that the tenia tecta, ventral pallidum, and
substantia innominata all contained a dense network of CB1-positive fibers. In
contrast, a fine meshwork of CB1 receptor-containing fibers was present in the
medial septum, diagonal bands, and nucleus basalis (Harkany et al. 2003). No CB1

immunoreactivity was detected in basal forebrain cholinergic cells; instead these
cells contained high levels of FAAH (Harkany et al. 2003). These results are in con-
trast to a report in monkey, which found CB1 expression in cholinergic forebrain
neurons (Lu et al. 1999). This discrepancy may be due to a difference between
species or methodologies.

2.5.2
Basal Ganglia

The subcortical structures with the highest level of CB1 receptor expression are
the basal ganglia. In fact, the highest levels of CB1 receptors in the brain detected
in autoradiography studies were found in the substantia nigra (Herkenham et al.
1991). In situ hybridization studies demonstrated that many striatal medium spiny
neurons express CB1 receptors (Matsuda et al. 1993; Julian et al. 2003). In contrast,
adult pallidal and nigral neurons contain little or no CB1 mRNA (Matsuda et al.
1993; Julian et al. 2003). Rather, CB1 receptors in the globus pallidus and substantia
nigra are localized to the axons traversing or terminating in these structures
(Tsou et al. 1998a; Egertová and Elphick 2000). Thus, the high levels of pallidal
and nigral CB1 receptor binding and protein observed in autoradiographic and
immunocytochemical studies mostly arise from GABAergic neurons projecting
from the caudate putamen. Figure 8 illustrates the intense immunostaining of
CB1 receptors that begins at the border between the caudate putamen and globus
pallidus. It is possible that dopaminergic neurons may transiently express CB1

receptors during development, as CB1 co-localizes with tyrosine hydroxylase in
cultured mesencephalic neurons (Hernandez et al. 2000).

Both autoradiographic and immunocytochemical studies show a gradient of
CB1 expression in the rodent caudate putamen with the highest levels found dor-
solaterally (Tsou et al. 1998a; Egertová and Elphick 2000). Both the matrix and
patch structures of the caudate putamen contain CB1 receptors, where they par-
tially overlap with µ-opioid receptors (Rodriguez et al. 2001). CB1 receptors are
present on both the striatonigral (prodynorphin or preprotachykinin A positive)
and striatopallidal (proenkephalin positive) projection pathways (Hohmann and
Herkenham 2000). Thus, CB1 receptors are positioned to modulate both the direct
and indirect striatal output pathways.

In addition to medium spiny neurons, anatomical and functional studies iden-
tified CB1 receptors on the terminals of the corticostriatal pathway (Gerdeman
and Lovinger 2001; Huang et al. 2001; Rodriguez et al. 2001) and GABAergic as-
piny interneurons (Hohmann and Herkenham 2000). In contrast, CB1 receptors
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Fig. 8A–C. CB1 expression in basal ganglia detected by an antibody raised against the amino terminus of rat
CB1. A Low-power view showing moderate levels of CB1 in caudate putamen (CPu) and very high levels in the
globus pallidus (GP). The sharp demarcation between the two structures is evident. B Boundary of CPu and
GP. Two moderately stained fiber bundles are indicated by the arrows. C High-power view of globus pallidus
with fine, strongly immunoreactive, non-varicose processes corresponding to medium spiny neuron axons.
Scale bars = 500 µm (A); 50 µm (B and C). (Modified from a photomicrograph provided by Kang Tsou)

do not appear to be expressed in the large aspiny cholinergic interneurons or
somatostatin-containing interneurons (Hohmann and Herkenham 2000). CB1 re-
ceptors are also present on the neurons in the subthalamic nucleus (Matsuda et al.
1993). Taken together, the presence of CB1 receptors on diverse neuronal popula-
tions in the basal ganglia can account for the complex effects of cannabinoids on
motor behaviors (Sanudo-Pena et al. 1999b; Romero et al. 2002).
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2.5.3
Nucleus Accumbens

CB1 receptors are also expressed at low to moderate levels in the nucleus accum-
bens. Here CB1 receptors are found in a pattern reminiscent of the striatum. CB1

receptors are expressed on terminals of the glutamatergic prefrontal cortex ac-
cumbens pathways (Robbe et al. 2001). They are also present on the accumbens
medium spiny neurons. They appear to be absent from the dopaminergic terminals
projecting to the accumbens from the ventral tegmentum. Consequently, cannabi-
noid stimulation of dopamine release in nucleus accumbens (Tanda et al. 1997)
appears to be an indirect effect, perhaps mediated by inhibition of GABA release
(Szabo et al. 1999, 2002).

2.5.4
Thalamus

Expression of CB1 receptors in the thalamus is low (Herkenham et al. 1991; Jansen
et al. 1992; Matsuda et al. 1993; Glass et al. 1997; Tsou et al. 1998a; Egertová and
Elphick 2000). Regions of the thalamus with some CB1 expression include the
(lateral) habenular nucleus, the anterior dorsal thalamic nucleus, and the reticular
thalamic nucleus (Herkenham et al. 1991; Mailleux and Vanderhaeghen 1992; Tsou
et al. 1998a).

2.5.5
Hypothalamus

Given the marked effects of CB1 receptor agonists on body temperature and antag-
onists on consumptive behavior, it is not surprising that CB1 receptors are present
in the hypothalamus. Low to moderate levels of CB1 immunoreactivity are found
in the paraventricular nucleus, ventral medial hypothalamic nucleus, infundibular
stem, and lateral hypothalamic area (Tsou et al. 1998a). There are in situ data sug-
gesting CB1 receptors in the hypothalamus are primarily present on glutamatergic
neurons (Marsicano and Lutz 1999). Intriguingly, although the levels of CB1 recep-
tors in hypothalamus are fairly low, functional studies with GTPγS suggests these
CB1 receptors are more strongly coupled to G proteins than are most CB1 receptors
(Breivogel et al. 1997). A careful and detailed anatomical study of CB1 expression
in hypothalamus is needed because of the likely involvement of this region in the
anti-appetitive actions of CB1 antagonists.

2.6
Midbrain

2.6.1
Substantia Nigra

A striking feature of CB1 receptor expression is the high number of CB1 receptors
found in the substantia nigra (Fig. 9A and 9B). As mentioned above, these receptors
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Fig.9A–C. CB1 receptorexpression inmidbrain structuresdetectedbyanantibodyagainst theaminoterminus
of rat CB1. A CB1 immunostaining is very strong in substantia nigra pars reticulata (SNR) but virtually absent
in substantia nigra pars compacta (SNC). B Higher magnification view of SNR. When the plane of the section
is perpendicular to the striatonigral pathway, immunoreactivity is apparent as puncta, from the high levels
of axonal CB1 expression. C In caudal periaqueductal gray, CB1-positive fibers (arrows) and intensely labeled
neuropil (arrowheads) are apparent. Aq, lumen of the aqueduct. Scale bars = 500 µm (A), 50 µm (B), and
20 µm (C). (Modified from a photomicrograph provided by Kang Tsou)

appear to be restricted to the GABAergic axons of the putamen medium spiny
neurons—the nigral dopaminergic neurons appear to be devoid of CB1 receptors
(Matsuda et al. 1993; Julian et al. 2003). Anatomical and functional evidence also
suggests that the excitatory glutamatergic projection from the subthalamic nucleus
to the substantia nigra contains CB1 receptors (Mailleux and Vanderhaeghen 1992;
Sanudo-Pena and Walker 1997; Sanudo-Pena et al. 1999b).

2.6.2
Ventral Tegmentum

CB1 expression and function in the ventral tegmental area (VTA) is of interest
because of the euphoric and reinforcing properties of cannabinoids—evident in
carefully conducted studies. There is no evidence for CB1 receptor expression on
the tegmental dopamine neurons (Herkenham et al. 1991). Emerging functional
evidence (detailed immunocytochemical studies remain to be done) suggests that
CB1 receptors are present on intrinsic GABAergic terminals, GABAergic terminals
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present on accumbens neurons projecting to VTA, and glutamatergic terminals
(Szabo et al. 2002; Riegal et al. 2003; Melis et al. 2004). These findings suggest that
CB1 receptor activation may play a role in the reinforcing effects of cannabinoids
and, more provocatively, that disorders in endocannabinoid-mediated synaptic
plasticity may be important in a broader range of addictive disorders.

2.6.3
Periaqueductal Gray

Moderate levels of CB1 receptor are also found in several other regions of the mid-
brain. One of these is the periaqueductal gray (PAG) (Fig. 9C). Here CB1 receptors
are found on the terminals of GABAergic neurons. In contrast to opiate receptors
on GABAergic aqueductal neurons, CB1 receptors are preferentially localized in
the dorsal portion of the PAG (Tsou et al. 1998a). Autoradiographic studies indicate
that CB1 receptors are also found at moderate levels in the reticular formation and
raphe nucleus (Glass et al. 1997).

2.7
Brainstem

Expression of CB1 receptors in brainstem is relatively low. In contrast to the opi-
oid receptors, few cannabinoid receptors are found in the medullary respiratory
control centers (Herkenham et al. 1991; Glass et al. 1997). This likely underlies

Fig. 10. CB1 expression in emetic centers. CB1 is prominently expressed in the ferret area postrema (AP),
dorsal vagal complex (DMNX), and associated regions involved in emesis as detected with a C-terminal CB1
receptor antibody. Particularly strong immunostaining is present in a restricted group of cells in the area
postrema as well as diffusely through the dorsal motor nucleus of the vagus (notice the lack of staining of cell
bodies in DMNX), and the medial nucleus of the solitary tract (SolM). 4V, fourth ventricle; CC, central canal.
Scale bar = 100 µm. (Original photomicrograph provided by Marja Van Sickle and Keith Sharkey)
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the low lethality of high doses of cannabinoids. One exception to the low levels
of cannabinoid receptor in the brainstem is the medullary nuclei associated with
emesis (Van Sickle et al. 2001). Here, as illustrated in Fig. 10, relatively high levels
of CB1 receptor are found in the dorsal motor nucleus of the vagus and the me-
dial subnucleus of the nucleus of the solitary tract. Moderate levels are present in
the subnucleus gelatinosus of the solitary tract (Fig. 10). Occasional, very strongly
stained cells are evident in the area postrema (Fig. 10). In most cases, CB1 receptors
appear to be localized to terminal structures. Interestingly, FAAH immunoreactiv-
ity was restricted to the cell bodies invested by the CB1-positive fibers (Van Sickle
et al. 2001), continuing the theme of complementary expression of CB1 receptors
and FAAH. Compelling evidence suggests that a major portion of the antiemetic
actions of cannabinoids is a consequence of CB1 receptor activation in these nuclei
(Van Sickle et al. 2001, 2003).

2.8
Cerebellum

CB1 receptor expression in the cerebellum follows a striking and very predictable
pattern. Autoradiographic and immunocytochemical studies show very strong la-
beling of the molecular layer (Fig. 11A), while in situ hybridization studies show
robust expression in the granule cell layer (Matsuda et al. 1990; Herkenham et al.
1991; Glass et al. 1997; Tsou et al. 1998a; Egertová and Elphick 2000). Combin-
ing these results with functional studies suggests CB1 receptors are expressed in
climbing fibers and parallel fibers, as well as the basket cells, particularly at the
basket cell–Purkinje cell synapse (Fig. 11A, B). In contrast, there is little evidence
that Purkinje neurons express CB1 receptors (Matsuda et al. 1990). Thus, both ma-

Fig. 11. CB1 is highly expressed in the molecular layer and on the basket cell–Purkinje neuron synapse of
the mouse cerebellum. A Using an antibody directed against the C terminus of the CB1 receptor, strikingly
high levels of CB1 receptors are apparent at basket cell synapses onto the Purkinje neurons (pc) as well as
diffusely high levels in the molecular layer (mo), corresponding to the parallel fiber–Purkinje neuron synapse.
B Higher magnification view showing intense labeling of basket cell synapses (arrowheads), labeled fibers in
the granule cell layer (gr) (arrows), and diffuse labeling in the molecular layer. Scale bars = 150 µm (A), and
15 µm (B). (Modified from a photomicrograph provided by Jane Lauckner)
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jor glutamatergic inputs and at least some of the GABAergic input onto Purkinje
neurons are subject to modulation by cannabinoids. These anatomical observa-
tions are supported by several elegant electrophysiological studies demonstrating
a role for endogenous cannabinoid inhibition of glutamatergic and GABAergic
neurotransmission onto Purkinje neurons (Kreitzer and Regehr 2001; Maejima
et al. 2001; Diana et al. 2002; Kreitzer et al. 2002; Brenowitz and Regehr 2003).
While most of the actions of exogenous and endogenous cannabinoids can be
interpreted as effects on presynaptic CB1 receptors, there is also solid evidence for
somatic expression of CB1 receptors. This comes from experiments by the Regehr
lab showing that the release of endocannabinoids from Purkinje neurons can slow
the firing rate of basket cells, consistent with an activation of somatic potassium
channels (Kreitzer et al. 2002).

2.9
Spinal Cord

Because of the efficacy of intrathecal cannabinoids in various pain models, it is
not surprising that moderate levels of CB1 receptor are found in the regions of
the spinal cord associated with analgesia. In particular, the superficial layers of
the dorsal horn, the dorsolateral funiculus, and lamina X all have moderate levels
of CB1 receptor (Farquhar-Smith et al. 2000). Cannabinoids inhibit glutamate
release from afferents in lamina I of the dorsal horn in a CB1 receptor-dependent
fashion (Jennings et al. 2001; Morisset and Urban 2001). Providing anatomical
support for these functional studies, CB1 receptors are found in the dorsal horn
in a characteristic twin band corresponding to lamina I and the inner portion of
lamina II (Farquhar-Smith et al. 2000).

The source of CB1 receptors in the dorsal horn remains controversial. One im-
munocytochemical study found little decrease in CB1 receptor immunoreactivity
following dorsal rhizotomy or hemisection of the spinal cord, suggesting CB1 re-
ceptors are primarily expressed on interneurons (Farquhar-Smith et al. 2000). In
contrast, another study using autoradiography to quantify CB1 expression found
a 50% decrease in CB1 expression following dorsal rhizotomy, suggesting that ap-
proximately 50% of CB1 receptors are found on primary afferents while the balance
are on interneurons and descending pathways (Hohmann et al. 1999). Additional
evidence supporting functionally significant levels of CB1 expression on primary
afferents includes the findings that CB1 receptor activation inhibits glutamate re-
lease in lamina I (Jennings et al. 2001; Morisset and Urban 2001), only low levels
of CB1 mRNA are present in spinal cord (Mailleux and Vanderhaeghen 1992),
and CB1 receptor mRNA and protein are both expressed in dorsal root ganglia
cells (Hohmann et al. 1999; Hohmann and Herkenham 1999b; Bridges et al. 2003).
Despite the presence of CB1 receptors on some C fibers, many more are present
on large, myelinated fibers (Abeta and Adelta) (Hohmann and Herkenham 1998,
1999b; Bridges et al. 2003; Price et al. 2003). In balance, it is likely that the analgesic
effects of CB1 receptor activation in the spinal cord are due to interplay between
cannabinoid actions on primary afferents, interneurons, and descending pathways.
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Emerging evidence suggests that CB2 agonists are analgesic in a number of
neuropathicand inflammatorypainmodels (Ibrahimetal. 2003;Nackleyet al. 2003;
Hohmann et al. 2004). There is little evidence for CB2 expression in normal spinal
cord (for example, Buckley et al. 1998). However, CB2 expression is induced in the
spinal cord, likely in microglial cells, following nerve injury and the development
of a neuropathic state (Zhang et al. 2003). Precise localization of these receptors
using immunocytochemistry remains to be performed. Intriguingly, CB2 receptor
expression was not increased in an inflammatory pain model, despite the efficacy
of CB2 agonists as analgesics in this model. This suggests that CB2 receptors are
selectively upregulated only after specific forms of nerve injury. It also implies that
peripherical CB2 receptors mediate some of the effects of CB2 agonists, at least
some inflammatory pain states.

While expression of CB1 in the dorsal horn is well established, its expression
in spinal cord areas associated with movement is less certain. However, some
immunocytochemical evidence suggests CB1 receptors are found in the ventral
horn (Tsou et al. 1998a; Sanudo-Pena et al. 1999a). Interestingly, FAAH is also
found in the cell bodies of ventral horn neurons (Tsou et al. 1998b). The localization
of CB1 receptors and FAAH in neuronal circuits associated with movement may
underlie the antispastic effects of cannabinoids.

3
Peripheral Nervous System

3.1
Peripheral Nerves

There is strong evidence for CB1 receptor expression in the periphery. For example,
ligation of the sciatic nerve leads to accumulation of CB1 receptors proximal to
the ligation (Hohmann and Herkenham 1999a) and peripherally administered,
but systemically inactive, doses of CB1 agonists can be analgesic (Calignano et
al. 1998). To date, no studies have been published examining CB1 receptors in
the periphery beyond major nerves (e.g., sciatic). The development of sufficiently
sensitive techniques to study CB1 and CB2 expression in the periphery is needed to
thoroughly understand the peripheral actions of these compounds. Cannabinoids
also regulate autonomic nervous system function. Examples include cannabinoid
inhibition of neurotransmitter release in ileum (Roth 1978; Pertwee et al. 1992;
Croci et al. 1998) and vas deferens (Nicolau et al. 1978; Pertwee et al. 1992).

3.2
Enteric Nervous System

CB1 receptors are richly distributed throughout the enteric nervous system; their
function has been the focus of reviews (Pertwee 2001; Pinto et al. 2002). Cannabis
and itspsychoactive extracts inhibit intestinalmotility (ShookandBurks1989; Izzo



Distribution of Cannabinoid Receptors in the Central and Peripheral Nervous System 319

et al. 1999). Detailed anatomical studies have found high levels of CB1 receptor in
specificpopulationsofnerves innervating thegut (Kulkarni-Narla andBrown2000;
Coutts et al. 2002; MacNaughton et al. 2004). Studies of guinea pig ileum suggest
that CB1 receptors are localized, in part to the cholinergic myenteric motor neurons
(Coutts et al. 2002). Activation of these presynaptic CB1 receptors inhibits acetyl-
choline release, decreasing longitudinal muscle contractions. Intestinal motility
mediated by non-adrenergic, non-cholinergic (NANC) neurotransmission is also
decreased by CB1 agonists (Izzo et al. 1998); likewise, CB1 receptors are also found
on some NANC neurons (MacNaughton et al. 2004). Activation of CB1 receptors
also decreases fluid secretion in the stomach and intestine. Consistent with this,
CB1 receptors are present in both cholinergic and non-cholinergic sensorimotor
submucosal neurons (Tyler et al. 2000; Adami et al. 2002; MacNaughton et al. 2004).
CB1 receptors are also present on some vagal afferents, where their expression is
decreased by food intake and CCK (Burdyga et al. 2004).

3.3
Pelvic Viscera

Several studies suggest CB1 receptor activation has effects on bladder, vas deferens,
and uterine function, in both normal and pathophysiological states (Nicolau et al.
1978; Pertwee et al. 1992; Pertwee and Fernando 1996; Dmitrieva and Berkley
2002; Farquhar-Smith et al. 2002). While CB1 receptors are expressed on tyrosine
hydroxylase (noradrenaline)-positive pelvic neurons (Pan et al. 1998), detailed
studies on CB1 receptor distribution to these organs remains to be performed.

4
Summary

The pattern of CB1 expression in the brain generally correlates with its function
both at the macroscopic and microscopic levels. High levels of cannabinoid recep-
tors are found in brain regions implicated in the behavioral effects of cannabinoids,
particularly cortex, hippocampus, amygdala, basal ganglia, cerebellum, and the
emetic centers of the brainstem. Conversely, low levels are found in other regions,
such as the thalamus, pons, and the remainder of the brainstem. Correspond-
ingly, these areas have generally not been implicated in playing a major role in the
actions of cannabis or cannabinoids. Undoubtedly, the future will bring further
refinement in the localization of CB1 receptors as well as the badly needed details
on where endocannabinoid synthesizing and degrading enzymes are found. To-
gether, this information will aid in our understanding of the role of CB1 receptors
in the function of the CNS, both in normal physiology as well as in pathological
states.
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Abstract The CB1 cannabinoid receptor is widely distributed in the central and
peripheral nervous system. Within the neuron, the CB1 receptor is often localised
in axon terminals, and its activation leads to inhibition of transmitter release.
The consequence is inhibition of neurotransmission via a presynaptic mecha-
nism. Inhibition of glutamatergic, GABAergic, glycinergic, cholinergic, noradren-
ergic and serotonergic neurotransmission has been observed in many regions
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of the central nervous system. In the peripheral nervous system, CB1 receptor-
mediated inhibition of adrenergic, cholinergic and sensory neuroeffector trans-
mission has been frequently observed. It is characteristic for the ubiquitous op-
eration of CB1 receptor-mediated presynaptic inhibition that antagonistic com-
ponents of functional systems (for example, the excitatory and inhibitory inputs
of the same neuron) are simultaneously inhibited by cannabinoids. Inhibition of
voltage-dependent calcium channels, activation of potassium channels and direct
interference with the synaptic vesicle release mechanism are all implicated in the
cannabinoid-evoked inhibition of transmitter release. Many presynaptic CB1 re-
ceptors are subject to an endogenous tone, i.e. they are constitutively active and/or
are continuously activated by endocannabinoids. Compared with the abundant
data on presynaptic inhibition by cannabinoids, there are only a few examples for
cannabinoid action on the somadendritic parts of neurons in situ.

Keywords Acetylcholine · Axon terminal · CB1 cannabinoid receptor · GABA
· Glutamate · Neurotransmission · Noradrenaline · Presynaptic inhibition ·
Transmitter release

1
Introduction

As described in the chapter by Mackie (this volume), the CB1 cannabinoid receptor
is widely distributed in the central and peripheral nervous system. One of the pri-
mary consequences of activation of CB1 receptors is the inhibition or activation of
ionchannels. For example, voltage-dependent calciumchannels are typically inhib-
ited by cannabinoids, whereas several kinds of potassium channels are activated.
Theoretically, due to their influence on ion channels, cannabinoids can change the
function of neurons in several ways. By acting in the dendrites, they can interfere
with the conduction of synaptic currents to the soma of the neuron. By acting in the
soma, they can interfere with the generation of action potentials. By acting on ion
channels in axon terminals, they can inhibit transmitter release from the terminals;
the consequence is inhibitionofneurotransmissionwithapresynapticmechanism.
Inhibition of neurotransmission appears to be, at present, the best-characterised
electrophysiological effect of cannabinoids, and this review focuses on this effect.
Before analysing the presynaptic effect, we describe cannabinoid effects on ion
channels and the anatomical evidence for the presence of cannabinoid receptors
in axon terminals. Presynaptic inhibition by endogenous cannabinoids released
by postsynaptic neurons—retrograde signaling—is described in the chapter by
Vaughan and Christie (this volume).

2
Effects of Cannabinoids on Ion Channels

The somadendritic region of most neurons is accessible for electrophysiological
studies. In contrast, direct electrophysiological recording from axon terminals of
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mammals is either impossible or extremely difficult. Accordingly, we know rela-
tively well how cannabinoids change the function of ion channels in the somaden-
dritic region. Our knowledge on electrophysiological changes in axon terminals is
limited; we can only assume that ion channels are influenced similarly as in the
somadendritic region. In this section, effects on the somadendritic region are dealt
with.

2.1
Effects of Cannabinoids on Voltage-Gated Ion Channels

2.1.1
Calcium Channels

In the majority of studies, cannabinoids depressed voltage-dependent calcium
channels. According to the first observations, activation of CB1 receptors inhibits
N-type voltage-dependent calcium channels in neuronal cell lines (Caulfield and
Brown 1992; Mackie and Hille 1992; Mackie et al. 1993). No inhibition occurred in
pertussis toxin-treated cells, indicating the involvement of G proteins containing
Gαi/o subunits. Later, this observation was extended to isolated rat hippocampal
neurons and cerebellar granule cells (Twitchell et al. 1997; Nogueron et al. 2001). In
isolated rat sympathetic ganglion neurons that previously had been injected with
CB1 receptor cRNA, cannabinoids also inhibited N-type calcium channels (Pan et
al. 1996). Q-type calcium channels were also inhibited in CB1 receptor-transfected
AtT20 cells (Mackie et al. 1995). The endogenous cannabinoid (endocannabinoid)
anandamide inhibits T-type calcium channels; this effect is, however, not mediated
by CB1 receptors (Chemin et al. 2001).

There are at least two examples for stimulation of calcium channels by cannabi-
noids: L-type calcium currents in a neuronal cell line (Rubovitch et al. 2002) and
in retinal rods of the tiger salamander (Straiker and Sullivan 2003) were enhanced
by cannabinoids.

2.1.2
Potassium Channels

Activated CB1 receptors can also change the function of several types of potas-
sium channels. In oocytes and AtT20 cells artificially expressing the CB1 receptor,
stimulation of inwardly rectifying potassium channels was repeatedly observed
(Henry and Chavkin 1995; Mackie et al. 1995; Garcia et al. 1998; McAllister et al.
1999). Potassium A currents in cultured hippocampal neurons are stimulated by
cannabinoids (Deadwyler et al. 1995; Mu et al. 2000). The effects of cannabinoids
on potassium M currents in hippocampal brain slices have also been studied;
M currents were inhibited, which means an enhancement of neuronal excitabil-
ity (Schweitzer 2000). The potassium K current is inhibited by cannabinoids in
cultured hippocampal neurons (Hampson et al. 2000). As in the case of calcium
channels, anandamide can elicit a CB1 receptor-independent effect on potassium
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channels, i.e. it inhibits the acid-sensitive background potassium channel TASK-1
(Maingret et al. 2001).

2.1.3
Sodium Channels

In an early study, Turkanis et al. (1991) showed that ∆9-tetrahydrocannabinol
inhibits voltage-dependent sodium channels; the involved primary receptor was
not identified in this study. More recently, it was observed that anandamide and
the synthetic CB1/CB2 receptor agonist WIN55212-2 inhibited voltage-dependent
sodium channels in synaptosomes prepared from mouse brain (Nicholson et al.
2003). Since the effects were not attenuated by the CB1 receptor antagonist AM251,
the involvement of CB1 receptors can be excluded.

2.2
Effects of Cannabinoids on Ligand-Gated Ion Channels

The function of several types of ligand-gated ion channels is changed by cannabin-
oids—as a rule, these effects are not mediated by CB1 receptors. In isolated rat
nodose ganglion neurons, cannabinoids inhibited serotonin-3 (5-HT3) receptor-
mediated currents (Fan 1995). This observation was verified and extended in
a recent study. In HEK293 cells expressing the human 5-HT3A receptor, several
cannabinoids inhibited the 5-HT-evoked current (Barann et al. 2002). CB1 re-
ceptors could not be involved in this effect, since HEK293 cells do not express
CB1 receptors.

The function of AMPA-type glutamate receptors (Akinshola et al. 1999) and
nicotinic acetylcholine receptors (Oz et al. 2003), expressed in oocytes, was inhib-
ited by anandamide. These effects are, again, CB1 and CB2 receptor-independent.

2.3
What Is the Functional Consequence of the Inhibition
of Somadendritic Ion Channels?

The majority of the experiments in which the effect of cannabinoids on somaden-
dritic ion channels was studied were carried out on cell lines, on cells artificially
expressing the CB1 receptor or on isolated neurons. It is not known whether the
effects also occur under natural conditions. For example, cannabinoid receptor ag-
onists did not influence voltage-dependent calcium channels in caudate-putamen
medium spiny neurons (Szabo et al. 1998), although these neurons are known
to synthesise CB1 receptors. It is conceivable that in neurons under physiological
conditions, the density of somadendritic CB1 receptors is too low for modulation
of certain ion channels. Alternatively, the coupling mechanism between receptor
and ion channel may not be functional.
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Another important question also remains unanswered. We basically do not
know how modulation of somadendritic ion channels by cannabinoids affects the
excitability or integrative capacity of neurons. There are only a few experiments
in which neurons were studied in situ (in brain slices), and cannabinoid effects
were restricted to the somadendritic region of the neurons (by blockade of the
synaptic input of the neurons), and cannabinoids elicited an effect. One such
experiment was carried out by Kreitzer et al. (2002): cannabinoids lowered the
firing rate of cerebellar interneurons and this was attributed to the activation of
barium-sensitive potassium channels. In the experiments of Himmi et al. (1998),
cannabinoids changed the firing rate of nucleus tractus solitarii neurons in brain
slices; since the synaptic input was not blocked, it is not known whether the change
in firing rate was due to an effect on the neurons themselves, or to an effect on
their synaptic input.

3
Anatomical Evidence for the Presence of CB1 Cannabinoid Receptors
in Axon Terminals

The wide distribution of the CB1 receptor in the nervous system is described in
the chapter by Mackie (this volume). The prerequisite for presynaptic inhibition
of neurotransmission is that the receptor is localised in axon terminals. The fol-
lowing paragraph lists known examples for localisation of CB1 receptors in axon
terminals.

In the cerebellum, CB1 receptors in terminals of basket cells can be seen at the
light microscopic level (Tsou et al. 1998; Diana et al. 2002). Electron microscopical
studies have indicated that a great portion of CB1 receptors in the caudate-putamen
(Rodriguez et al. 2001), hippocampus (Katona et al. 1999, 2000; Hájos et al. 2000)
and amygdala (Katona et al. 2001) is in axon terminals. Comparison of the site
of CB1 receptor synthesis (which was determined by in situ hybridisation) with
the distribution of receptor protein (which was determined with receptor autora-
diography and immunohistochemistry) indicates localisation of CB1 receptors in
terminals of parallel fibres in the cerebellum and in terminals of striatonigral neu-
rons in the substantia nigra pars reticulata (compare, for example, Mailleux and
Vanderhaeghen 1992; Matsuda et al. 1993; Tsou et al. 1998). The changes in the CB1

receptor distribution pattern during neurodegeneration accompanying Hunting-
ton’s disease and experimentally elicited neurodegeneration also suggest that CB1

receptors in the substantia nigra pars reticulata are localised in striatonigral axon
terminals (Herkenham et al. 1991; Glass et al. 2000).

In a few instances, it was shown that CB1 receptors are not uniformly distributed
in a neuron, but are preferentially localised in the axon terminal. For example, CB1

receptors were well visible in cerebellar basket cell terminals, but not in the somata
of these neurons (Diana et al. 2002). Preferential localisation of CB1 receptors in
axon terminals was also observed in hippocampal neurons (Twitchell et al. 1997;
Irving et al. 2000).
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4
Effects of Cannabinoids on Neurotransmission
in the Central Nervous System

Two methods were used to study the effect of cannabinoids on presynaptic axon
terminals. The more frequently used electrophysiological approach measures neu-
rotransmission. In brain slices or neuronal cultures, electrical currents in post-
synaptic neurons are recorded with patch-clamp or microelectrode techniques.
Presynaptic axon terminals are electrically stimulated and the postsynaptic cur-
rent resulting from stimulation of ligand-gated ion channels of postsynaptic neu-
rons by the released transmitter is determined. The change in the postsynaptic
current amplitude is a measure of the change in synaptic transmission.

In the other method, the release of endogenous or radiolabelled neurotrans-
mitters from presynaptic axon terminals is determined chemically. Although this
latter method shows directly what happens at the level of axon terminals, it does
not measure “neurotransmission”.

In electrophysiological experiments, cannabinoids inhibited neurotransmis-
sion. The inhibition was always due to inhibition of transmitter release from axon
terminals and never to interference of cannabinoids with the postsynaptic ef-
fects of the neurotransmitters. The experiments in which transmitter release was
determined neurochemically also indicated that cannabinoids inhibit transmit-
ter release from axon terminals. In most instances the presynaptic cannabinoid
receptors can be classified as CB1 receptors (but some exceptions are given in
Tables 1 and 2). Effects of cannabinoids on the release of individual transmitters
are discussed below. Effects of cannabinoids on neurotransmission have also been
reviewed by Schlicker and Kathmann (2001).

4.1
Fast Excitatory Neurotransmission

Activation of CB1 receptors inhibits the release of the excitatory neurotransmitter
glutamate in many brain regions and in the spinal cord (Table 1).

Inhibition was seen in nuclei belonging to the extrapyramidal motor control sys-
tem: caudate-putamen, globus pallidus and substantia nigra pars reticulata (Fig. 1
shows an example of presynaptic inhibition of glutamatergic neurotransmission
in the substantia nigra pars reticulata; see Fig. 6 for an overview of cannabinoid
effects on neurotransmission in the extrapyramidal motor control system). In-
hibition of neurotransmission was also observed in the ventral tegmental area,
hippocampus and the nucleus accumbens—these regions are parts of the limbic
system. Inhibition of the excitatory synaptic transmission in the hippocampus
could contribute to the anticonvulsive effect of cannabinoids. Purkinje cells in
the cerebellar cortex receive excitatory inputs from parallel fibres and climbing
fibres; both kinds of excitatory inputs are inhibited by activated CB1 receptors (see
Fig. 7 for an overview of cannabinoid effects on neurotransmission in the cerebel-
lar cortex). Moreover, cannabinoids depress the glutamatergic neurotransmission
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Table 1. Inhibition of glutamatergic neurotransmission (continued on next page)

Neurotransmitter Species Region Method Mechanism of presynaptic inhibition Reference(s)

Glutamate Rat Cortex (brain slice) Electrophysiology (patch clamp) Vesicle release machinery inhibited Auclair et al. 2000

Glutamatea Rat Cortex (cell culture) Endogenous glutamate
chemically determined

IP3 is involved Ferraro et al. 2001

Glutamate Rat Caudate-putamen
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Gerdeman
and Lovinger 2001

Glutamate Rat Caudate-putamen
(brain slice)

Electrophysiology (patch clamp,
extracell. recording)

The inhibition is pertussis toxin sensitive
Vesicle release machinery not inhibited

Huang et al. 2001, 2002

Ca2+ channels involved

Glutamate Rat Caudate-putamen
(brain slice)

Electrophysiology
(extracell. recording),
[3H]glutamate release

Glutamate uptake is inhibited, glutamate
causes presynaptic inhibition via mGluR

Brown et al. 2003b

Glutamate Mouse Nucleus accumbens
(brain slice)

Electrophysiology (patch clamp,
extracell. recording)

Vesicle release machinery inhibited
Ca2+ channels not involved
K+ channels involved
cAMP and PKA not involved

Robbe et al. 2001

Glutamate Mouse Globus pallidus
(brain slice)

Electrophysiology (patch clamp) No details given Wallmichrath
and Szabo 2003

Glutamate Rat Ventral tegmental
area

Electrophysiology (patch clamp) Vesicle release machinery inhibited Melis et al. 2004

Glutamate Rat Substantia nigra
pars reticulata
(brain slice)

Electrophysiology (patch clamp) No details given Szabo et al. 2000

Glutamate Rat Hippocampus
(brain slice)

Electrophysiology
(extracell. recording)

No details given Ameri et al. 1999;
Ameri and Simmet 2000

Glutamate Rat Hippocampus
(brain slice)

Electrophysiology
(extracell. recording)

No details given Al-Hayani and Davies 2000
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Table 1. (continued)

Neurotransmitter Species Region Method Mechanism of presynaptic inhibition Reference(s)

Glutamate Rat Hippocampus
(cell culture)

Electrophysiology (patch clamp) Vesicle release machinery inhibited
Ca2+ channels involved

Sullivan 1999

Glutamate Rat Hippocampus
(cell culture)

Electrophysiology (patchclamp),
microfluorometry
(Ca2+ spikes determined)

The inhibition is pertussis toxin sensitive Shen et al. 1996,
Shen and Thayer 1999,
Kouznetsova et al. 2002

Glutamate?
GABA?

Rat Hippocampus
(cell culture)

Release of the vesicle marker
FM1–43

No details given Kim and Thayer 2000

Glutamate Rat Hippocampus
(synaptosomes)

Endogenous glutamate
chemically determined
(4-AP evoked release)

The inhibition is pertussis toxin sensitive
Ca2+ channels involved
Vesicle release machinery not inhibited
PKA not involved

Wang 2003

Glutamate Mouse, rat Hippocampus
(brain slice)

Electrophysiology (patch clamp) No CB1 receptors are involved Hájos et al. 2001;
Hájos and Freund 2002

Glutamate Rat, mouse Hippocampus
(synaptosomes)

[3H]Glutamate release No CB1 receptors are involved Köfalvi et al. 2003

Glutamate Mouse Hippocampus
(brain slice)

Electrophysiology (patch clamp) The inhibition is pertussis toxin sensitive
Vesicle release machinery inhibited

Misner and Sullivan 1999

Glutamate Mouse Amygdala Electrophysiology (patch clamp,
extracell. recording)

The inhibition is pertussis toxin sensitive
Vesicle release machinery inhibited
K+ channels involved
Ca2+ channels not involved

Azad et al. 2003

Glutamate Rat Cerebellum
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited
K+ channels involved
Ca2+ channels only indirectly involved

Levenes et al. 1998, Daniel
and Crepel 2001

Glutamate Rat Cerebellum
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited Takahashi and Linden 2000
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Table 1. (continued)

Neurotransmitter Species Region Method Mechanism of presynaptic inhibition Reference(s)

Glutamate Rat Cerebellum
(brain slice)

Electrophysiology (patch clamp) No details given Kreitzer and Regehr 2001

Glutamate Mouse Cerebellum
(brain slice)

Electrophysiology (patch clamp) No details given Maejima et al. 2001

Glutamate Mouse Synaptosomes
from whole brain

Endogenous glutamate
chemically determined
(veratridine-evoked release)

No CB1 receptors are involved
Na+ channels inhibited

Nicholson et al. 2003

Glutamate Rat Spinal cord
(cord slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Morisset and Urban 2001

4-AP, 4-aminopyridine; cAMP, cyclic adenosine monophosphate; extracell., extracellular; GABA, γ-aminobutyric acid; PKA, protein kinase A.
aIn this exceptional study, cannabinoids did not decrease glutamate release, but increased it.
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Fig. 1A, B. Cannabinoids inhibit glutamatergic synaptic transmission in the substantia nigra pars reticulata
(SNR) of the rat via a presynaptic mechanism. The major glutamatergic afferent input of SNR neurons

originates in the subthalamic nucleus. A SNR neurons were patch-clamped and their glutamatergic afferent
axons electrically stimulated. The stimulation elicited excitatory postsynaptic currents (EPSCs) in SNR neurons.
EPSCs remained stable in solvent (SOL)-superfused slices. The synthetic cannabinoid agonists WIN55212-2
(WIN) and CP55940 (CP) inhibited the EPSCs. B SNR neurons were patched-clamped and glutamate (GLU)
was pressure-ejected from a pipette in their vicinity. Glutamate-evoked currents remained stable in SOL-
superfused slices. Superfusion of WIN also did not change the glutamate-evoked currents. This observation
indicates that cannabinoids do not interfere with the postsynaptic effect of glutamate; thus, the inhibition of
neurotransmission seen in panel A is due to presynaptic inhibition of glutamate release from axon terminals.
In both panels, a typical original recording obtained in a WIN experiment (inset) and the statistical analysis
are shown. PRE, initial reference period. See Szabo et al. (2000) for details of the experiments. *, Significant
difference from SOL (p<0.05)
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between primary sensory fibres and neurons in the dorsal horn of the spinal cord:
this effect could be the basis of the spinal analgesia produced by cannabinoids.

According to recentobservations, someeffectsof cannabinoidsonglutamatergic
transmission in the hippocampus are not mediated by CB1 receptors (and also not
by CB2 receptors). Synthetic cannabinoidsdepressed excitatoryneurotransmission
also in brain slices from CB1 receptor-knockout mice and in the presence of some
CB1 antagonists (Hájos et al. 2001; Hájos and Freund 2002). Similarly, cannabinoid-
evoked glutamate release from hippocampal synaptosomes was resistant to CB1

antagonists and persisted in CB1 receptor-knockout mice (Köfalvi et al. 2003; but in
a similar preparation, effects were sensitive to a CB1 antagonist; Wang 2003). Based
on such observations, the existence of a new cannabinoid receptor was postulated.
It must be noted that the involvement of known non-cannabinoid receptors or
ion channels—for which cannabinoids might possess a hitherto unrecognised
affinity—was not excluded in these studies.

Prolonged exposure of G protein-coupled receptors to their agonists leads to
desensitisation due to diminished coupling of the receptors with G proteins and
receptor internalisation. This phenomenon was observed also in the case of CB1

receptor-mediated inhibition of neurotransmission. Cannabinoid-evoked inhibi-
tion of glutamatergic and γ-aminobutyric acid (GABA)ergic neurotransmission
in the nucleus accumbens was diminished by treatment of animals for 1 week
with natural and synthetic cannabinoids (Hoffman et al. 2003a). Cannabinoid-
evoked inhibition of excitatory neurotransmission between cultured hippocampal
neurons was also strongly desensitised by a 24-h treatment of the neurons with
a cannabinoid (Kouznetsova et al. 2002).

4.2
Fast Inhibitory Neurotransmission

CB1 receptor-mediated inhibition of GABAergic neurotransmission has been ob-
served in many brain regions, belonging to different functional systems (Table 2).

Thus, cannabinoids depress cerebral cortical GABAergic neurotransmission.
Neurotransmission is also depressed in nuclei belonging to the extrapyramidal
motor control system: caudate-putamen, globus pallidus and substantia nigra pars
reticulata (Fig. 6 also shows cannabinoid effects on inhibitory neurotransmission
in the extrapyramidal motor control system). GABAergic synaptic transmission
in the cerebellum, a major brain region involved in motor control, is inhibited as
well (Fig. 7 also shows cannabinoid effects on inhibitory neurotransmission in the
cerebellar cortex). Figure 2 shows inhibition of GABAergic neurotransmission in
the cerebellar cortex, and Fig. 3 shows that the inhibition is due to the inhibition of
GABA release from presynaptic axon terminals. In several nuclei belonging to the
limbic system (e.g. hippocampus and amygdala), activation of CB1 receptors leads
to depression of inhibitory neurotransmission. Inhibition of GABA release in the
ventral tegmental area—where the mesolimbic reward pathway originates—could
explain the euphoria produced by cannabinoids. The rostral ventromedial medulla
oblongata and the periaqueductal grey in the midbrain are involved in nocicep-
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Table 2. Inhibition of GABAergic neurotransmission (continued on next page)

Neurotransmitter Species Region Method Mechanism of presynaptic inhibition Reference(s)

GABA Mouse Cortex (brain slice) Electrophysiology (patch clamp) Vesicle release machinery not inhibited Trettel and Levine
2002, 2003

GABA Rat Caudate-putamen
(brain slice)

Electrophysiology (patch clamp) No details given Szabo et al. 1998

GABA Mouse Nucleus accumbens
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Manzoni and Bockaert 2001

GABA Rat Nucleus accumbens
(brain slice)

Electrophysiology (patch clamp) Vesiclereleasemachineryweaklyinhibited Hoffman and Lupica 2001;
Hoffman et al. 2003a

GABA Mouse Globus pallidus
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited EnglerandSzabo2003,2004

GABA Rat Substantia nigra
pars reticulata
(brain slice)

Electrophysiology (patch clamp) No details given Chan et al. 1998,
Chan and Yung 1998

GABA Rat Substantia nigra
pars reticulata
(brain slice)

Electrophysiology (patch clamp) No details given Wallmichrath
and Szabo 2002a

GABA Mouse Substantia nigra
pars reticulata
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited Wallmichrath
and Szabo 2002b

GABA Rat Ventral tegmental
area (brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited Szabo et al. 2002

GABA
(GABAB-mediated
transmission)

Rat Ventral tegmental
area (brain slice)

Electrophysiology (patch clamp) No details given Riegel et al. 2003

GABA Rat Hippocampus
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited Hájos et al. 2000

GABA Rat Hippocampus
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited
K+ channels not involved

Hoffman and Lupica 2000
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Table 2. (continued)

Neurotransmitter Species Region Method Mechanism of presynaptic inhibition Reference(s)

GABA Rat Hippocampus
(brain slice)

Electrophysiology (patch clamp) No details given Hoffman et al. 2003b

GABA Rat Hippocampus
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Wilson and Nicoll 2001

GABA Rat Hippocampus
(cell culture)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Irving et al. 2000

GABA Rat Hippocampus
(cell culture)

Electrophysiology (patch clamp) No details given Ohno-Shosaku et al. 2001

GABA Rat Hippocampus
(brain slice)

[3H]GABA release No details given Katona et al. 1999

GABA Mouse Hippocampus
(brain slice)

Electrophysiology (patch clamp) No details given Hájos et al. 2001

GABA Man Hippocampus
(brain slice)

[3H]GABA release No details given Katona et al. 2000

GABA Man Hippocampus
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited Nakatsuka et al. 2003

GABA Rat, mouse Amygdala
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery not inhibited Katona et al. 2001

GABA Mouse Amygdala
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Azad et al. 2003

GABA Rat Periaqueductal grey
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Vaughan et al. 2000

GABA Rat Rostral ventro-
medial medulla
oblongata
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Vaughan et al. 1999

GABA Rat Cerebellum
(brain slice)

Electrophysiology (patch clamp) IntracellularCa2+ concentrationdecreased Kreitzer and Regehr 2001
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Table 2. (continued)

Neurotransmitter Species Region Method Mechanism of presynaptic inhibition Reference(s)

GABA Rat Cerebellum
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited
IntracellularCa2+ concentrationdecreased

Diana et al. 2002

GABA Rat Cerebellum
(brain slice)

Electrophysiology (patch clamp) Vesicle release machinery inhibited Szabo et al. 2004

GABA Mouse Cerebellum
(brain slice)

Electrophysiology (patch clamp) No details given Yoshida et al. 2002

GABA Mouse Synaptosomes
from whole brain

Endogenous GABA chemically
determined, Veratridine-
induced release

No CB1 receptors are involved
Na+ channels inhibited

Nicholson et al. 2003

GABA, glycine Rat Superficial
medullary
dorsal horn

Electrophysiology (patch clamp) Vesicle release machinery inhibited Jennings et al. 2001

GABA, γ-aminobutyric acid.
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Fig. 2A–C. Cannabinoids inhibit GABAergic synaptic transmission between basket and Purkinje cells in the
cerebellar cortex of the rat. A The basket cell synthesises CB1 receptormRNA (�) and the CB1 receptor protein
(•) is localised in the axon terminal. Action potentials (APs) of a basket cell and spontaneous inhibitory
postsynaptic currents (sIPSCs) in a synaptically coupled Purkinje cell were recorded simultaneously. B1,
B2 APs and sIPSCs were recorded during the initial reference period (PRE) and during superfusion with
WIN55212-2 (WIN). During PRE (B1), every presynaptic AP was accompanied by a postsynaptic IPSC: synaptic
transmissionwasalwayssuccessful.DuringWINsuperfusion (B2), synaptic failuresappear (markedbyarrows).
Enhancement of synaptic failure is typical for drugs that decrease probability of transmitter release from the
presynaptic axon terminal. C1 AP-coupled postsynaptic currents were averaged only if transmission was
successful. The decrease in amplitude indicates inhibition of neurotransmission by WIN. C2 All AP-coupled
postsynaptic currents were averaged (successes and failures). The WIN-evoked inhibition is greater (than in
C1), because WIN also increased the number of failures. The figure represents five experiments with a similar
outcome. See Szabo et al. (2004) for details of the experiments

tive information processing; in both regions, GABAergic synaptic transmission is
inhibited by cannabinoids.

In the above-mentioned experiments, cannabinoids inhibited fast GABAergic
transmission by inhibiting GABA release from axon terminals. It is expected that if
GABA release is inhibited, then GABAB receptor-mediated slow inhibitory trans-
mission will be inhibited as well. This was indeed observed in the ventral tegmental
area (Riegel et al. 2003).

In addition to GABA, glycine is also involved in fast inhibitory neurotransmis-
sion. Activation of CB1 receptors inhibits both GABAergic and glycinergic synaptic
transmission in the medulla oblongata (Jennings et al. 2001; see Table 2).
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Fig. 3A–D. Cannabinoids inhibit GABAergic synaptic transmission between basket and Purkinje cells in the
cerebellar cortex of the rat via a presynaptic mechanism. Miniature inhibitory postsynaptic currents (mIPSCs)
were recorded in Purkinje cells in the presence of tetrodotoxin (3 × 10–7 M) during an initial reference period
(PRE) and during superfusion with WIN55212-2 (WIN). A Original tracings from an experiment with WIN: WIN
obviously lowers the frequency of mIPSCs. B Averaged mIPSCs from the experiment shown in A: WIN does
not change the amplitude of mIPSCs. C, D Cumulative probability distribution plots of inter-event intervals
and amplitudes of mIPSCs (same experiment as in A): the inhibitory effect of WIN on the frequency of mIPSCs
and its lack of effect on the amplitude of mIPSCs is evident. Lack of effect of WIN on the amplitude of mIPSCs
indicates that the cannabinoid does not interfere with the effect of GABA on the postsynaptic neuron—this
is an indication that WIN inhibited neurotransmission between basket and Purkinje cells (see Fig. 2) via
a presynaptic mechanism. Lowering the frequency of mIPSCs by WIN suggests that WIN directly interferes
with the vesicle release machinery. The figure represents six experiments with a similar outcome. See Szabo
et al. (2004) for details of the experiments

4.3
Neurotransmission via Monoamines and Acetylcholine

A synopsis of the inhibitory effects of cannabinoids on the release of the mono-
amines noradrenaline, dopamine and serotonin and of acetylcholine in the brain
and the retina is given in Table 3. Noradrenaline release is inhibited via CB1 re-
ceptors in the hippocampus of guinea-pig and man but not in the hippocampus
of rat and mouse (Table 3, Fig. 4; Van Vliet et al. 2000). Although CB1 receptors
inhibit the release of dopamine from amacrine cells of the retina, contradictory
results were obtained with respect to the modulation of dopamine release from
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Table 3. Inhibition of the release of monoamines and acetylcholine in the brain and the retina

Neurotransmitter Species Region Method References

Noradrenaline Guinea-pig Cortex, hippocam-
pus, hypothalamus,
cerebellum
(brain slice)

[3H]Noradrenaline
release

Schlicker et al. 1997

Man Hippocampus
(brain slice)

Dopamine Rat Caudate-putamen [3H]Dopamine
release

Cadogan et al. 1997

Dopamine Rat Caudate-putamen NMDA-stimulated
[3H]dopamine
release

Kathmann et al. 1999

Dopamine Guinea-pig Retina [3H]Noradrenaline
release

Schlicker et al. 1996

Serotonin Mouse Cortex (brain slice) [3H]Serotonin
release

Nakazi et al. 2000

Acetylcholine Rat Hippocampus
(brain slice)

[3H]Acetylcholine
release

Gifford andAshby 1996

Cortex, hippocam-
pus (synaptosomes)

Gifford et al. 2000

Acetylcholine Mouse Cortex, hippocam-
pus (brain slice)

[3H]Acetylcholine
release

Kathmann et al. 2001a

Acetylcholine Mouse
Man

Cortex (brain slice)
Cortex (brain slice)

[3H]Acetylcholine
release

Steffens et al. 2003

NMDA, N-methyl-d-aspartate

the terminals of the striatonigral axons in the caudate-putamen. Dopamine re-
lease was depressed in some studies (Table 3), but not, however, in a study using
voltammetry to measure dopamine release (Szabo et al. 1999). Serotonin release
was slightly inhibited in the cortex of mice but not affected at all in the cortex of
rats (Table 3; Van Vliet et al. 2000). Moreover, cannabinoids inhibit acetylcholine
release in the hippocampus and cortex; inhibition also occurs in human cortex
(Table 3). However, not all cholinergic neurons are affected by cannabinoids: e.g.
acetylcholine release from the cholinergic interneurons of the caudate-putamen is
not changed by cannabinoids (Gifford et al. 1997a; Kathmann et al. 2001a).

The papers listed in Table 3 and discussed in the preceding paragraph rep-
resent in vitro studies, and the question arises whether similar results are also
obtained in vivo. This was examined in a series of studies on rats subjected to in
vivo microdialysis; the ligands under study were administered intraperitoneally
or intravenously. Cannabinoids indeed decrease acetylcholine release in the dorsal
hippocampus (Mishima et al. 2002). In the studies by Tzavara et al. (2001, 2003a), in
which cannabinoid agonists were not studied themselves, the CB1 receptor inverse
agonist SR 141716, which elicits effects opposite in direction to those of cannabi-
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Fig. 4A–C. Cannabinoids inhibit noradrenaline release in the brain. A Guinea-pig hippocampal slices were
preincubatedwith [3H]noradrenaline and superfused. The electrically (0.3 Hz) evoked tritiumoverflow (which
represents quasi-physiological noradrenaline release) was inhibited by WIN55212-2 but not affected by its
enantiomer WIN55212-3. The concentration–response curve of WIN55212-2 (WIN) was shifted to the right
by a low concentration of the CB1 receptor antagonist SR 141716 (pA2 8.2) but hardly affected by a high
concentrationof theCB2 receptorantagonistSR144528.Givenalone,SR141716 facilitated,whereasSR144528
did not affect, noradrenaline release. In another series of experiments, not shown here, slices were superfused
with K+-rich (2.5 × 10–2 M) Ca2+-free medium containing tetrodotoxin 10–6 M; under this experimental
condition WIN inhibited tritium overflow evoked by re-introduction of Ca2+ 1.3 × 10–3 M (in a manner
sensitive to SR 141716 3.2 × 10–7), suggesting that the CB1 receptors are located presynaptically on the
noradrenergic axon terminals. B WIN inhibited noradrenaline release also in human hippocampus but failed
to do so in rat and mouse hippocampus. Although SR 141716 3.2 × 10–7 M counteracted the effect of WIN in
humanhippocampus, it didnot affect noradrenaline releaseby itself (not shown). (Sincenoradrenaline release
is relatively low in human hippocampus we used a higher stimulation frequency than in hippocampal slices
from the three animal species.) C In guinea-pig hippocampus, the inhibitory effect of WIN is higher than that
of prostaglandin E2 (PGE2; acting via prostaglandin EP3 receptors) and R-α-methylhistamine (RαMH; acting
via histamine H3 receptors), but lower than that of nociceptin (Nocic.; acting via opioid OP4 receptors) and
U-69,593 (U-69; acting via OP2 receptors). Note that the concentrations of the five agonists causemaximumor
near maximum effects at the respective presynaptic inhibitory receptors. *, Significant difference from control
(p<0.001). See Schlicker et al. (1997) and Timm et al. (1998) for details of the experiments (some of the data
shown here are unpublished)

noid agonists under a variety of conditions (for a more detailed discussion, see
Sect. 7), increases noradrenaline release in the prefrontal cortex and anterior hy-
pothalamus, dopamine release in the prefrontal cortex and serotonin release in
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the prefrontal cortex and nucleus accumbens. On the other hand, cannabinoids
increase rather than decrease striatal dopamine release (Malone and Taylor 1999)
and acetylcholine release in the frontal cortex (Verrico et al. 2003). The situation is
even more complicated with respect to the effects of cannabinoids on acetylcholine
release in the medial prefrontal cortex and hippocampus. Low doses of cannabi-
noids increase (Acquas et al. 2000, 2001), whereas high doses decrease (Gessa et
al. 1998; Carta et al. 1998), the release of this transmitter.

The fact that cannabinoids when given systemically increase rather than de-
crease transmitter release in various paradigms in vivo is in all likelihood not
related to the fact that there are also facilitatory cannabinoid receptors. Inhibitory
CB1 receptors occur both on facilitatory and inhibitory neurons of complex neu-
ronal networks and cannabinoids may therefore elicit inhibitory or facilitatory
effects on transmitter release, depending on the exact site(s) where they act. Two
typical networks in which presynaptic inhibitory CB1 receptors occur on various
sites are depicted in Figs. 6 and 7. The recent study by Tzavara et al. (2003b) shows
that the differential effects of cannabinoids on hippocampal acetylcholine release
(Gessa et al. 1998; Carta et al. 1998; Acquas et al. 2000, 2001) are due to the fact
that the cannabinoids, depending on the dose, act on different pathways, involving
dopamine D1 or D2 receptors.

5
Effects of Cannabinoids on Neurotransmission
in the Peripheral Nervous System

Effects of cannabinoids on the sympathetic nervous system have been studied in
isolated tissues and in pithed animals (Table 4). Sympathetic neurons were usually
activated by electrical stimulation. Activation of CB1 receptors led to inhibition of
noradrenaline and/or ATP release and, consequently, to inhibition of the effector
responses in theheart, inmesenteric andrenalbloodvessels and in thevasdeferens.
Figure 5Ashows that cannabinoids inhibit sympathetic neuroeffector transmission
in the heart. Sympathetically mediated vasoconstriction was inhibited in many
tissues of pithed rats and rabbits. Sympathetic tone is depressed during long-term
∆9-tetrahydrocannabinol administration in humans; the presynaptic inhibitory
effect of cannabinoids on sympathetic axon endings may be the basis of this effect.

Cannabinoids also inhibit transmitter release from cholinergic autonomic neu-
rons (Table 4). As an example, the bradycardia elicited by vagal nerve stimulation
is depressed. Figure 5B shows that cannabinoids inhibit parasympathetic neuroef-
fector transmission in the heart. Electrically evoked contractions of the ileum and
urinary bladder can also be inhibited by activation of CB1 receptors (Table 4).

Finally, cannabinoids inhibit the release of neuropeptides like calcitonin gene-
related peptide (CGRP), substance P and somatostatin from sensory neurons
(Table 4). Capsaicin or electrical stimulation was used to evoke neuropeptide re-
lease. In some of these studies, the endocannabinoid anandamide was used, which
has a dual effect on neuropeptide release from sensory neurons. Anandamide pos-
sesses an inhibitory effect mediated via CB1 receptors at low concentrations and
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Table 4. Inhibition of neuroeffector transmission in the peripheral nervous system (continued on next page)

Neurotransmitter Species Tissue Method Reference(s)

Noradrenaline Mouse Sympathetic neurons (cell culture) Electrically evoked [3H]noradrenaline release Göbel et al. 2000

Noradrenaline Rat Vas deferens Electrically evoked contraction Christopoulos et al. 2001

Noradrenaline Rat Vas deferens, heart atrium Electrically evoked [3H]noradrenaline release Ishac et al. 1996

Noradrenaline, ATP Mouse Vas deferens Electrically evoked contraction Pertwee et al. 1992, 2002

ATP Mouse Vas deferens Electrically evoked contraction Lay et al. 2000

Noradrenaline Mouse Vas deferens Electrically evoked [3H]noradrenaline release Trendelenburg et al. 2000; Schlicker
et al. 2003

Noradrenaline Rat Heart Electrically evoked cardioaccelerator response Malinowska et al. 2001

Noradrenaline Rabbit Heart Electrically evoked cardioaccelerator response Szabo et al. 2001

Acetylcholine Bradycardia evoked by electrical stimulation
of the vagus nerve

Noradrenaline Man Heart atrial appendages Electrically evoked [3H]noradrenaline release Molderings et al. 1999

Noradrenaline Rat Sympathetically innervated blood
vessels of many organs

Electrically evoked increase in blood pressure
in pithed rats

Malinowska et al. 1997

Noradrenaline Rat Sympathetically innervated tissues
of many organs

Electrically evoked increase in blood pressure
and plasma noradrenaline in pithed rats

Niederhoffer et al. 2003

Noradrenaline Rabbit Sympathetically innervated
tissues of many organs

Electrically evoked increase in blood pressure
and plasma noradrenaline in pithed rabbits

Niederhoffer and Szabo 1999

Noradrenaline Rat Mesenterial vessels Electrically evoked noradrenaline release Ralevic and Kendall 2002

Noradrenaline Rat Renal arteries K+-evoked [3H]noradrenaline release Deutsch et al. 1997

Noradrenaline Guinea-pig Lung (bronchi) Electrically evoked [3H]noradrenaline release Vizi et al. 2001

Adrenaline Rabbit Adrenal medulla Electrically evoked increase in plasma adrenaline
in pithed rabbits
Electrically evoked adrenaline release
in isolated adrenal medullary slices

Niederhoffer et al. 2001
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Table 4. (continued)

Neurotransmitter Species Tissue Method Reference(s)

Acetylcholine, ATP Mouse Urinary bladder Electrically evoked contraction Pertwee and Fernando 1996

Acetylcholine,
NANC-transmitter

Mouse Colon Electrically evoked cholinergic and NANC
postsynaptic potentials

Storr et al. 2004

Acetylcholine Guinea-pig Ileum Electrically evoked contraction, acetylcholine
release, cholinergic postsynaptic potentials

Pertwee et al. 1992, 1996b; Lopez-
Redondo et al. 1997;Mang et al. 2001

Acetylcholine,
NANC-transmitter

Guinea-pig Ileum Electrically evoked contraction Izzo et al. 1998

Acetylcholine Man Ileum Electrically evoked contraction Croci et al. 1998

Adenosine Guinea-pig Ileum Electrically evoked adenosine release Begg et al. 2002

CGRP Rat Primary sensory neurons
(cell culture)

Basal and capsaicin-evoked CGRP release Ahluwalia et al. 2003

CGRP, substance P,
somatostatin

Rat Trachea Capsaicin-evoked CGRP, substance P
and somatostatin release

Nemeth et al. 2003

CGRP Rat Hind paw skin Capsaicin-evoked CGRP release Richardson et al. 1998;
Ellington et al. 2002

CGRP Rat Spinal cord slices Electrically evoked CGRP release Tognetto et al. 2001

CGRP, calcitonin gene-related peptide; NANC, non-adrenergic-non-cholinergic
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Fig. 5A,B. Cannabinoids inhibit sympathetic andparasympathetic neuroeffector transmission in the heart. A
Cardiac sympathetic nerves in pithed rabbits were stimulated at a frequency of 1 Hz for 30 s. Solvent (SOL) and
WIN55212-2 (WIN) were administered i.v. as indicated by the arrows. One of the WIN groups (YOH+WIN) was
pretreatedwiththeα2-adrenoceptorantagonistyohimbine(0.5mg/kg–1; i.v.)att = –14min.Cardioaccelerator
responses are given as percentages of the initial reference value (PRE). WIN inhibited the cardioaccelerator
response more strongly in the presence of YOH, probably because YOH prevented concurrent inhibition by
endogenous noradrenaline. B The right vagus nerve was stimulated at a frequency of 10 Hz for 5 s. SOL, WIN
and CP55940 (CP) were administered i.v. as indicated by the arrows. Cardiodecelerator responses are given
as percentages of the initial reference value PRE. *, Significant difference from SOL (p<0.05). See Szabo et al.
(2001) for details of the experiments

a stimulatory effect mediated via vanilloid receptors (TRPV1, transient receptor
potential V1 channel) at high concentrations (Zygmunt et al. 1999; Tognetto et al.
2001; Ahluwalia et al. 2003; Nemeth et al. 2003).

The effect of cannabinoids on peripheral autonomic transmission has been
extensively reviewed by Ralevic (2003).
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6
Mechanism of the Presynaptic Inhibition

Information regarding the mechanism of presynaptic inhibition is included in
Tables 1 and 2. As expected for a Gαi/o protein-coupled receptor, the presynaptic
inhibition mediated by the CB1 receptor was sensitive to pertussis toxin in the
few cases where this interaction was studied. Moreover, in isolated hippocam-
pal neurons, presynaptic inhibition of excitatory neurotransmission elicited by
CB1 receptor activation could be mediated by several subtypes of Gαi/o proteins:
Gαo1, Gαi2 and Gαi3 (Straiker et al. 2002). Information on the involvement of sec-
ond messengers in the presynaptic inhibition by cannabinoids is sparse. For exam-
ple, the role of Gβγ proteins is not known. Data on the role of the cyclic adenosine
monophosphate (cAMP)–protein kinase A messenger system are contradictory
(see Tables 1 and 2). After activation of Gαi/o protein-coupled receptors, several
final mechanisms may lead to inhibition of transmitter release (for review see
Thompson et al. 1993; Wu and Saggau 1997; see Fig. 8). Most often, presynaptic
inhibition is attributed to inhibition of voltage-dependent calcium channels. In
addition, activation of potassium channels and direct interference with the vesicle
release machinery can also play a role in presynaptic inhibition. It seems that
cannabinoids can use all three mechanisms for producing presynaptic depression
(see Tables 1 and 2). Since it is extremely difficult to obtain electrophysiologi-
cal access to mammalian axon terminals, direct evidence for cannabinoid-evoked
modulation of axon terminal ion channels is lacking. Therefore, most of the evi-
dence regarding the mechanism of cannabinoid-evoked presynaptic inhibition is
indirect.

6.1
Inhibition of Calcium Channels

As mentioned above, cannabinoids inhibit voltage-dependent calcium channels
in somadendritic regions of neurons (see Sect. 2.1.1). It is assumed that such
an inhibition also operates in axon terminals and is responsible for presynaptic
inhibition. Using microfluorometric methods, it was indeed shown that the action
potential-evoked increase in axon terminal calcium concentration is depressed
by exogenous and endogenous cannabinoids (Kreitzer and Regehr 2001; Diana
et al. 2002; Daniel and Crepel 2001; Brown et al. 2003a; Diana and Marty 2003).
Based on the interaction between cannabinoids and calcium channel blockers,
Sullivan (1999) concluded that calcium channel inhibition is responsible for the
cannabinoid-evoked depression of synaptic transmission.

6.2
Activation of Potassium Channels

As mentioned above, cannabinoids activate several types of potassium channels in
the somadendritic region of neurons (see Sect. 2.1.2). Cannabinoid-evoked open-
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ing of potassium channels will hyperpolarise axon terminals and shorten action
potentials. As a consequence, invasion of axon terminals by action potentials and
the activation of calcium channels can be impeded. The duration of calcium in-
flux during the action potential may also decrease. Evidence for the involvement
of potassium channels in presynaptic inhibition was obtained by using potas-
sium channel blockers. Thus, potassium channel blockers prevented cannabinoid-
evoked presynaptic inhibition (Daniel and Crepel 2001; Robbe et al. 2001; Diana
and Marty 2003; Azad et al. 2003) and cannabinoid-evoked inhibition of the ac-
tion potential-triggered increase in axon terminal calcium concentration (Daniel
and Crepel 2001). In contrast, since potassium channel blockers did not affect
cannabinoid-evoked presynaptic inhibition, Hoffman and Lupica (2000) excluded
a role of potassium channels in presynaptic inhibition.

6.3
Direct Inhibition of the Vesicle Release Machinery

In most nerve terminals, spontaneous and asynchronous quantal transmitter re-
lease occurs also in the absence of calcium influx through voltage-dependent
calcium channels. Such release events are recorded in electrophysiological exper-
iments either in the presence of tetrodotoxin or calcium channel blockers. The
recorded postsynaptic events are called miniature excitatory or inhibitory postsy-
naptic currents (mEPSCs or mIPSCs). There are many examples for the lowering
of the frequency of mEPSCs and mIPSCs by cannabinoids (Tables 1 and 2), includ-
ing GABAergic synaptic transmission between basket and Purkinje cells in the
rat cerebellar cortex (Fig. 3). These observations indicate that cannabinoids are
capable of inhibiting neurotransmitter release at a site downward of calcium entry
into axon terminals, most probably at the level of the vesicular release machinery.
However, it is also clear from Tables 1 and 2 that at many synapses cannabinoids
produce presynaptic inhibition without directly interfering with vesicular release.

In conclusion, there are examples for presynaptic inhibition by all three mecha-
nisms: inhibition of voltage-dependent calcium channels, activation of potassium
channels and inhibition of the vesicle-release machinery. The inhibitory mecha-
nisms vary in different types of axon terminals. One axon terminal can possess
several inhibitory mechanisms (for example, calcium channels and vesicle release
can be inhibited simultaneously).

7
Endogenous Tone at Presynaptic Cannabinoid Receptors

There is now increasing evidence that cannabinoid receptors involved in the inhi-
bition of neuroeffector transmission are subject to an endogenous tone (Table 5).
A typical example is the presynaptic CB1 receptors on GABAergic neurons synaps-
ing with the pyramidal neurons in the rat hippocampus (Wilson and Nicoll 2001).
Depolarisation of the latter neurons causes an increase in formation of endo-
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Table 5. Endogenous tone at CB1 receptors inhibiting neuroeffector transmission (continued on next page)

Neurotransmitter Species Tissue Method Identification of endogenous tone1 Reference(s)

Glutamate Rat Cortex Electrophysiology (patch clamp) Inverse agonist (SR 141716) Auclair et al. 2000

Glutamate Rat Caudate-putamen Electrophysiology (patch clamp) Inverse agonist (AM 281) Huang et al. 2001

Glutamate Rat Hippocampus Electrophysiology (extracellular
recording)

Inverse agonist (SR 141716) Ameri et al. 1999

GABA Rat Hippocampus Electrophysiology (patch clamp) Inhibitor of endocannabinoid reuptake
(AM 404)

Wilson and Nicoll 2001

Noradrenaline Guinea-pig Hippocampus [3H]Noradrenaline release Inverse agonists (SR 141716, AM 251, AM
281)

Schlicker et al. 1997, 2002

Noradrenaline Rat Vas deferens Contraction Inverse agonists (SR 141716, LY 320135),
inhibitorof endocannabinoiddegradation
(phenylmethylsulfonyl fluoride, PMSF)

Christopoulos et al. 2001

Noradrenaline,
ATP

Mouse Vas deferens Contraction Inverse agonist (SR 141716) Pertwee et al. 1996a

Noradrenaline Mouse Vas deferens [3H]Noradrenaline release Inverse agonist (SR 141716), knockout
mouse generated by Zimmer et al. 1999

Schlicker et al. 2003

Dopamine Guinea-pig Retina [3H]Dopamine release Inverse agonist (SR 141716) Schlicker et al. 1996

Acetylcholine Man Cortex [3H]Acetylcholine release Inverse agonist (SR 141716), partial ago-
nist (O-1184), inhibitor of endocannabi-
noid reuptake (AM 404)

Steffens et al. 2003

Acetylcholine Rat Hippocampus [3H]Acetylcholine release Inverse agonists (SR 141716, AM 281) Gifford and Ashby 1996;
Gifford et al. 1997b, 2000

Acetylcholine Mouse Hippocampus [3H]Acetylcholine release Inverse agonist (SR 141716), knockout
mouse generated by Zimmer et al. 1999

Kathmann et al. 2001a,b

Acetylcholine Guinea-pig Hippocampus [3H]Acetylcholine release Inverse agonist (SR 141716) Schultheiß et al. 2004

Acetylcholine, ATP Mouse Urinary bladder Contraction Inverse agonist (SR 141716) PertweeandFernando1996
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Table 5. (continued)

Neurotransmitter Species Tissue Method Identification of endogenous tone1 Reference(s)

Acetylcholine Mouse Colon Electrophysiology (intracellular
recording)

Inverse agonist (SR 141716), knockout
mouse generated byMarsicano et al. 2002

Storr et al. 2004

Acetylcholine,
substance P

Guinea-pig Small intestine Contraction Inverse agonist (SR 141716) Pertwee et al. 1996b;
Coutts and Pertwee 1997;
Izzo et al. 1998

Acetylcholine Guinea-pig Ileum [3H]Acetylcholine release Inverse agonist (SR 141716) Mang et al. 2001

Substance P Mouse Spinal cord Substance P release Inverse agonist (SR 141716) Lever and Malcangio 2002

1Inverse and partial agonists and CB1 receptor disruption increase, whereas inhibition of endocannabinoid reuptake or degradation decreases, transmitter release.
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cannabinoids, which in turn activate the presynaptic inhibitory CB1 receptors on
the GABAergic neurons (Fig. 8; see also the chapter by Vaughan and Christie,
this volume). The inhibitory effect is mimicked by a blocker of endocannabinoid
reuptake, i.e. AM 404 (in a manner sensitive to the CB1 receptor inverse agonist SR
141716), suggesting that endocannabinoids are accumulating. This has also been
shown in some other paradigms (Table 5) and even in human tissue (Steffens et
al. 2003). The same conclusion was reached from experiments in which a blocker
of the degradation of the endocannabinoids, i.e. phenylmethylsulfonyl fluoride
(PMSF), mimicked the inhibitory effect of the endocannabinoids (Table 5). The
third approach was the use of a partial CB1 receptor agonist, O-1184, which led to
an increase in transmitter release, probably by interrupting the inhibition caused
by accumulating endocannabinoids (Steffens et al. 2003).

In many studies, SR 141716 or other antagonists/inverse agonists increased
transmitter release (Fig. 4; Table 5). Although the reason for their facilitatory effect
might be the same as in the case of O-1184, an entirely different explanation has to
be considered as well. Thus, presynaptic CB1 receptors may be constitutively active,
i.e. inhibit transmitter release even if they are not activated by endocannabinoids,
and in this case inverse agonists would be expected to increase transmitter release
as well. Constitutive activity frequently occurs with G protein-coupled receptors
expressed in high densities (Seifert and Wenzel-Seifert 2002) and CB1 receptors are
expressed in relatively high densities when compared to other G protein-coupled
receptors (Wilson and Nicoll 2002). In at least one of the paradigms shown in
Table 5, constitutive activity seems to be the only possible explanation. Thus, SR
141716 increased the Ca2+-induced [3H]acetylcholine release in rat hippocampal
synaptosomes (Gifford et al. 2000). In synaptosomes as opposed to isolated tissues
(used in most of the other studies shown in Table 5), accumulation of endoge-
nously released ligands cannot occur, since the latter are efficiently removed by
the superfusion stream (Starke et al. 1989). For further clarification, neutral CB1

receptor antagonists (which have become available only recently; Hurst et al. 2002;
Ruiu et al. 2003) will be useful, since they are expected to facilitate transmitter
release if endocannabinoids are accumulating but should be without effect if CB1

receptors are constitutively active.
The facilitatory effect of inverse agonists on transmitter release was mimicked

in some paradigms by the disruption of CB1 receptors, i.e. transmitter release
was higher in tissues from CB1 receptor-deficient mice when compared to wild-
type animals (Table 5). This experimental approach does not allow one to reach
a conclusion as to whether the endogenous tone is related to accumulation of
endocannabinoids or constitutively active CB1 receptors; yet it is remarkable that
blockade of, or inverse agonism at, CB1 receptors during the course of the experi-
ment and complete lack of CB1 receptors have the same consequence.

The fact that presynaptic CB1 receptors at many sites are activated by endoge-
nous compounds lends further support to the view that the cannabinoid system
plays an important regulatory role. It has also great practical relevance since CB1

receptor antagonists/inverse agonists may be used for therapeutic purposes (for
further discussion, see the chapter by Robson, this volume).
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8
What Is the Functional Role of Presynaptic Cannabinoid Receptors?

It is evident from Sects. 4 and 5 that presynaptic CB1 receptors are ubiquitous in the
central and peripheral nervous system. Even within one functional system, several
components of the neuronal circuitry are equipped with CB1 receptors. This will
be illustrated in two functional systems: the extrapyramidal motor control system
(Fig. 6) and the cerebellum (Fig. 7).

Figure 6 shows the most important glutamatergic, GABAergic and dopaminer-
gic neuronal connections within the extrapyramidal motor control system. Gluta-
matergic andGABAergicneurotransmission is inhibitedat several sitesbycannabi-
noids. In contrast, dopaminergic transmission may not be influenced. A typical
motor effect of high doses of cannabinoids is catalepsy (Compton et al. 1996;
Sanudo-Pena et al. 1999). Catalepsy is thought to occur if the GABAergic neurons
in the output nucleus of the basal ganglia, the substantia nigra pars reticulata, are
firing at a high rate (Kolasiewicz et al. 1988). Among the 11 sites where cannabi-
noids can act presynaptically, an action at 5 sites would indirectly enhance the
firing rate of substantia nigra pars reticulata neurons, and thus would lead to

Fig. 6. Effects of cannabinoids on synaptic transmission in nuclei belonging to the extrapyramidal motor
control system. DA, dopamine; FSN, fast spiking neuron; MSN, medium spiny neuron; SNC, substantia nigra
pars compacta; SNR, substantia nigra pars reticulata. CB1 receptor-mediated inhibition of neurotransmission
was demonstrated at many synapses of this motor control system. In addition to the proved sites of inhibition,
inhibition is very probable at additional sites (based on the localisation of the CB1 receptor). For the sake
of simplicity, the pathway including the entopeduncular nucleus (globus pallidus medialis/internus) is not
shown
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Fig. 7. Effects of cannabinoids on synaptic transmission in the cerebellar cortex. CB1 receptor-mediated
inhibition of neurotransmission was demonstrated at several synapses in the cerebellar cortex. In addition
to the proven sites of inhibition, inhibition is very probable at additional sites (based on the localisation of
the CB1 receptor). In addition to synaptic inhibition, activation of CB1 receptors can also directly decrease the
firing rate of interneurons (not shown)

catalepsy. Action at the remaining sites would lead to the opposite effect, i.e. the
firing rate of substantia nigra pars reticulata neurons would decrease, which would
be an “anticataleptic” effect. In vivo, the balance of all effects obviously favours
catalepsy.

Figure 7 shows neuronal connections in the cortex of the cerebellum and the
action of cannabinoids on these connections. Activation of CB1 receptors inhibits
glutamatergic as well as GABAergic neurotransmission at altogether five sites.
Cannabinoids cause static and gait ataxia, and this is attributed to cerebellar
dysfunction (Fränkel 1903; Patel and Hillard 2001). It is thought that the firing
rate of Purkinje cells is increased during cerebellar ataxia. Two of the presynaptic
cannabinoid effects shown in Fig. 7 would indirectly enhance the firing rate of
Purkinje cells; these effects could be the primary events behind cerebellar ataxia. As
in the extrapyramidal motor control system, however, inhibitory CB1 presynaptic
receptors are also localised on neurons that play opposite roles in the function of
the cortex of the cerebellum.

Further examples for the simultaneous inhibitory effects of cannabinoids on
antagonistic components of functional systems can be easily found. For example,
cannabinoids inhibit the glutamatergic as well as the GABAergic input of ventral
tegmental area dopaminergic neurons (Szabo et al. 2002; Melis et al. 2004) and the
sympathetic as well as the parasympathetic input of the heart (Szabo et al. 2001).

What is the physiological role of CB1 receptors—receptors that are so widely
distributed and that simultaneously influence antagonistic components of a given
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Fig. 8. Effects of cannabinoids on synaptic transmission. Activation of the CB1 receptor at the presynaptic
axon terminal inhibits transmitter release from the synaptic vesicle. Three mechanisms can be involved in
presynaptic inhibition (X refers to unknown second messengers): inhibition of voltage-dependent calcium
channels, activation of potassium channels and direct interferencewith the vesicle releasemachinery. The CB1
receptor can be activated by exogenous agonists, but also by the endocannabinoids anandamide (AEA) and
2-arachidonoylglycerol (2-AG), which are released from the postsynaptic neuron by passive and/or facilitated
diffusion. The synthesis of endocannabinoids is triggered by a depolarisation-induced (Vm, membrane
potential) calcium influx or by activation of Gq/11 protein-coupled receptors

functional system? One functional role of CB1 receptors is their participation
in retrograde signalling, at least with respect to fast excitatory and inhibitory
transmission. Endogenous cannabinoids released from postsynaptic neurons can
diffuse to presynaptic axon terminals where they produce presynaptic inhibition
(Ohno-Shosaku et al. 2001; Wilson and Nicoll 2001). The trigger for synthesis of en-
docannabinoids is depolarisation of postsynaptic neurons or activation of Gαq/11

protein-coupled receptors of postsynaptic neurons (see Fig. 8). This phenomenon
is called depolarisation-induced suppression of inhibition (DSI; if inhibitory neu-
rotransmission is suppressed by endocannabinoids) or depolarisation-induced
suppression of excitation (DSE; if excitatory neurotransmission is suppressed by
endocannabinoids). This new research field was reviewed by Wilson and Nicoll
(2002) and Freund et al. (2003) and is also reviewed in the chapter by Vaughan and
Christie (this volume).
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Abstract The cannabinoid neurotransmitter system comprises cannabinoid
G protein-coupled membrane receptors (CB1 and CB2), endogenous cannabinoids
(endocannabinoids), as well as mechanisms for their synthesis, membrane trans-
port and metabolism. Within the brain the marijuana constituent ∆9-tetrahydro-
cannabinol (THC) produces its pharmacological actions by acting on cannabinoid
CB1 receptors. THC modulates neuronal excitability by inhibiting synaptic trans-
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mission via presynaptic CB1-mediated mechanisms. More recently, it has been
established that physiological stimulation of neurons can induce the synthesis of
endocannabinoids, which also modulate synaptic transmission via cannabinoid
CB1 and other receptor systems. These endogenously synthesised endocannabi-
noids appear to act as retrograde signalling agents, reducing synaptic inputs onto
the stimulated neuron in a highly selective and restricted manner. In this review
we describe the cellular mechanisms underlying retrograde endocannabinoid sig-
nalling.

Keywords Endocannabinoid · Synaptic transmission · Retrograde signalling ·
TRP · mGluR

1
Endocannabinoids

The main psychoactive ingredient of cannabis, ∆9-tetrahydrocannabinol (THC),
is known to produce its actions in the central nervous system by acting on the
body’s own cannabinoid neurotransmitter system, predominantly via interaction
with cannabinoid G protein-coupled CB1 receptors. Like other neurotransmit-
ter systems, the components of the cannabinoid signalling system also include
endogenous cannabinoids (endocannabinoids), as well as mechanisms for their
synthesis, membrane transport and metabolism (for recent reviews see Freund et
al. 2003; Piomelli 2003; Petrocellis et al. 2004). Some of the endocannabinoids iden-
tified to date include anandamide, 2-arachidonoyl glycerol (2-AG), noladin ether
and virodhamine. Within the central nervous system, endocannabinoids produce
their biological effects by acting at least in part on cannabinoid CB1 receptors. In
this section we briefly describe some of the factors involved in the production and
degradation of endocannabinoids and their locus of action, which are relevant to
retrograde endocannabinoid signalling.

1.1
Endocannabinoid Synthesis, Release and Degradation

The production and degradation of endocannabinoids proceeds via a number of
discrete steps that remain to be fully elucidated (Schmid 2000; Sugiura et al. 2002;
Cravatt and Lichtman 2003; Glaser et al. 2003; Hillard and Jarrahian 2003; Piomelli
2003; Petrocellis et al. 2004). Endocannabinoids are thought to be produced on de-
mand from membrane-bound phospholipids as a result of specific stimuli, and to
be released in a non-vesicular manner. Briefly, anandamide is thought to be formed
in a Ca2+-dependent manner by a specific isoform of the enzyme phospholipase D
(PLD) (Okamoto et al. 2004). 2-AG, on the other hand is thought to be formed via
the phospholipase C (PLC)/DAG (sn-1-acyl-2-arachidonoylglycerol) lipase cascade
in a Ca2+-dependent manner (Bisogno et al. 1997; Stella et al. 1997). However, there
are other potential synthetic pathways for these endocannabinoids. The biological
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activity of anandamide and 2-AG is terminated by uptake and subsequent degra-
dation. It has been proposed that these endocannabinoids are removed from the
extracellular space by an anandamide membrane transporter (AMT). However,
the AMT remains to be identified, and it has been suggested that uptake occurs by
passive diffusion maintained through intracellular degradation (Glaser et al. 2003;
Hillard and Jarrahian 2003). Once within the cell, the degradation of anandamide
and 2-AG appears to be catalysed by at least two distinct enzymes, fatty acid amide
hydrolase (FAAH) and monoacylglycerol lipase (MAGL). The biosynthetic and
degradation pathways of the other identified endocannabinoids have not been
examined.

1.2
Endocannabinoids Act via Presynaptic Cannabinoid CB1 Receptors
to Inhibit Transmitter Release

THC and a number of synthetic non-selective cannabinoid receptor agonists (such
as WIN 55,212-2 and HU-210) modulate neuronal excitability by presynaptic
CB1-mediated short-term inhibition of glutamatergic and γ-aminobutyric acid
(GABA)ergic synaptic transmission (for more detailed reviews see Schlicker and
Kathmann 2001; Alger 2002). Release studies have demonstrated that cannabinoids
also modulate other neurotransmitter systems. In accordance with the electrophys-
iological evidence, anatomical studies have demonstrated that cannabinoid CB1

receptors are located presynaptically on nerve terminals in numerous brain struc-
tures. Exogenous application of the endocannabinoids anandamide and 2-AG also
modulates synaptic transmission within a number of regions throughout the cen-
tral nervous system, including the hippocampus, midbrain periaqueductal grey,
spinal and medullary dorsal horn, and the substantia nigra (Shen et al. 1996;
Vaughan et al. 2000; Morisset et al. 2001; Jennings et al. 2003; Marinelli et al. 2003).
While the inhibitory effects of endocannabinoids are mediated by presynaptic
cannabinoid CB1 receptors, endocannabinoids have complex effects on synaptic
transmission that are also mediated by presynaptic vanilloid TRPV1 (transient
receptor potential vanilloid type 1) receptors and potentially other mechanisms
(Di Marzo et al. 2001, see also Sect. 5).

In addition to their short-term effects, cannabinoids also modulate the induc-
tion of long-term synaptic plasticity. Administration of THC and the endocannabi-
noids anandamideand2-AG inhibits the inductionof long-termpotentiation (LTP)
in the hippocampus (Nowicky et al. 1987; Terranova et al. 1995; Stella et al. 1997)
and long-term depression (LTD) within the cerebellum and nucleus accumbens
(Levenes et al. 1998; Hoffman et al. 2003a).

2
Endocannabinoid as Retrograde Transmitters

The importance of endocannabinoid signalling elements remained uncertain for
sometimebecauseofa lackofdirect evidence forphysiologically relevant synthesis,
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Fig.1A–C DSI ismediatedbyendogenous cannabinoids. AA5-sdepolarising stepproduces a transient reduc-
tion in the amplitude of evoked inhibitory postsynaptic currents (eIPSC, control, filled circles) in hippocampal
pyramidal neurons that is abolished by the CB1 antagonist AM251 (2 µM, open circles). B and C Time plots of
the eIPSC amplitude just before (filled squares) and just after (open squares) a 5-s depolarisation over 30 min.
B DSI is blocked by the CB1 antagonist SR141716 (2 µM). C The CB agonist WIN55212-2 (800 nM) inhibits
eIPSCs and occludes DSI. The insets show average eIPSCs for the 10 s before and 10 s after the depolarising
step (A), and in the same at 0 min and 30 min (B and C). Scale bars in inserts are 200 pA, 20 ms. (Modified
from Wilson and Nicoll 2001, by permission)

release and activity of endocannabinoids on CB1 receptors at the level of the
synapse. Such evidence has recently arisen from the prior in vitro observation that
strong depolarisation of hippocampal pyramidal and cerebellar Purkinje neurons
produces a subsequent transient (from <10 s to 120 s), short-term inhibition of
GABAergic synaptic inputs impinging upon these cells, observed as a decrease in
the amplitude of evoked synaptic currents in the depolarised neuron (Llano et al.
1991; Pitler and Alger 1992) (Fig. 1A). This depolarisation-induced suppression of
inhibition (DSI) was likely to be mediated by a retrograde messenger because it
had a postsynaptic origin, but a presynaptic locus of action. However, the specific
retrograde transmitter involved in DSI remained elusive (for review see Alger
2002).

2.1
Depolarisation-Induced Transient,
Short-Term Retrograde Endocannabinoid Signalling

Wilson and Nicoll (2001) and Ohno-Shosahu et al. (2001) independently estab-
lished that physiologically relevant stimulation of single hippocampal pyramidal
neurons produces an endocannabinoid or endocannabinoids that diffuse onto the
terminals of presynaptic GABAergic interneurons, where they act upon cannabi-
noid CB1 receptors to produce transient, short-term inhibition of neurotransmitter
release. Endocannabinoids also mediate depolarisation-induced retrograde sig-
nalling of interneuronal inhibitory GABAergic synapses onto cerebellar Purkinje
cells (Kreitzer andRegehr2001a;Dianaet al. 2002;Yoshidaet al. 2002), ontoneocor-
tical pyramidal cells (Trettel and Levine 2003) and onto substantia nigra neurons
(Yoshidaet al. 2002). Inaddition, retrogradeendocannabinoid signalling-mediated
depolarisation-induced suppression of excitation (DSE) has been demonstrated for
excitatory glutamatergic synaptic inputs onto cerebellar Purkinje cells from climb-
ing fibre and parallel fibre inputs (Kreitzer and Regehr 2001b; Maejima et al. 2001)
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and onto dopaminergic neurons within the ventral tegmental area (Melis et al.
2004). Endocannabinoids thus belong to a small but growing club of retrograde
neurotransmitters that act back to modulate presynaptic inputs impinging upon
a neuron (Alger 2002).

A role for endocannabinoids in DSI and DSE has been established indirectly by
pharmacological antagonism, and mimicry/occlusion with agonists (e.g. Kreitzer
and Regehr 2001a,b; Ohno-Shosaku et al. 2001; Varma et al. 2001; Wilson and
Nicoll 2001; Diana et al. 2002; Yoshida et al. 2002; Hampson et al. 2003; Yanovsky
et al. 2003; Melis et al. 2004). In these studies, the transient inhibition of evoked
glutamatergic excitatory and GABAergic inhibitory postsynaptic currents (IPSCs
and EPSCs) produced by postsynaptic depolarisation is abolished by the cannabi-
noid receptor antagonists SR141716, AM251 and AM281 (Fig. 1A and B). The
non-selective cannabinoid receptor agonist WIN 55,212-2 inhibits synaptic trans-
mission and occludes DSI and DSE (Fig. 1C). In addition, DSI is absent in mice
with a CB1 receptor deletion (Varma et al. 2001; Wilson et al. 2001; Kim et al. 2002;
Yoshida et al. 2002). Thus, DSI and DSE are mediated by a yet-to-be-identified
endocannabinoid(s) that acts via cannabinoid CB1 receptors.

It has long been known that DSI satisfies the criteria for retrograde signalling.
First, both DSI and DSE are induced in the postsynaptic cell because they are

caused by depolarisation-induced increases in postsynaptic cytoplasmic Ca2+ (see
Sect. 3.1). Second, DSI and DSE are expressed presynaptically (Kreitzer and Regehr
2001a,b; Ohno-Shosaku et al. 2001; Wilson and Nicoll 2001; Diana et al. 2002; Kre-
itzer et al. 2002; Yoshida et al. 2002; Diana and Marty 2003; Trettel and Levine
2003). In these studies presynaptic inhibition has been demonstrated using stan-
dard electrophysiological techniques, including an increase in the paired-pulse
ratio of electrically evoked synaptic currents, an increase in failure rate and vari-
ance of evoked synaptic currents using paired recordings and a reduction in the
rate, but not the amplitude of tetrodotoxin (TTX)-resistant miniature synaptic
currents and of Sr2+-induced evoked asynchronous synaptic currents. Thus, post-
synaptic elevations in cytoplasmic Ca2+ produce a reduction in the probability of
transmitter release from presynaptic terminals impinging upon the depolarised
neuron. Retrogradely released endocannabinoids might act directly on the cell
bodies of interneurons (Kreitzer et al. 2002; Diana and Marty 2003).

Thus, DSI and DSE satisfy the three criteria of retrograde endocannabinoid
signalling: they are (1) mediated by endocannabinoid(s), (2) induced postsynap-
tically and (3) expressed presynaptically. It might be noted that other transmitters
have been implicated in retrograde signalling (e.g. Yanovsky et al. 2003).

2.2
Activation of Postsynaptic Metabotropic Receptors
Induces Short-Term Retrograde Endocannabinoid Signalling

Some studies have also shown that retrograde endocannabinoid signalling can
also be induced by postsynaptic activation of metabotropic glutamatergic re-
ceptors (mGluRs) and muscarinic acetylcholine receptors (mAChRs). Like the
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cannabinoid receptors, metabotropic glutamate receptors (mGluR) belong to the
G protein-coupled membrane receptor superfamily and have been classified into
three main groups on the basis of their sequence homology and their biochemical
and pharmacological profiles (Conn and Pin 1997). Group II and III mGluRs are
located on presynaptic nerve terminals and act as autoreceptors to inhibit gluta-
mate release in numerous brain regions. While group I mGluRs are located mainly
on the cell bodies of neurons, activation of group I mGluRs (either with agonists or
indirectly by high frequency stimulation of glutamatergic inputs) produces short-
and long-term presynaptic inhibition of glutamatergic and GABAergic synaptic
transmission within a number of brain regions (for review see Doherty and Din-
gledine 2003).

The divergence between the anatomical localisation (postsynaptic) and electro-
physiological locus of action (presynaptic) of group I mGluRs can be reconciled
by retrograde signalling. A role for endocannabinoids in postsynaptic mGluR-
induced retrograde signalling has been demonstrated using similar pharmacolog-
ical and knockout techniques to those described for DSI and DSE. In these studies,
the inhibition of evoked synaptic currents produced by the selective group I mGluR
agonist 3,5-dihydroxyphenylglycine (DHPG) (and by stimulation-evoked release
from glutamatergic inputs) is abolished by cannabinoid CB1 antagonism and dele-
tion, and is mimicked/occluded by cannabinoid receptor agonists (Maejima et
al. 2001; Varma et al. 2001; Ohno-Shosaku et al. 2002; Robbe et al. 2002; but see
Chevaleyre and Castillo 2003; Rouach and Nicoll 2003). Similar techniques have
demonstrated that endocannabinoids mediate retrograde signalling produced by
postsynaptic mAChRs activation (Kim et al. 2002).

Like DSI and DSE, mGluR/stimulation-induced short-term depression is medi-
ated by a retrograde signalling process. The group I mGluR-mediated inhibition is
induced at a postsynaptic site because the presynaptic inhibition produced by the
group I mGluR agonist DHPG (but not group II agonists) and by high frequency
stimulation is abolishedbydisruptingpostsynapticGprotein couplingwithguano-
sine triphosphate (GTP)-γS, or guanosine diphosphate (GDP)-βS (Maejima et al.
2001; Ohno-Shosaku et al. 2002). However, group I mGluR-evoked presynaptic
inhibition is not dependent upon postsynaptic elevations in intracellular Ca2+

(Maejima et al. 2001; Ohno-Shosaku et al. 2002, and see Sect. 3.2). Also, evi-
dence similar to that described in Sect. 2.2 has demonstrated that mGluR-induced
endocannabinoid-mediated inhibition is expressed presynaptically (Maejima et
al. 2001; Ohno-Shosaku et al. 2002; Chevaleyre and Castillo 2003).

2.3
Activation of Postsynaptic Metabotropic Receptors
Potentiates Depolarisation-Induced Retrograde Endocannabinoid Signalling

Do mGluR-induced and depolarisation-induced retrograde endocannabinoid sig-
nalling work independently? While depolarisation-induced DSI does not require
activation of mGluRs (e.g. Wilson and Nicoll 2001), there is an interaction between
the postsynaptic depolarisation and group I mGluR-induced presynaptic inhibi-
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tion. Low concentrations of mGluR and mAChR agonists, which alone produce
little presynaptic inhibition, potentiate DSI (Varma et al. 2001; Kim et al. 2002;
Hoffman et al. 2003b). Given that the two forms of retrograde endocannabinoid
signalling are mediated by distinct postsynaptic mechanisms (see Sects. 3.1 and
3.2), there is the potential for synergistic presynaptic inhibition.

2.4
A Role for Retrograde Endocannabinoids in Long-Term Synaptic Plasticity

It is becoming apparent that, in addition to short-term modulation of synaptic
transmission, retrograde endocannabinoid signalling is involved in some forms of
long-term synaptic plasticity because both short- and long-term modulation are
abolished by cannabinoid CB1 antagonists and are absent in mice with a CB1 re-
ceptor deletion (Fig. 2A). Endocannabinoids mediate high-frequency stimulation-
induced LTD of glutamatergic synaptic transmission in the striatum (Gerdeman
et al. 2002) and nucleus accumbens (Robbe et al. 2002), stimulation-induced LTD
of GABAergic synaptic transmission in the amygdala and hippocampus (Marsi-
cano et al. 2002; Chevaleyre and Castillo 2003), timing-dependent LTD within the
neocortex (Sjostrom et al. 2003) and amphetamine-induced LTD of glutamatergic
synaptic transmission in the amygdala (Huang et al. 2003). However, endocannabi-
noids are not involved in all forms of long-term synaptic plasticity (e.g. Carlson et
al. 2002; Marsicano et al. 2002; Rouach and Nicoll 2003) and it is therefore likely to
be region- and synapse-specific.

Stimulation-induced LTD is induced at a postsynaptic site and is expressed
presynaptically. LTD is induced postsynaptically because it is abolished by dis-
rupting postsynaptic G protein coupling (Chevaleyre and Castillo 2003) (Figure
2C). Some forms of stimulation-induced LTD are caused by endogenously released
glutamate acting on postsynaptic group I mGluR receptors because they are abol-
ished by group I antagonists (Fig. 2B) and can be mimicked by the application of

Fig.2A–C LTDismediatedbypostsynapticmGluR-inducedreleaseofendocannabinoidsthatactonpresynaptic
CB1 receptors. A High-frequency stimulation (HFS)-induced LTD of evoked IPSCs (eIPSCs) in hippocampal
pyramidal neurons is abolished by the CB1 antagonist AM251 (AM, 4 µM) when applied prior to, or within
10min of LTD induction. TheHFS-induced LTP is abolishedbypre-application of (B) group ImGluR antagonists
MPEP (4 µM) plus LY367385 (100 µM), and by (C) disrupting postsynaptic G protein coupling with intracellular
GDP-βS. (Modified from Chevaleyre and Castillo 2003, by permission)
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group I mGluR agonists (Robbe et al. 2002; Chevaleyre and Castillo 2003). Evidence
in favour of presynaptic expression of LTD is similar to that described above for
short-term depression (Choi and Lovinger 1997; Gerdeman et al. 2002; Marsicano
et al. 2002; Robbe et al. 2002; Chevaleyre and Castillo 2003).

Endocannabinoid activation of CB1 receptors is likely to be involved in the
induction, but not in the maintenance of long-term synaptic plasticity because
CB1 antagonists impair long-term depression only when applied either prior to,
or within 5 to 10 min of LTD induction (Chevaleyre and Castillo 2003; Ronesi et
al. 2004) (Fig. 2A). The difference between short- and long-term synaptic effects
of endocannabinoids may be due to the duration (or type) of endocannabinoid
release, and sustained (for several minutes) activation of presynaptic CB1 receptors
(note DSI has a shorter time course). The mechanisms by which CB1 activation
induces long-term changes remain to be resolved, but the induction is unlikely to
be solely due to CB1 activation (Ronesi et al. 2004).

3
Production and Release of Endocannabinoids
in Retrograde Endocannabinoid Signalling

While the identity of the endocannabinoid(s) involved in retrograde signalling
remain to be determined directly, some clues have come from our understand-
ing of the biosynthetic pathways involved in their production and degradation.
Below we discuss the mechanisms underlying the postsynaptic production and re-
lease of endocannabinoids in relation to retrograde signalling. Depolarisation and
mGluR-induced retrograde signalling are mediated by distinct Ca2+-dependent
and -independent intracellular cascades that provide some clues to the endo-
cannabinoids involved in these processes. However, many issues remain to be
resolved.

3.1
Ca2+-Dependent and Ca2+-Independent Endocannabinoid Production

Depolarisation-inducedretrogradeendocannabinoidsignalling isdependentupon
an increase inpostsynapticCa2+. First, uncagingpostsynapticCa2+ fromaphotola-
bile chelator (with flash photolysis) in single neurons produces endocannabinoid-
mediated DSI in the absence of depolarisation (Wilson and Nicoll 2001). Sec-
ond, DSI and DSE are abolished by chelating postsynaptic Ca2+ with ethyleneg-
lycoltetraacetic acid (EGTA), or ethylenedioxybis(o-phenylenenitrilo)tetraacetic
acid (BAPTA) (Pitler and Alger 1992; Kreitzer and Regehr 2001b; Ohno-Shosaku
et al. 2001; Kim et al. 2002; Trettel and Levine 2003).

The postsynaptic intracellular processes involved in mGluR-induced endo-
cannabinoid-mediated retrograde signalling are diverse. Short-term mGluR-
induced presynaptic inhibition does not require postsynaptic Ca2+ increases be-
cause postsynaptic BAPTA does not abolish group I mGluR-induced short-term in-
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hibition of GABAergic and glutamatergic synaptic transmission in the hippocam-
pus and nucleus accumbens, respectively (Maejima et al. 2001; Varma et al. 2001;
Kim et al. 2002; Ohno-Shosaku et al. 2002). In contrast, both Ca2+-dependent and
Ca2+-independent endocannabinoid-mediated long-term plasticity has been ob-
served. Postsynaptic BAPTA abolishes stimulation-induced LTD of glutamatergic
synaptic transmission in the striatum and nucleus accumbens (Gerdeman et al.
2002; Robbe et al. 2002; see also Huang et al. 2003), but not of GABAergic synaptic
transmission in the hippocampus (Chevaleyre and Castillo 2003).

3.2
Depolarisation and Stimulation/mGluR-Induced Depression:
Distinct Intracellular Cascades and Endocannabinoids?

A major question to be addressed is which endocannabinoids mediate retrograde
endocannabinoid signalling? Both anandamide and 2-AG are potential candidates
as retrograde signallers because their exogenous application produces presynaptic
inhibition, albeit with reduced potency and efficacy compared to synthetic agonists
(see Sect. 1.2). The Ca2+-dependent depolarisation-induced short-term retrograde
endocannabinoid signalling is not mediated by postsynaptic G protein-coupled
processes and the PLC/DAG lipase cascade (Kim et al. 2002; Chevaleyre and Castillo
2003). It might be speculated that anandamide mediates depolarisation-induced
short-term depression because anandamide formation/release can be induced by
neuronal activation and Ca2+ influx. However, a role for 2-AG cannot be entirely
ruled out because cellular Ca2+ influx also promotes its formation.

Stimulation-induced LTD within the hippocampus and nucleus accumbens is
likely to be mediated by activation of group I mGluRs (see Sect. 2.4). Group I
mGluRs are coupled via Gq-proteins/PLC to produce DAG and to increase intra-
cellular Ca2+ via IP3 and ryanodine sensitive stores (Conn and Pin 1997). The
Ca2+-independent endocannabinoid-mediated LTD within the hippocampus is
mediated by the PLC/DAG cascade because it is abolished by PLC and DAG li-
pase inhibitors (Chevaleyre and Castillo 2003). On the other hand, the Ca2+-
dependent endocannabinoid-mediated LTD in the nucleus accumbens is mediated
by the PLC mobilisation of intracellular Ca2+ because it is abolished thapsigargin
and ryanodine (Robbe et al. 2002). It might be speculated that 2-AG mediates
stimulation/mGluR-induced depression because 2-AG formation is activated via
thePLCcascade (seeSect. 1.1) andhigh-frequency stimulation-inducedhippocam-
pal LTP is associated with an increase in 2-AG, but not anandamide production
(Stella et al. 1997). However, a role for anandamide cannot be entirely ruled out
because neuronal activation, Ca2+ influx and G protein-coupled receptor activation
can also trigger anandamide (Piomelli 2003). In addition, striatal LTD is mimicked
by loading the postsynaptic cell with either anandamide, or 2-AG (Gerdeman et
al. 2002; Ronesi et al. 2004).

In summary, the endocannabinoids involved in the types of retrograde endo-
cannabinoid signalling described to date are not fully understood. This will only
be resolved by more fully comparing the intracellular cascades involved in the
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processes of endocannabinoid production and retrograde signalling. Ultimately,
the issue of which endocannabinoid(s) mediates retrograde signalling will only be
resolved by direct identification.

4
Spread of Retrograde Endocannabinoid Signalling

Under normal conditions, retrograde endocannabinoid signalling is spatially
restricted in a manner likely to be determined by diffusion, uptake and enzymatic
degradation.

4.1
Endocannabinoid Signalling Is Spatially Restricted

Inhibition of synaptic inputs onto a cell is dominated by endocannabinoids gen-
erated by that cell. There is little heterosynaptic ’spill-over’ of endocannabinoids
from adjacent cells because retrograde signalling is abolished by disrupting postsy-
naptic endocannabinoid production (see Sects. 2 and 3). In contrast, other studies
have demonstrated that there is some heterosynaptic endocannabinoid ’spill-over’.
Using paired patch-clamp recordings, Wilson and Nicoll (2001) and Kreitzer et al.
(2002) have exploited the parallel alignment of principal hippocampal and cerebel-
lar neurons to estimate the range of influence of the endocannabinoid(s) released
by a single neuron. In these studies, depolarisation of one neuron produces het-
erosynaptic inhibition of GABAergic synaptic inputs onto an adjacent neuron.
Heterosynaptic effects are only observed for inter-electrode distances less than
20–75 µm from the stimulated neuron (the separation between cells is likely to be
much less because this distance includes the radius of both cells). The heterosy-
naptic presynaptic depression is likely to be solely due to diffusion because it is
independent of whether the two neurons receive common presynaptic inputs.

4.2
Factors Influencing Endocannabinoid Spread

The spatial restriction of endocannabinoid signalling is likely to be influenced
by a number of factors including temperature and the mode of retrograde endo-
cannabinoid induction. Differences in temperature between studies are likely to
affect uptake (via the AMT). Diffusion is spatially restricted by uptake/degradation
at physiological temperatures (in comparison to room temperature), although this
is likely to be influenced by synaptic geometry and diffusion barriers (Kreitzer et
al. 2002). Another factor likely to influence the spatial extent of retrograde endo-
cannabinoid signalling is the mode and strength of induction, both of which are
likely to affect endocannabinoid production.
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4.3
Inhibitors of Uptake and Metabolism

External application of the AMT transport inhibitor AM404 alone causes CB1-
mediated presynaptic inhibition (Wilson and Nicoll 2001; Robbe et al. 2002; Huang
et al. 2003) and potentiates amphetamine-induced LTD in the amygdala, but has no
effect on stimulation-induced LTD in the striatum (Gerdeman et al. 2002; Huang
et al. 2003; Ronesi et al. 2004). Blockade of uptake might alter the spatial influ-
ence of endogenously released endocannabinoids. Indeed this seems to be the case
for some forms of retrograde endocannabinoid signalling. External AM404 and
VDM-11 restore Ca2+-sensitive LTD in EGTA, or BAPTA loaded cells in both the
striatum and amygdala. Thus, while endocannabinoid signalling is normally spa-
tially restricted, blockade of uptake allows significant endocannabinoid ’spillover’.
It might be noted that while the molecular components involved in endocannabi-
noid metabolism have been more fully characterised (see Sect. 1.1), their role in
retrograde endocannabinoid signalling has not been examined. There is a strong
possibility that transport or metabolism inhibitors will increase the range or inten-
sity of retrograde endocannabinoid signalling at cannabinoid sensitive synapses
throughout the nervous system. Experimental manipulation of potential enzymes
involved in breakdown of endocannabinoids, e.g. FAAH and MAGL inhibitors, may
also help to narrow the range of candidate endocannabinoids in future studies.

5
Other Endocannabinoid Targets: TRP Channels

In all of the above studies, endocannabinoid signalling is mediated largely via
presynaptic activation of cannabinoid CB1 receptors. However, endocannabinoids
such as anandamide have some affinity for other receptors, such as the TRPV1
’noxious heat/capsaicin’ receptor (Di Marzo et al. 2001). Besides their predicted
primary afferent localisation, TRPV1 receptors are present within discrete brain
regions (Sasamura et al. 1998; Mezey et al. 2000). Thus, in addition to CB1-mediated
presynaptic effects, exogenously applied anandamide acts via TRPV1 receptors to
increase spontaneous glutamatergic synaptic transmission not only within the
spinal and medullary dorsal horn (Morisset et al. 2001; Jennings et al. 2003) but
alsowithinbrain regions suchas thehippocampusand substantianigra (Al-Hayani
et al. 2001; Marinelli et al. 2003) (Fig. 3A).

Recently, it has been demonstrated that the TRPV1 antagonists capsazepine and
iodoresiniferatoxin increase glutamatergic synaptic transmission within the sub-
stantia nigra (Marinelli et al. 2003) (Fig. 3B). This suggests that an endogenously
released endocannabinoid, possibly anandamide, can produce both inhibitory CB1

and excitatory TRPV1-mediated presynaptic effects. However, activation of presy-
naptic ligand-gated ion channels has complex effects on synaptic transmission
(Engelman and MacDermott 2004). It also remains to be determined whether this
presynaptic TRPV1 action is produced via a retrograde signalling process.
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Fig. 3A, B Tonic release of anandamide presynaptically facilitates glutamatergic synaptic transmission in
substantia nigra by activating TRPV1 receptors. A Anandamide (AEA, 30 µM) increases the rate (leftward shift
in the cumulative distribution of the inter-event interval), but has no effect on the amplitude distribution of
spontaneous EPSCs (sEPSCs). B The TRPV1 antagonist iodoresiniferatoxin (IRTX, 300 nM) decreases the rate
(rightward shift in the cumulative distribution of the inter-event interval), but has no effect on the amplitude
distribution of sEPSCs. Insets show raw traces of sEPSCs before (control) and during AEA and IRTX. (Modified
from Marinelli et al. 2003, by permission)

6
What Is the Functional Significance
of Retrograde Endocannabinoid Signalling?

It might be asked whether retrograde endocannabinoid signalling is physiologi-
cally relevant. It has been suggested that physiologically relevant action potential
firing patterns do not induce DSI in the hippocampus (Hampson et al. 2003).
While the depolarisation protocols used in DSI/DSE studies are unphysiological,
it has been demonstrated that physiological action potential firing and electrical
stimulation in the hippocampus is sufficient to produce DSI, which in turn has
a significant disinhibitory effect on LTP (Ohno-Shosaku et al. 2001; Chevaleyre and
Castillo 2003). In addition, synaptic activation of cerebellar parallel fibres at phys-
iological rates induces retrograde endocannabinoid signalling of glutamatergic
synaptic inputs onto Purkinje cells (Maejima et al. 2001; Brown et al. 2003). How-
ever, physiological relevance will only ultimately be determined by establishing
retrograde endocannabinoid signalling in vivo using ’natural’ stimuli.

7
Summary and Implications

There is compelling evidence to indicate that endocannabinoids are involved in
retrograde signalling within a number of brain regions, including those involved
in memory, motor control and reward/addiction. It is possible that retrograde
endocannabinoid signalling occurs in other ’cannabinoid-sensitive’ regions of the
central nervous system and might prove to be a general phenomenon. Briefly,
the events underlying retrograde endocannabinoid signalling can be described as
follows (Fig. 4). Distinct stimuli, including postsynaptic depolarisation and acti-
vation of metabotropic receptors (group I mGluRs, mAChRs) appear to activate
distinct intracellular postsynaptic cascades which induce de novo production and
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Fig. 4. Model depicting how endogenously released cannabinoids act as retrograde messengers within the
brain.(1)NeuronaldepolarisationinducesaninfluxofCa2+ viavoltagedependentCa2+ channelsthatstimulates
phospholipaseD(PLD).(2)Endogenouslyreleasedglutamate,orsyntheticagonist-inducedactivationofgroupI
mGluRs, stimulates phospholipase C (PLC) to activate Ca2+ release from internal stores and to activate DAG-
lipase in a Ca2+-independent manner. (3) These postsynaptic events cause cleavage of membrane lipid
precursors to induce de novo synthesis and release of endocannabinoids such as anandamide (AEA) and
2-arachidonoyl glycerol (2-AG) into the synaptic cleft. (4) These endocannabinoids activate cannabinoid CB1
receptors located on presynaptic terminals of neurons which reduces release of neurotransmitters (such as
GABA and glutamate) onto the postsynaptic neuron. (5) Endogenously released cannabinoids might also act
via TRP ligand gated ion channels (e.g. TPRV1) to increase transmitter release. (6) Endocannabinoids are taken
back up into neuronal and glial cells, possibly by a selective carrier-mediated transporter (AMT), and then
degraded by enzymes such as fatty acid amide hydrolase (FAAH) and MAG-lipase (MAGL)

release of endocannabinoid(s). These endocannabinoids diffuse from the post-
synaptic cell and act upon presynaptic cannabinoid CB1 receptors to suppresses
specific synaptic inputs impinging upon that cell, producing either short- and/or
long-term changes. The action of endocannabinoid(s) is terminated by uptake
and degradation. However, a number of issues remain to be resolved, such as the
endocannabinoid(s) involved in these processes, the postsynaptic mechanisms of
endocannabinoid production/release, other presynaptic endocannabinoid targets
(e.g. TRP-like ion channels), and the precise mechanisms involved in uptake and
degradation.

Increased understanding of the organisation of endocannabinoid signalling has
raised hopes that therapeutic agents without the unwanted side-effects of cannabis
could be developed. Natural and synthetic cannabinoids produce a range of phar-
macological effects with potential therapeutic applications in the treatment of
pain, migraine, muscle spasticity associated with multiple sclerosis, glaucoma,
nausea and vomiting, and stimulation of appetite. Unfortunately, the CB1 receptor
is widely distributed throughout the brain and accounts for almost all of the effects
of cannabis, including non-therapeutic effects on memory, cognition and motor
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coordination. The possibility that drugs selective for one cannabinoid receptor
type could overcome the unwanted psychotropic actions of cannabis is therefore
limited. Another therapeutic possibility relates to the finding that retrograde endo-
cannabinoid signalling is restricted by uptake and degradation. There is a strong
possibility that transport or metabolism inhibitors will increase the range/intensity
of retrograde endocannabinoid signalling. Transport and degradation inhibitors
may provide novel therapeutic agents in a manner analogous to the clinically use-
ful inhibitors associated with other neurotransmitter systems (e.g. Kathuria et al.
2003). In doing so, endocannabinoid transport or metabolism inhibitors might
intensify retrograde signalling at specific synapses, in contrast to the disruptive
effects of globally acting cannabinoid CB1 receptor agonists.
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Abstract Marijuana and other exogenous cannabinoids alter immune function
and decrease host resistance to microbial infections in experimental animal mod-
els and in vitro. Two modes of action by which∆9-tetrahydrocannabinol (THC) and
other cannabinoids affect immune responses have been proposed. First, cannabi-
noids may signal through the cannabinoid receptors CB1 and CB2. Second, at sites
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of direct exposure to high concentrations of cannabinoids, such as the lung, mem-
brane perturbation may be involved. In addition, endogenous cannabinoids or
endocannabinoids have been identified and have been proposed as native modula-
tors of immune functions through cannabinoid receptors. Exogenously introduced
cannabinoids may disturb this homoeostatic immune balance. A mode by which
cannabinoids may affect immune responses and host resistance may be by perturb-
ing the balance of T helper (Th)1 pro-inflammatory versus Th2 anti-inflammatory
cytokines. While marijuana and various cannabinoids have been documented to
alter immune functions in vitro and in experimental animals, no controlled longi-
tudinal epidemiological studies have yet definitively correlated immunosuppres-
sive effects with increased incidence of infections or immune disorders in humans.
However, cannabinoids by virtue of their immunomodulatory properties have the
potential to serveas therapeutic agents forablationofuntoward immuneresponses.

Keywords B lymphocytes · Cannabinoid receptors · Cannabinoids · Cytokines ·
Endocannabinoids · Human immunodeficiency virus · Immunity · Infections ·
Macrophages · Mast cells · Microglia · Natural killer cells · THC · Therapeutics ·
T lymphocytes

1
Introduction

Marijuana, or Cannabis sativa, has been valued for its medicinal as well as its psy-
chotropic properties dating back to ancient times. However, reports from as early
as the 1960s have indicated that marijuana and select components also could com-
promise human health, including the ability to resist infections. Included among
these components is a class of compounds collectively known as cannabinoids. At
least 60 have been identified. These include cannabidiol (CBD), cannabinol (CBN),
cannabigerol (CBG), and ∆9-tetrahydrocannabinol (THC), the major psychoactive
ingredient in marijuana that has been implicated as the major immunomodulatory
substance.

Early studies on the effects of marijuana on the immune system attributed
these to the ability of THC to perturb cellular membranes since it was highly
lipophilic. However, it was soon recognized that THC also exhibited specificity of
action at the physiological and pharmacological levels as well as in distribution in
organs and cells. Studies performed on various rodents demonstrated that THC
produced a characteristic tetrad of behavioral effects that consists of catalepsy,
antinociception, hypothermia, and hypomobility (see Wiley and Martin 2003).
These centrally mediated effects could be elicited following intravenous, intrathe-
cal, and intraperitoneal administration. Furthermore, use of radiolabeled THC
in hybridization studies revealed a distribution of binding in rodent brain slices
that was consistent with that attributed to areas in the brain that correlated with
specified behavioral activities.

A series of experiments that drove the field of cannabinoid pharmacology for-
ward as it relates to the recognition of the existence of a functionally relevant



Effects on the Immune System 387

cannabinoid receptor—and which impacted studies on effects of cannabinoids on
immunity—was conducted by Howlett and coworkers. Using a pharmacological
approach, it was demonstrated that THC, ∆8-tetrahydrocannabinol, levonantradol,
and desacetyllevonantradol inhibited adenylate cyclase activity in plasma mem-
branes of neuroblastoma cells (Howlett and Fleming 1984). This inhibition was
not blocked by atropine, yohimbine, or naloxone, suggesting that muscarinic, α-2-
adrenergic and opiate receptors were not required for the response. Furthermore,
the inhibition of adenylate cyclase appeared to be specific for cannabinoids that
were psychoactive, since CBD and CBN produced minimal effects. In addition, the
inhibition of adenylate cyclase activity was stereoselective, since dextronantradol
as compared to its stereoisomer levonantradol did not produce the response. Fi-
nally, inhibition was observed as concentration-dependent over a nanomolar range
for both THC and its synthetic analog, desacetyllevonantradol. In a subsequent
set of experiments, it was shown that the inhibitory effect of these psychoactive
compounds was related to the ability of adenylate cyclase to be regulated by di-
valent cations and guanine nucleotides (Howlett 1985). Howlett et al. (1986) also
demonstrated that pertussis toxin treatment abolished the cannabimimetic inhi-
bition of adenylate cyclase activity, but only for intact neuroblastoma cells, neu-
roblastoma/glioma hybrid cells, or their derivative membranes. These results were
consistent with the existence of a “cannabinoid” receptor, since receptor-mediated
inhibition of adenylate cyclase requires the presence of a guanine nucleotide-
binding protein complex, Gi, which can be functionally inactivated as a result of
an adenosine diphosphate (ADP)-ribosylation modification catalyzed by pertussis
toxin. Devane et al. (1988) used a tritium-labeled biologically active synthetic bi-
cyclic cannabinoid (CP 55,940) to identify and characterize specific ligand binding
in rat brain. Collectively, the data fulfilled the criteria for the existence of a high-
affinity and stereoselective, pharmacologically distinct cannabinoid receptor in
brain tissue.

Matsuda and colleagues (Matsuda et al. 1990) reported on the cloning and
expression of a complementary DNA (cDNA) from rat brain that encoded a G
protein-coupled receptor that exhibited all of the properties described by Howlett
and colleagues. Its messenger RNA (mRNA) was found in cell lines and regions
of the brain that contained cannabinoid receptors based on radioligand binding
analysis. Thus, by the early 1990s, a framework of rigorous cellular, molecular,
pharmacological, and physiological methodology had been established that al-
lowed for the systematic characterization and definition of a neuronal or central
cannabinoid receptor, currently referred to as the CB1 receptor. It was within this
framework of definable criteria for assessing effects of cannabinoids that a sec-
ond cannabinoid receptor was discovered that was associated in distribution and
functional relevance with the immune system

In 1992, Kaminski and colleagues (Kaminski et al. 1992) demonstrated through
an equilibrium binding assay that membranes from mouse spleen had specific
binding sites for cannabinoids. In addition, using specific primers for the cannabi-
noid receptor identified in brain, they amplified from splenic RNA using RNA
transcriptase-polymerase chain reaction (RT-PCR), an 854-kb product that hy-
bridized with brain cannabinoid receptor cDNA. These studies demonstrated that
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a cannabinoid receptor identical to, or that shared homology with that in brain,
was present in cells of the immune system. In 1993, Munro and colleagues (Munro
et al. 1993) reported on the molecular characterization of a peripheral cannabinoid
receptor from a human promyelocytic leukemia cell line HL-60 that was distinctive
from the CB1 receptor. The cloned receptor was not expressed in the brain but was
localized in macrophages in the marginal zone of the spleen. Subsequent studies
have confirmed and extended these observations and have indicated that gene
products for this receptor, designated CB2, are localized primarily in cells of the
immune system, including B lymphocytes, macrophages and monocytes, natural
killer (NK) cells, and T lymphocytes (Galiègue et al. 1995; Bouaboula et al. 1993).
The CB2 receptor also is expressed in vitro by microglia (Carlisle et al. 2002; Sinha
et al. 1998), a population of resident macrophages of the brain and eye.

Since the discovery of the CB1 and CB2 receptors, major advances in cannabi-
noid pharmacology and physiology have been made and novel insights into the
functional role of cannabinoids and their cognate receptors in the immune system
have been obtained. The discovery of receptors for exogenous cannabinoids im-
plied the existence of an endogenous system of receptors and cognate ligands, or
endocannabinoids. The role of these putative endogenous cannabinoids and their
receptors in immune cell function has yet to be fully explored, although it has
been postulated that they may be involved in homoeostatic regulation of immune
responses. Studies to assess their functional relevance may yield novel insights
into mechanisms and modalities of action by which exogenous cannabinoids such
as THC may perturb the native functionality of these endogenous systems. In
addition, cannabinoid receptor type-specific agonists and antagonists have been
developed, as have synthetic compounds of varying affinity for the CB1 and CB2

receptors, that are applicable to assessment of structure–activity relationships in
immune functional responses. The availability of these pharmacological tools has
afforded novel opportunities for evaluating cannabinoid analogs as therapeutic
agents for management of select untoward or aberrant immune responses. Fur-
thermore, availability of cannabinoid receptor type-specific agonists and antago-
nists, and of chemically engineered cannabinoid compounds, may allow for the
identification, characterization, and isolation of additional cannabinoid receptors
that may be operative in activities linked to immune function.

2
Cannabinoids and the Immune System

2.1
Early Studies

Early in vitro and in vivo studies indicated that marijuana as well as cannabinoids
derivative of this plant, particularly THC, had immunosuppressive properties.
These compounds were found to exert a wide range of effects on a variety of
immune functions from a diverse array of immune cell types. Such effects were
observed for immune cells derivative of various rodents and for cell lines exhibiting
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phenotypic and functional attributes that mimicked those of native immune cells,
including those of human origin. Because cannabinoids were recognized as highly
lipophilic, their effects on humans and animals originally were considered non-
specific and were attributed to perturbing effects on plasma membranes and other
lipid-containing structures of the cell (Wing et al. 1985; Friedman et al. 1991).
Light and electron microscopy studies performed by Raz and Goldman (1976)
demonstrated extensive vacuolation in murine peritoneal macrophages exposed
to either THC or CBD. It was indicated that these cytoplasmic alterations had been
observed also in alveolar macrophages of hashish smokers. Similar observations,
related to disruption and perturbation of cell membranes following exposure to
relatively high levels of THC, have been made by Meyers and Heath (1979) and
Cabral et al. (1987a). Cabral and Fischer-Stenger (1994) postulated that THC at
high concentrations (i.e., 10–5 M), as a consequence of membrane perturbation,
has a generalized effect on immune cell functions. THC was shown in vitro to have
a differential inhibitory effect on murine P388D1 macrophage-like cell inducible
protein expression in response to priming and activating signals such as interferon
(IFN)-γ and bacterial lipopolysaccharide (LPS). It was postulated that interaction
of the highly lipophilic cannabinoid with cell membranes resulted in alterations in
membrane fluidity and selective permeability and the attendant increase in intra-
cellular sodium resulted in shutdown of protein synthesis. A similar process has
been proposed for virus infection of cells in which insertion of virus-specified gly-
coproteins into the cell surface membrane alters selective permeability and affects
a shutdown of cell-specified macromolecular synthesis (Carrasco and Smith 1976;
Garry et al. 1979, 1982). Nahas et al. (1977) reported that CBD and CBN exerted
greater inhibitory effects on phytohemagglutinin (PHA)-induced human lympho-
cyte transformation as measured by 3H-thymidine incorporation when compared
to THC. These effects were exerted at drug concentrations ranging from 10–4 M to
10–6 M, which are relatively high.

With the discovery of cannabinoid receptors in the 1990s, novel insights were
obtained regarding modalities by which cannabinoids affect immune functions.
Indeed, a general picture emerged that cannabinoids exhibited a duality of action.
Effects on immune functions exerted by cannabinoids at concentrations below
the micromolar level may be through the activation of cannabinoid receptors.
However, cannabinoids also can exert non-receptor-mediated effects (Felder et al.
1992; Derocq et al. 1998). Such non-receptor-mediated effects may be exerted at
high concentrations (i.e., micromolar levels). Such levels are achievable in the lung
as a result of exposure to marijuana smoke or through therapeutic application of
purified cannabinoids.

2.2
Effects on the Immune System Using In Vivo Models

Experimental animal models, using guinea pigs and mice, have been used for
nearly a century to document effects of various toxic and infectious agents on host
resistance. These in vivo models have offered unique advantages for assessment of
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effects of drugs on infection and immunity due to their well-defined immune sys-
tems. Furthermore, use of animal models has allowed for the definition of factors of
host resistance that are targeted by drugs under stringently controlled conditions.
As a result, acquisition of statistically significant data with minimal confound-
ing variables has been possible, a condition that is difficult to attain for human
populations as a result of potential environmental toxic exposures and multiple
drug use. The collective data that have been obtained through studies involving
experimental animals indicate that cannabinoids alter humoral and cellular im-
munity and can compromise resistance to a variety of infectious agents including
bacteria, protozoa, and viruses. Rosenkrantz et al. (1975) indicated that THC sup-
pressed the primary immune response in rats. Klykken et al. (1977) extended
these studies and demonstrated that 8,9-epoxyhexahydrocannabinol (EHHC) in-
hibited both humoral and cell-mediated immunity in BDG1 mice administered
Corynebacterium parvum (C. parvum). Zimmerman et al. (1977) compared the
effects of THC, CBD, and CBN on the immune response of immature mice. THC
elicited a dose-dependent depression of immune responsiveness. However, the im-
pairment of humoral immunity was specific to THC in that CBD or CBN did not
have an effect. These results served as an indicator that the effects of cannabinoids
on immune function were selective in that a psychotropic cannabinoid exerted an
immunomodulatory effect, while a non-psychotropic cannabinoid at comparable
doses did not. Baczynsky et al. (1983a) examined the effects of THC, CBD, and
CBN on the primary humoral immune response, the secondary humoral immune
response, and the memory aspect of humoral immunity following sheep red blood
cell immunization. Mice treated with THC during the primary immunization pe-
riod exhibited a suppression of the primary humoral immune response while those
treated during the secondary immunization period showed no measurable sup-
pression of the secondary humoral immune response. However, CBD and CBN had
no effect.

Studies using animal models have suggested also that cannabinoid immunolog-
ical tolerance differs from pharmacological tolerance. Luthra et al. (1980) adminis-
tered THC orally to Fischer rats of both sexes at doses that produced pharmacologi-
cal tolerance. In order to assess for immunological tolerance, the primary immune
response was evaluated by determining splenic antibody-forming cells, hemag-
glutinin titers, and/or hemolysin titers. Modalities of action that were operative
in the establishment of pharmacological tolerance appeared to differ from those
associated with tolerance at the immunological level. The effects of cannabinoids
on immune function appear also to differ with age. Pross et al. (1990) examined
the suppression of murine lymphoid cell blastogenesis by marijuana components
in adult versus juvenile mice of various ages. Differences in susceptibility to THC-
and 11-OH-THC-induced suppression were observed for in vitro proliferative re-
sponses of murine lymphoid cells to the mitogens concanavalin A (ConA) and
PHA. Thymus cells from adults were suppressed more readily than splenocytes,
while splenocytes from mice under 2 weeks of age were suppressed much more
readily than those from older mice. Snella et al. (1995) evaluated the relationship
of aging and THC-mediated immunomodulation of murine lymphoid cells. Cells
from 2- and 18-month-old mice, in contrast to those from adult mice, were resis-
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tant to THC-mediated proliferation when stimulated by their CD3 receptor. The
THC-induced enhancement appeared to be related in part to levels of interleukin
(IL)-2 since addition of this cytokine modified the THC-induced up-regulation of
cell proliferation. In contrast, cells from 18-month-old mice remained resistant to
modulation by THC. It was concluded that the difference in immune responsive-
ness to THC related to the age of mice correlated, at least in part, to IL-2 levels in
the 2-week-old and young adult mice. Ramarathinam et al. (1997) demonstrated
that lymphoid cells from young and old mice exhibited different immunological
potential in terms of ability to produce cytokines following stimulation with either
ConA or anti-CD3 antibody. Levels of the anti-inflammatory cytokines IL-4 and IL-
10 were up-regulated in spleen cell cultures from the older animals. Furthermore,
in vivo administration of THC resulted in an up-regulation of the proliferative
response of lymphoid cells from young adult mice. Such enhancement was not
evident for cells from older animals.

2.3
Effects on the Immune System Using In Vitro Models

2.3.1
Effects on Mixed Cell Populations

Early experiments involved the use of mixed cell populations, since these more
closely replicated the invivo conditionof a complexmixtureofdistinctive cell types
cross-talking through soluble mediators as well as interacting with each other
through cell-contact-dependent modalities. Furthermore, the use of mixed cell
populations lent itself to the application of depletion and reconstitution studies for
the definition of specific cell subpopulations affected by cannabinoids. Lefkowitz et
al. (1978) examined the effect of THC on the in vitro sensitization of mouse splenic
lymphocytes with sheep erythrocytes (SRBC) using a plaque-forming cell (PFC)
assay. Splenic lymphocytes from mice injected with THC showed a depressed im-
munological response when compared with those from control animals. A similar
alteration in the immunological response was obtained when THC was added
directly to the culture medium as demonstrated by a reduction in the number of
plaque-forming centers. Baczynsky et al. (1983b) reported that cannabinoids acted
differentially in their suppressant effect on immunocytes in vitro. They examined
the effects of THC, CBD, and CBN on the primary-like immune response in cultures
of mouse spleen cells. THC and CBD, but not CBN, depressed the primary-like im-
mune response of stimulated mouse splenocytes. It was noted that THC exerted
its maximal suppression of immune responses when administered antecedent to
antigenic stimulation. Pross et al. (1992) found that, when the mitogens ConA or
PHA were used to stimulate THC-treated splenocytes, a down-regulation of lym-
phocyte proliferation occurred. This down-regulation was accompanied by lower
T cell numbers in general and Ly2-positive cells specifically. In contrast, when
splenocytes were stimulated directly with anti-CD3 antibody, low concentrations
of THC enhanced lymphocyte proliferation that was accompanied by greater num-
bers of T cells in general and Ly2 cells specifically. In a subsequent study, Pross et
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al. (1992) indicated that THC suppressed IL-2 and IL-2 receptor expression. The
T cell mitogen, anti-CD3, produced the opposite effect when combined with THC
in that it increased proliferation and the IL-2 response. This modulation pattern
for IL-2 by THC after stimulation of murine spleen cells with ConA, PHA, or
anti-CD3 antibody was reproduced and extended by Nakano et al. (1992). It was
shown that the THC-related modulation of IL-2 activity corresponded not only to
changes in blastogenic activity, but also to variations in numbers of Tac-positive
cells. Collectively, these studies indicated that THC could exert differential effects
on spleen cell populations dependent upon the stimulators used.

2.3.2
Effects on Mononuclear Cells, Macrophages, and Macrophage-Like Cells

THC and other cannabinoids have been shown to suppress macrophage functions
such as phagocytosis, bactericidal activity, and spreading (Friedman et al. 1991;
Klein and Friedman 1990). Sacerdote et al. (2000) reported that in vivo and in
vitro treatment with CP 55,940 decreased the in vitro migration of macrophages
in the rat and that this effect involved both CB1 and CB2 receptors. THC also
has been reported to alter the gene expression, processing, and secretion of an
array of macrophage pro-inflammatory and anti-inflammatory factors. Zheng et
al. (1992) indicated that THC caused a significant decrease in tumor necrosis factor
(TNF)-α production by BALB/c mouse peritoneal macrophages in response to LPS
and IFN-γ. A similar set of responses was obtained for human peripheral blood
lymphocyte (PBL) adherent cells treated with THC. Fisher-Stenger et al. (1993)
also examined the effects of THC on TNF-α production by murine RAW264.7
macrophage-like cells and reported that it affected TNF-α production by altering
its conversion from a 26-kDa presecretory form to the 17-kDa secretory product.
THC also has been reported to alter the expression of other cytokines. Klein
and Friedman (1990) indicated that IL-1 activity increased in supernatants of
mouse macrophage cultures treated with LPS and THC. Studies to assess for its
intracellular fate in relation to drug treatment indicated that the THC-induced
higher levels in supernatants were due to an increase, and prolongation, of release
of the promature IL-1α and mature IL-1β forms. The processing and release of
IL-1 in macrophages appeared to be due partly to increased activity of the IL-
1 converting enzyme (i.e., caspase), since THC had been shown to induce an
augmentation in caspase activity and other markers of apoptosis (Zhu et al. 1998).

Burnette-Curley and Cabral (1995) reported that THC was able to inhibit
macrophage-like cell contact-dependent cytolysis of tumor cells and that this
inhibition was effected by selective targeting of TNF-dependent pathways versus
l-arginine-dependent reactive nitrogen intermediates. In addition, the effect of the
enantiomeric pairs (–)CP 55,940/(+)CP 56,667 or HU-210/HU-211 on macrophage
cell contact-dependent killing was assessed. Inhibition of macrophage tumorici-
dal activity against TNF-sensitive murine L929 cells was effected by both isomers
of THC analogs. Coffey et al. (1996) confirmed and extended these studies using
mouse peritoneal macrophages. They indicated that an early step in NO produc-
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tion, such as NO synthase (NOS) gene transcription or NOS synthesis, rather than
NOS activity was affected by THC. A structure–activity order of effectiveness in
inhibition was noted for various THC analogues with potency being highest for
∆8-THC and decreasing in order for THC > CBD ≥ 11-OH-THC > CBN. Further-
more, THC attenuated the cyclic adenosine monophosphate (cAMP) response in
the macrophage cultures. The investigators concluded that inhibition of NO was
mediated by a process that depended partly on a stereoselective cannabinoid re-
ceptor/cAMP pathway and partly on a nonselective molecular process. Jeon et
al. (1996), using the murine RAW264.7 macrophage cell line, demonstrated that
THC inhibited NOS transcription factors such as nuclear factor (NF)-κB/RelA sug-
gesting a mode by which this cannabinoid affected NO production. Waksman et
al. (1999) reported that CP 55,940 mediated inhibition of inducible NOS (iNOS)
produced by neonatal rat brain cortical microglia in a mode that was linked func-
tionally to the CB1 receptor. On the other hand, Stephano et al. (2000) indicated that
the synthetic cannabinoid WIN 55,212-2 had an opposite effect on constitutive NO
and increased its release from human monocytes and vascular tissues through the
CB1 receptor. They reported also that the endocannabinoid 2-arachidonoylglycerol
(2-AG) stimulated NO release from human monocytes and vascular tissues and
immunocytes of the invertebrate Mytilus edulis (Stephano et al. 2000). This effect
was mediated through the CB1 receptor in human cells and through an apparent
“cannabinoid” receptor in the invertebrate immunocytes. Furthermore, in both
the monocytes and the immunocytes, NO release elicited in response to 2-AG
was blocked by a CB1, but not by a CB2, antagonist. In contrast, Gross et al.
(2000) reported that inhibition of NO production by WIN 55,212-2, but not palmi-
toylethanolamide, was attenuated significantly by the CB2 antagonist SR144528.
Their results suggested that inhibition of RAW264.7 macrophage-like cell LPS-
induced iNOS expression by WIN 55,212-2 was mediated by the CB2 receptor.

Cannabinoids have been shown to alter macrophage functions in addition to
those related to cytokine and NO production. It has been reported that THC affects
macrophage processing of antigens that is necessary for the activation of CD4+ T
lymphocytes (McCoy et al. 1995). The T cell response to hen egg lysozyme was
dramatically reduced after pretreatment of a macrophage hybridoma with THC.
In contrast, THC exposure did not alter the capacity of the macrophage hybridoma
to process chicken ovalbumin and augmented their presenting cell function for
a pigeon cytochrome c response. The level of T cell activation with peptides of
lysozyme and cytochrome c, which do not require processing, was inhibited only
at the highest concentrations of THC, suggesting that THC mainly affected antigen
processing. Peritoneal macrophages exposed to THC during an antigen pulse
and fixed with paraformaldehyde showed similar effects on the subsequent T cell
responses to lysozyme and cytochrome c in the absence of THC, arguing against
a possible influence of THC on the T cells. The investigators concluded that THC
differentially modulated the capacity of macrophages to process antigens that is
necessary for the activation of CD4+ T cells. Follow-up studies on effects of THC
on processing of intact lysozyme by macrophages provided evidence for a CB2

receptor participation (McCoy et al. 1999). These observations were confirmed by
Buckley et al. (2000) using CB2 receptor knockout mice.
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2.3.3
Effects on B Lymphocytes

B lymphocytes have been reported to express relatively high levels of the CB2

receptor (Carayon et al. 1998; Galiègue et al. 1995; Lynn and Herkenham 1994).
Thus, it is not surprising that cannabinoid agonists should exert major effects on
their functional activities. Klein et al. (1985) noted that addition of THC to mouse
splenocyte cultures suppressed not only T lymphocyte proliferation in response to
the mitogens ConA and PHA, but also that of B lymphocytes induced by LPS, a B
cell mitogen. The hydroxylated metabolite of THC, 11-hydroxy-THC, was observed
to be much less potent in this inhibition.

Additional reports have confirmed that cannabinoids suppress the antibody
response of humans and animals (Friedman et al. 1991; Klein et al. 1998a). Kamin-
ski et al. (1994) reported that suppression of the humoral immune response by
cannabinoids was mediated, at least in part, through the inhibition of adenylate
cyclase by a pertussis toxin-sensitive G protein-coupled mechanism. THC and
CP 55,940 inhibited murine splenocyte proliferative responses to phorbol myris-
tate acetate (PMA) plus ionomycin. The SRBC IgM antibody-forming cell (AFC)
response was abrogated by low concentrations of dibutyryl-cAMP. Inhibition of
the SRBC AFC response by both THC and CP 55,940 also was abrogated when
splenocytes were preincubated with pertussis toxin that also was found to directly
abrogate cannabinoid inhibition of adenylate cyclase. Collectively, the results sug-
gested that inhibition of the SRBC AFC response by cannabinoids was mediated, at
least in part, by inhibition of adenylate cyclase through a pertussis toxin-sensitive
Gi protein-coupled cannabinoid receptor.

On the other hand, Derocq et al. (1995) reported that cannabinoids at low
nanomolar concentrations had an enhancing effect on human tonsillar B cell
growth. The cannabinoids CP 55,940 and WIN 55,212-2, as well as THC, exerted
a dose-dependent increase of B cell proliferation for which the EC50 was at low
nanomolar concentrations. The cannabinoid-induced enhancing activity was in-
hibited by pertussis toxin, suggesting a functional linkage to a G protein-coupled
receptor. The CB1 specific antagonist SR141716A had no antagonistic effect on
this augmentation. These results, together with the demonstration that human B
cells displayed large amounts of CB2 mRNA, led the investigators to propose that
the growth-enhancing activity observed on B cells at very low concentrations of
cannabinoids was mediated through the CB2 receptor. Carayon et al. (1998) re-
ported that the CB2 receptor was down-regulated at the mRNA and protein levels
during B cell differentiation. Lowest levels of expression were observed in germinal
center proliferating centroblasts of tonsillar tissue. The potent cannabinoid ago-
nist CP 55,940 enhanced CD40-mediated proliferation of both virgin and germinal
center B cell subsets. This enhanced proliferation could be blocked by the CB2 an-
tagonist SR144528 but not by the CB1 antagonist SR141716A. These observations,
taken together with the observation that SR144528 antagonized the stimulating
effects of CP 55,940 on human tonsillar B cell activation evoked by cross-linking
of surface immunoglobulins (Rinaldi-Carmona et al. 1998) suggested a functional
involvement of CB2 receptors during B cell differentiation.
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2.3.4
Effects on T Lymphocytes

Studies as early as 1977 indicated that THC alters human T lymphocyte functions
(Nahas et al. 1977). THC has since been reported to suppress a variety of functions
of T cells from a variety of sources, including cytolytic activity and proliferation re-
sponses to T cell mitogens. Klein et al. (1991) examined the effect of cannabinoids
on the activity of murine cytotoxic T lymphocytes (CTLs). The cytolytic activ-
ity of CTLs generated by co-cultivation with either allospecific or trinitrophenol
(TNP)-modified-self stimulators was suppressed by THC and 11-hydroxy-THC.
Allospecific CTLs generated in vivo also were inhibited by in vitro exposure to
these cannabinoids. Drug treatment of mature CTLs appeared to have a minimal
effect on binding of these cells to their targets. In addition, THC inhibited the
proliferation of lymphocytes responding to an allogeneic stimulus as well as the
maturation of these lymphocytes to mature CTLs. Similarly, THC was shown to
inhibit CTL activity developing in vivo. It was proposed that CTL functionality
was inhibited by cannabinoids by at least two modes. First, the cytolytic activity
of mature CTLs was suppressed at a step beyond the binding to the target cell.
Second, cannabinoids appeared to suppress the normal development of mature
effector cells from the less mature precursor state. Fischer-Stenger et al. (1992)
examined the effect of THC on CTL response to herpes simplex virus (HSV)-1
infection. It was indicated that THC decreased CTL activity against virus-infected
cells by inhibiting CTL cytoplasmic polarization toward the virus-infected target
cell. Granule reorientation toward the effector cell-target cell interface following
cell–cell conjugation occurred at a lower frequency in co-cultures containing CTLs
from drug-treated mice. Yerbra et al. (1992) examined effects of THC on one of
the earliest events in T cell activation, the mobilization of cytosolic free calcium
[Ca2+]. It was reported that a portion of the proliferation defect in THC-treated
lymphocytes could be related to a drug induced inhibition of [Ca2+] mobilization
that normally occurs following mitogen treatment.

Schatz et al. (1993) proposed that THC selectively inhibited T cell-dependent
humoral immune responses through direct inhibition of accessory T cell func-
tion. Oral administration of THC to mice produced a selective and dose-related
inhibition of primary humoral immune responses to the T cell-dependent anti-
gen, SRBC, as measured by the AFC response. No inhibitory effect on humoral
responses to the T cell-independent antigen, dinitrophenyl (DNP)-Ficoll was ob-
tained. A similar profile of immune inhibition was observed following direct in
vitro addition of THC to naïve spleen cell cultures sensitized with defined antigens.
In addition, THC produced a marked and dose-related inhibition of anti-CD3 mon-
oclonal antibody-induced T cell proliferation. More recently, Condie et al. (1996)
studied the effects of cannabinoids on adenylate cyclase-mediated signal trans-
duction and IL-2 expression in the murine thymoma-derived T cell line EL4.IL-2.
Treatment of cells with CBN or THC disrupted the adenylate cyclase signaling
cascade by inhibiting forskolin-stimulated cAMP accumulation. This inhibition
led to a decrease in protein kinase A activity and binding of transcription factors
to a cAMP-response element (CRE) consensus sequence. Likewise, an inhibition
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of PMA/ionomycin-induced IL-2 protein secretion, which correlated to decreased
IL-2 gene transcription, was induced by both CBN and THC. Cannabinoid treat-
ment also decreased PMA/ionomycin-induced NF binding to the activator protein
(AP)-1 proximal site of the IL-2 promoter. These findings suggested that inhibi-
tion of signal transduction via the adenylate cyclase/cAMP pathway induces T cell
dysfunction by diminution in IL-2 gene transcription.

2.3.5
Effects on Natural Killer Cells

Kawakamiet al. (1988) indicated that IL-2-inducedkillingactivity andproliferation
on NKB61A2 cells, a cell line derived from mouse that contains many morphologi-
cal and functional similarities to primary NK cells (Warner and Dennert 1982), was
suppressed by THC and 11-hydroxy-THC. Similarly, THC suppressed proliferation
of murine spleen cells stimulated with recombinant human IL-2 and the appear-
ance of the lymphokine-activated killer (LAK) cell phenomenon in IL-2-treated
spleen cells (Kawakami et al. 1988). In addition, spleen cells previously stimulated
in culture with IL-2, and then incubated with THC prior to target cell addition,
displayed suppressed cytolytic activity against both yeast artificial chromosome
(YAC)-1 and murine thymoma (EL)-4 tumor targets. These results suggested that
THC could suppress IL-2-linked functions, including clonal expansion of lympho-
cytes, expansion of killer cell populations, and stimulation of killer cell cytotoxic
activity. Additional studies have indicated that THC and other cannabinoids not
only suppress the killing activity of mouse NK cells but also those from humans
(Klein et al. 1998a, 1998b). The mechanism of this suppression was attributed as
due partly to a drug-induced decrease in the number of high- and intermediate-
affinity IL-2 binding sites, suggesting suppression in the expression of the IL-2
receptor (IL-2R) proteins (Zhu et al. 1993). Subsequent studies demonstrated that
THC increased cellular levels of IL-2Rα and β proteins but decreased levels of
the γ-protein and the function of the IL-2R (Zhu et al. 1995). It was concluded
that drug treatment disturbed the relative expression of the various IL-2R chains,
resulting in overall receptor dysfunction and poor responsiveness to IL-2. Daaka
et al. (1997) extended these studies using NKB61A2 NK-like cells, established
a link to cannabinoid receptors for these effects, and implicated involvement of
the transcription factor NF-κB. These investigators concluded that, in the NK-like
cell line used in the studies, a signaling pathway existed that was composed of
CB1, NF-κB, and the IL-2Rα gene. Other immune cell models have been used to
demonstrate linkage of cannabinoid receptors to NF-κB-mediated gene activity
(Herring et al. 1998; Jeon et al. 1996). Massi et al. (2000) reported that in vivo
administration of THC to mice significantly inhibited NK cytolytic activity with-
out affecting ConA-induced splenocyte proliferation. The parallel measurement
of IFN-γ revealed that THC significantly reduced production of this cytokine, and
the CB1 and CB2 antagonists completely reversed this reduction. These results sug-
gested that both cannabinoid receptors were involved in the network mediating
NK cytolytic activity.
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2.4
Effects on Cytokines

A mode by which cannabinoids may exert their multiplicity of effects may be
through the modulation of the expression of chemokines and cytokines which
cross-signal among immune cells and play a critical role in pro-inflammatory ver-
sus anti-inflammatory activities. Blanchard et al. (1986) and Cabral et al. (1986a)
reported that induction of IFN-α/β was suppressed by chronic treatment of mice
with THC. Watzl et al. (1991) indicated that cytokine activity also was modu-
lated in human peripheral blood mononuclear cell cultures by THC. However, the
non-psychoactive CBD also modulated cytokine production and/or secretion, sug-
gesting that a non-cannabinoid receptor-mediated mode of action could also be
involved. The investigators indicated that a possible explanation for the capacity of
cannabinoids to act through cannabinoid receptors so as to exert a broad spectrum
of immune function effects was that exposure to these compounds resulted in the
expression of a differential profile of cytokines.

Srivastava et al. (1998) examined the effect of THC and CBD on cytokine pro-
duction in vitro by human leukemic T, B, eosinophilic, and CD8+ natural killer
lines. THC was found to decrease the constitutive production of IL-8, macrophage
inflammatory protein (MIP)-1 α, MIP-1 β, and RANTES (regulated upon acti-
vation normal T cell expressed and secreted) protein. Phorbol ester-stimulated
production of TNF-α, granulocyte-macrophage colony-stimulating factor (GM-
CSF), and IFN-γ produced by NK cells also was affected. These results indicated
that THC and CBD could alter production of a multiplicity of cytokines across
a diverse array of immune cell lineages. Smith et al. (2000) evaluated the effects
of cannabinoid receptor agonists and antagonists on the production of inflamma-
tory cytokines and the anti-inflammatory cytokine IL-10 in endotoxemic mice.
WIN 55,212-2 and HU-210 decreased serum levels of TNF-α and IL-12 and in-
creased those for IL-10 when administered to mice before LPS exposure. The
cannabinoids also protected C. parvum mice (but not unprimed mice) against
the lethal effects of LPS. The protection afforded to C. parvum could not be
attributed to the higher levels of IL-10 present in the mice after agonist treat-
ment. The WIN 55,212-2- and HU-210-mediated changes in the responsiveness
of mice to LPS were antagonized by SR141716A, the CB1 antagonist, but not
by SR144528, the CB2 antagonist. It was concluded that both cannabinoid ago-
nists modulated LPS responses through the CB1 receptor. It was noted, also, that
SR141716A itself modulated cytokine responses in a manner identical with that
of WIN 55,212-2 and HU-210. The agonist-like effects of SR141716A were more
striking in unprimed mice, suggesting that the antagonist could also function
as a partial agonist at the CB1 receptor. Zhu et al. (2000) reported that THC in-
hibited anti-tumor immunity by a CB2 receptor-mediated, cytokine-dependent
pathway. In their studies they used two different weakly immunogenic murine
lung cancer models. THC decreased tumor immunogenicity, as indicated by the
limited capacity for tumor-immunized, THC-treated mice to withstand tumor
rechallenge. However, in contrast to the findings in immunocompetent mice, THC
did not affect tumor growth in tumor-bearing severe combined immunodefi-
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ciency (SCID) mice. Levels of the immune inhibitory T helper (Th)2 cytokines
IL-10 and transforming growth factor (TGF) were augmented while those of the
immune stimulatory Th1 cytokine IFN-γ were down-regulated at both the tu-
mor site and in spleens of THC-treated mice. Administration of either anti-IL-
10 or anti-TGF-β neutralizing antibodies prevented the THC-induced enhance-
ment in tumor growth. In vivo administration of the CB2 antagonist SR144528
blocked the effects of THC. These findings suggested that THC promoted tumor
growth by inhibiting anti-tumor immunity by a CB2 receptor-mediated, cytokine-
dependent pathway. Furthermore, this cytokine-dependent pathway correlated
with a shift in a Th1 pro-inflammatory to a Th2 anti-inflammatory cytokine pro-
file.

Berdyshev et al. (1997) examined the effects of anandamide, palmitoylethanol-
amide and THC on the production of TNF-α, IL-4, IL-6, IL-8, IL-10, IFN-γ, p55,
and p75 TNF-α soluble receptors expressed by stimulated human peripheral blood
mononuclear cells as well as [3H]-arachidonic acid release by non-stimulated
and N-formyl-Met-Leu-Phe (fMLP)-stimulated human monocytes. Anandamide
diminished IL-6 and IL-8 production at low nanomolar concentrations and in-
hibited the production of TNF-α, IFN-γ, IL-4, and p75 TNF-α soluble receptors
at higher concentrations (i.e., micromolar levels). Palmitoylethanolamide inhib-
ited IL-4, IL-6, and IL-8 synthesis and the production of p75 TNF-α soluble
receptors at concentrations similar to those of anandamide but did not affect
TNF-α and IFN-γ production. Neither anandamide nor palmitoylethanolamide
influenced IL-10 synthesis. THC, on the other hand, exerted a biphasic effect
on pro-inflammatory cytokine production. TNF-α, IL-6, and IL-8 synthesis was
inhibited maximally by 3 nM THC but stimulated by 3 µM THC. A similar ef-
fect was observed for IL-8 and IFN-γ. The level of IL-4, IL-10, and p75 TNF-α
soluble receptors was diminished by 3 µM THC. [3H]-Arachidonate release was
stimulated only by high THC and anandamide concentrations. Based on these
observations, the investigators suggested that the inhibitory properties of anan-
damide, palmitoylethanolamide, and THC are determined by the activation of
peripheral-type cannabinoid receptors (i.e., CB2) and that various endogenous
fatty acid ethanolamides also participate in the regulation of the immune re-
sponse.

Molena-Holgado et al. (1998) assessed the effects of cannabinoids in the context
of a Theiler’s murine encephalomyelitis virus (TMEV) infectivity model. In this
model, murine cortical astrocyte cultures produce robust levels of IL-6 following
infection in vitro. Treatment of cultures with anandamide resulted in increased
production of IL-6. Cannabinoid receptors were implicated in these events because
the enhancing effect was attenuated by the CB1 antagonist SR141716A. Since it
has been suggested that IL-6 may have a palliative effect in CNS diseases such
as multiple sclerosis (MS), the investigators speculated that the increased levels
of this cytokine could be related to a protective effect of cannabinoids in such
diseases.
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3
Cannabinoids and Infections

3.1
In Vitro Infections

A variety of mammalian cellular systems have been used as experimental models
for documenting the in vitro effects of cannabinoids on immune responsiveness
to viruses, bacteria, and amoebae. Blevins and Dumic (1980) indicated that THC
had a protective effect against HSV infection in vitro. It was found that both HSV-
1 and HSV-2 failed to replicate and produce extensive cytopathic effect (c.p.e.)
in human cell monolayer cultures exposed before infection, at infection, or post
infection to various concentrations of THC. In contrast, other studies indicate that
THC compromises resistance to virus infection. It has been reported that THC
inhibits macrophage extrinsic anti-viral activity (Cabral and Vásquez 1991; Cabral
and Vásquez 1992) whereby macrophages normally suppress virus replication in
cells to which they attach (Morahan et al. 1980; Stohlman et al. 1982). Noe et al.
(1998) reported that a variety of cannabinoid receptor agonists enhanced syncytia
formation in human T cell leukemia virus-I (HTLV-I)-transformed human T (MT-
2) cells infected with cell free human immunodeficiency virus (HIV-1MN). It
was found that CP 55,940, THC, WIN 55,212-2, and WIN 55,212-3 significantly
increased syncytia formation, a phenomenon that has been reported to serve as
an indicator of HIV infection and cytopathicity.

In addition to exerting modulatory effects on virus replication, cannabinoids
have been reported to affect macrophage interaction with bacteria. Arata and
colleagues (Arata et al. 1991, 1992) reported that THC could overcome the re-
striction of the growth of Legionella pneumophila , a facultative intracellular
pathogen that replicates readily in human and guinea pig macrophages and in
peritoneal exudate macrophages from A/J mice. Pretreatment of macrophages
with THC did not affect ingestion or replication of Legionella. However, treatment
with THC following infection with Legionella resulted in increased numbers of
intracellular bacteria. Stimulation of macrophages with LPS resulted in a reduc-
tion in Legionella growth within macrophages. In contrast, treatment of these
LPS-activated macrophages with THC resulted in greater growth of Legionella,
indicating that the drug abolished the LPS-induced enhanced resistance. Gross
et al. (2000) suggested a role for the CB1 receptor in THC-mediated ablation of
infection of macrophages by the intracellular pathogen Brucella suis , a gram-
negative bacterium. Multiplication of Brucella within macrophages was inhibited
by the CB1 antagonist SR141716A but not by the CB2 antagonist SR144528. THC
has been shown also to alter the capacity of macrophages in vitro to kill Naegleria
fowleri (Burnette-Curley et al. 1993), free-living amoebae that can cause a fa-
tal disease in humans known as primary amoebic meningoencephalitis (PAME)
(Marciano-Cabral 1988).
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3.2
In Vivo Infections

Guinea pigs and mice have been used extensively as experimental in vivo models
for documenting the effects of cannabinoids on host resistance. One of the earliest
studies that indicated cannabinoids exacerbated host resistance to microbes was
reported by Bradley et al. (1977), who demonstrated enhanced susceptibility of
mice to combinations of THC and live or killed gram-negative bacteria. Mora-
han et al. (1979) demonstrated that mice exposed to THC were compromised in
their ability to resist infection to viral and bacterial agents. BALB/c mice adminis-
tered THC intraperitoneally exhibited decreased resistance to infection with either
Listeria monocytogenes or HSV-2. Mishkin and Cabral (1985) and Cabral et al.
(1986a,b) confirmed and extended these studies. THC was shown to increase in
a dose-related fashion the susceptibility to HSV-2 genital infection in guinea pigs
and mice. Animals treated with THC exhibited greater severity of herpes genitalis,
higher mortalities, and higher mean titers of virus shed from the vagina. Sup-
pression of antibody production to HSV-2 and a delay in the onset of the delayed
hypersensitivity response to HSV-2 were observed. Cabral et al. (1987b) also noted
that THC caused a reduction of the splenocyte proliferative response to HSV-2.
It was suggested that THC inhibited immune responsiveness of (B6C3)F1 mice to
homotypic challenge with HSV-2.

Specter et al. (1991) reported that THC augmented murine retroviral-induced
immunosuppression and infection. It was noted that THC in vitro administration
to spleen cells from mice infected with Friend leukemia virus (FLV) resulted in
a decrease, beyond that seen with virus or THC alone, in lymphocyte blastogen-
esis and NK cell activity. Moreover, when both FLV and THC were administered
to mice concurrently infected with HSV, mortality attributed to FLV infection oc-
curred significantly more rapidly than in the absence of HSV or THC. Paradise
and Friedman (1993), using a hamster model, indicated that THC enhanced in-
fection with T. pallidum , the causative agent of syphilis in humans. A greater
degree of enhancement was exhibited also in rabbits in that treponemes pro-
liferated more readily during treatment with THC than in control animals. In
addition, Marciano-Cabral et al. (2001) reported that THC exacerbated brain in-
fection in mice by Acanthamoeba , free-living amoebae that act as opportunistic
pathogens.

There is accumulating data that alterations in cytokine expression play a crit-
ical role in enhanced mortality and morbidity in experimental animals. Klein
et al. (1993) reported that THC induced cytokine-mediated mortality of mice
infected with L. pneumophila . Mice administered two injections of THC, one
before and one after a sublethal dose of Legionella experienced acute collapse
and death. The THC-induced mortality resembled cytokine-mediated shock, and
acute-phase serum from these animals contained significantly elevated levels of
TNF and IL-6. The investigators concluded that THC increased the blood levels
of acute-phase cytokines in the infected animals and that these elevated levels,
at least in part, accounted for mortalities induced by THC. Newton et al. (1994)
demonstrated that drug treatment of mice suppressed Th1 anti-Legionella immu-
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nity as demonstrated by reduced production of IFN-γ and antibodies to IgG2a.
BALB/c mice, infected with a primary sublethal dose of L. pneumophila de-
veloped resistance to a larger challenge infection. Intravenous injection of THC
1 day prior to primary infection resulted in increased mortalities after a chal-
lenge infection. Furthermore, the level of anti-L. pneumophila IgG1 antibodies in
THC-treated animals, which are stimulated by Th2 cells, was elevated. In con-
trast, levels of Th1-regulated, IgG2a were depressed. The investigators suggested
that THC decreases the development of anti-L. pneumophila immunity by caus-
ing a change in the balance of Th1 and Th2 functional activities. In a follow-up
study, Klein et al. (1997) examined the effects of CBD and CBN, as well as CP
55,940, on sublethal infection of inbred BALB/c mice that are relatively resistant
to infection with L. pneumophila. CBD and CBN did not affect mortality of mice
sublethally infected with Legionella to as great an extent as THC. However, CP
55,940 yielded levels of mortalities that were comparable to those induced by
THC consistent with augmented lethality. Furthermore, mice receiving THC be-
fore and after infection exhibited higher levels of bacteria in their lung compared
to sublethally infected mice not receiving cannabinoid. In addition, lung levels
of mRNA for IL-6 were increased markedly following treatment of infected ani-
mals with THC. More recently, Klein et al. (2000) reported that THC treatment
of BALB/c mice results in suppression of not only IFN-γ but also IL-12 and IL-
12 receptor β2 in response to L. pneumophila infection. Studies using receptor
antagonists suggested that both the CB1 and CB2 receptors were linked function-
ally to the suppression of Th1 immunity to Legionella, resulting in a decrease
in IFN-γ and IL-12. In addition, Cabral and Marciano-Cabral (2004) noted that
cannabinoid-mediated exacerbation of brain infection with Acanthamoeba in-
volved alterations in levels of cytokines. It was shown that mice administered
THC and infected with Acanthamoeba exhibited dose-related higher mortalities
than infected vehicle controls. The greater severity of disease for THC-treated
mice was accompanied by decreased accumulation of macrophage-like cells at
focal sites of infection in the brain. Furthermore, THC resulted in decreased lev-
els of mRNA for the pro-inflammatory cytokines IL1-α, IL1-β, and TNF-α for
neonatal rat microglia co-cultured with Acanthamoeba, implicating these resident
macrophages of the brain as targets of cannabinoid-mediated decreased resis-
tance.

The studies that have been performed on experimental animals have utilized
THC doses in the range of 0.2 to 100 mg/kg. These doses have been administered
by different routes to guinea pigs and mice or other rodents. The concentrations
of THC measured in the circulation of these animals are achievable in human
marijuana smokers following appropriate extrapolation for mass/surface ratio
(Rachelefsky and Opelz 1977).
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4
Effects of Marijuana and Cannabinoids on Human Health

4.1
Effects Related to Infections
Other Than with the Human Immunodeficiency Virus

To date, there is no direct evidence that marijuana smoking or therapeutic ad-
ministration of cannabinoids leads to an increased incidence of infectious disease
in humans. Cohen (1976) reported that based on a University of California at
Los Angeles (UCLA) 94-day cannabis study, exposure to marijuana did not alter
immune responses. Hollister (1986) reported that no clinical consequences were
noted from the effects of marijuana on the immune system. Sidney et al. (1997)
examined the relationship of marijuana use to mortality for a population of 65,171
Kaiser Permanente Medical Care Program enrollees, aged 15 through 49 years,
who completed questionnaires about smoking habits, including marijuana use,
between 1979 and 1985. Mortality follow-up was conducted through 1991. Mari-
juana use in a prepaid health care-based study cohort was found to have little effect
on non-AIDS mortality in men and on total mortality in women. Also, in a study to
evaluate the relationship between marijuana use and sexually transmitted diseases
in pregnant women, antenatal marijuana use was found to be unrelated to sexually
transmitted infections during pregnancy (Miller et al. 2000).

In contrast, there are reports that cannabinoids and marijuana exert deleterious
effects on immune function and host resistance. Juel-Jensen (1972) indicated anec-
dotally that individuals infected with HSV who were marijuana smokers had an
increased recurrence of genital viral lesions. Also, Harkess et al. (1989) reported on
six unrelated outbreaks of hepatitis A among users of marijuana and intravenously
administered methamphetamine. Although the exact mode of transmission could
not be determined, it was indicated that practices associated with illicit drug use
could have facilitated transmission of hepatitis A. Gross et al. (1991) reported that
marijuana use altered responsiveness of human papillomavirus to systemic recom-
binant IFN-α2a treatment and suggested that THC could be a cofactor influencing
theoutcomeof infection.Liauet al. (2002) investigated theassociationbetweenbio-
logically confirmed marijuana use and laboratory-confirmed sexually transmitted
diseases and condom use among African-American female adolescents. Among
the 522 study subjects, 5.4% tested positive for marijuana. It was concluded that
the adolescents were more likely to test positive for Neisseria gonorrhoeae and
Chlamydia trachomatis , to have never used condoms in the previous 30 days and
to have not used condoms consistently in the previous 6 months, and that sexu-
ally transmitted disease and sexual risk behavior may co-occur with marijuana
use. Crosby et al. (2002) identified psychosocial predictors of Trichomonas vagi-
nalis infection among low-income African American adolescent females living
in a high-risk urban area of the United States. The strongest multivariate pre-
dictor of T. vaginalis infection was biologically confirmed marijuana use. Kagen
et al. (1983) studied the possible role of marijuana in inducing sensitization to
Aspergillus organisms in 28 marijuana smokers. It was reported that the use of
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marijuana was associated with risks of both fungal exposure and infection, as well
as the possible induction of a variety of immunologic lung disorders. Kusher et al.
(1994) demonstrated that THC suppressed the functional activities of human large
granular lymphocytes (LGL). Exposure of LGL to THC at physiologically relevant
concentrations resulted in down-regulation of TNF-α production and diminished
LGL cytolytic activity against K562 tumor cells. The investigators suggested that,
since the natural killer /polymorphonuclear neutrophil axis represents an impor-
tant early defense against the opportunistic fungus Candida albicans , repression
of this system could contribute to susceptibility to opportunistic infections.

In addition to effects on infectious agents, habitual marijuana use may elicit
histopathological alterations and anti-inflammatory processes in the lung and
respiratory tract. Guarisco et al. (1988) reported on the development of isolated
uvulitis secondary to heavy marijuana use in three individuals. Barsky et al. (1998)
examined bronchoscopy specimens from groups of smokers and nonsmokers and
assessed them for incidence of molecular markers that antedate the development of
lung cancer. It was found that smokers of marijuana, cocaine, or tobacco exhibited
more molecular and histopathological alterations than did nonsmokers. The in-
vestigators concluded that marijuana and cocaine smoking, comparable to tobacco
smoking, placed subjects at increased risk of developing lung cancer. Baldwin et al.
(1997) indicated that marijuana and cocaine impaired lung alveolar macrophage
function and cytokine production. Alveolar macrophages were deficient in their
ability to phagocytose Staphylococcus aureus and severely limited in their ability
to kill both bacteria and tumor cells. Alveolar macrophages of marijuana smokers
were not able to use NO as an antibacterial effector molecule and produced less
than normal amounts of TNF-α, GM-CSF, and IL-6 when stimulated in culture with
LPS. Tashkin et al. (2002) extended these studies and indicated that regular use
of marijuana was associated with ultrastructural abnormalities in human alveolar
macrophages along with impairment of their cytokine production, antimicrobial
activity, and tumoricidal function.

4.2
Effects Related to Infection with Human Immunodeficiency Virus and AIDS

There have been a limited number of studies which have addressed the issue of
effects of marijuana or cannabinoids on HIV infection and the acquired immunod-
eficiency syndrome (AIDS). No conclusive data have been obtained as to potential
risks and/or hazards associated with HIV infection and the use of marijuana or
administration of cannabinoids in a therapeutic mode. Kaslow et al. (1989), in a re-
port from the Multicenter AIDS Cohort Study, indicated that there was no evidence
for a role of alcohol or other psychoactive drugs such as marijuana in accelerat-
ing immunodeficiency in HIV-1-positive individuals. Coates et al. (1990) analyzed
cofactors of disease progression in a cohort of 249 male sexual contacts of men
with AIDS or an AIDS-related condition. No significant association with risk of
progression to AIDS was noted for use of various recreational drugs, history of spe-
cific infections, age at enrollment, or smoking and drinking status at enrollment.
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Difranco et al. (1996), through the San Francisco Men’s Health Study (SFMHS),
evaluated in a 6-year follow-up study the association of specific recreational drugs
and alcohol with laboratory predictors of AIDS. No association with progression to
AIDS was observed for marijuana use. Wallace et al. (1998) examined risk factors
and outcomes associated with identification of Aspergillus in respiratory speci-
mens from individuals with HIV disease as part of a study to evaluate pulmonary
complications of HIV infection. Cigarette and marijuana use was found not to be
associated with Aspergillus respiratory infection. Persaud et al. (1999) conducted
a cross-sectional survey among 124 street- and brothel-based female commercial
sex workers in Georgetown, Guyana, to determine the seroprevalence of HIV in-
fection and describe the sexual practices and drug use patterns. No statistically
significant association was found between HIV infection and marijuana use. Miller
and Goodridge (2000) evaluated in a retrospective study the relationship between
marijuana use and sexually transmitted diseases in pregnant women. The preva-
lence of gonorrhea, Chlamydia, syphilis, HIV, hepatitis B surface antigen, human
papilloma virus, and HSV was determined. No significant differences were found
in the prevalence of any single—or more than one—sexually transmitted disease
between pregnant women who used marijuana and drug-free pregnant women.
Bredt et al. (2002) examined the short-term effects of cannabinoids on immune
phenotype and function in HIV-1-infected patients. A randomized, prospective,
controlled trial comparing the use of marijuana cigarettes (3.95% THC), dronabi-
nol (2.5 mg), and oral placebo in HIV-infected adults taking protease inhibitor-
containing highly active antiretroviral therapy (HAART) was undertaken. Few
statistically significant effects on immune system phenotypes or functions were
found in this patient population. Struwe et al. (1993) studied the effect of dronabi-
nol (THC) on nutritional status in HIV infection and found that, in a selected group
of HIV-infected patients with weight loss, short-term treatment with dronabinol
resulted in improvement in nutritional status and symptom distress. Recently,
Abrams et al. (2003) conducted a randomized, placebo-controlled 21-day clinical
trial to examine the short-term effects of smoked marijuana on the viral load in
67 HIV-infected patients. The study was conducted in an inpatient setting at the
General Clinical Research Center at the San Francisco General Hospital, San Fran-
cisco, California. Participants were randomly assigned to a 3.95%-THC marijuana
cigarette, a 2.5 mg dronabinol (THC) capsule, or a placebo capsule three times
daily before meals. It was concluded that smoked and oral cannabinoids did not
appear to present a risk in individuals with HIV infection with respect to HIV RNA
levels, CD4+ and CD8+ cell counts, or protease inhibitor levels.

On the other hand, there are reports that marijuana use is associated with
compromised health status among HIV-infected individuals. Lozada et al. (1983)
assessed oral manifestations of tumor and opportunistic infections in 53 AIDS-
affected men with Kaposi’s sarcoma (KS). Twenty-seven had biopsy-proved oral
KS, the palate being the most common site. Past or present infections with cy-
tomegalovirus, hepatitis, venereal diseases, and gastrointestinal microorganisms
occurred in more than 70%. Oral candidiasis was confirmed in 57%. Heavy
marijuana smoking was identified as the most common habit among these in-
dividuals. Newell et al. (1985) reported that marijuana use was a risk factor
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among men referred for possible AIDS in their analysis of responses to a lifestyle
questionnaire among 13 patients with Kaposi’s sarcoma and 18 with an op-
portunistic infection as compared with those of 29 symptom-free referred in-
dividuals. In addition, immuno-epidemiological studies using univariant and
multivariant analyses have indicated an association between marijuana use and
progression of HIV seropositivity to development of symptomatic AIDS (Tin-
dall et al. 1988). Whitfield et al. (1997) examined the impact of ethanol and
Marinol/marijuana on HIV+/AIDS patients undergoing azidothymidine (AZT),
azidothymidine/dideoxycytidine (AZT/DDC), or dideoxyinosine (DDI) therapy.
Marinol/marijuana was reported to be associated with declining health status in
both theAZTandAZT/DDCgroups.However, inHIV+/AIDSpatientswith the low-
est CD4+ counts undergoing DDI monotherapy, utilization of Marinol/marijuana
did not seem to have a deleterious impact. Caiaffa et al. (1994) indicated that
smoking illicit drugs such as marijuana was one of several factors that increased
risk of bacterial pneumonia in HIV-seropositive drug users.

5
Distribution of Cannabinoid Receptors in the Immune System

5.1
Native Distribution

Two cannabinoid receptor types have been identified in various cells and tissues
of the immune system (Table 1). The first of these, the CB1 receptor, was cloned
originally from a cDNA rat library by Matsuda et al. (1990). Munro et al. (1993)
reported on the cloning of the second receptor for cannabinoids, designated the
CB2 receptor, which was not expressed in the brain but rather in the immune
system. Recent studies suggest the existence of a third cannabinoid receptor, ten-
tatively designated as non-CB1, non-CB2 (Breivogel et al. 2001; Fride et al. 2003;
Wiley and Martin 2002). Cannabinoid receptor CB1 mRNA is found primarily in
brain and neural tissue but can be found also at lower levels in peripheral tissues
including the adrenal gland, bone marrow, heart, lung, prostate, testis, thymus,
tonsils, and spleen (Bouaboula et al. 1993; Galiègue et al. 1995; Kaminski et al.
1992; Noe et al. 2000). Messenger RNA for the CB1 receptor has been identified
also in microglia from the brain (Sinha et al. 1998; Waksman et al. 1999). Tran-
scripts (i.e., mRNAs) for the CB2 receptor are abundant in spleen and tonsils
and are found at levels equivalent to those for CB1 mRNA in the CNS (Galiègue
et al. 1995; Munro et al. 1993). However, in other tissues of the immune system
mRNA levels for the CB2 receptor, while exceeding those for the CB1 receptor
(Bouaboula et al. 1993; Galiègue et al. 1995), are relatively low. The distribution
pattern of CB2 mRNA displays major variation in human blood cell populations
with a rank order of B lymphocytes>NK cells>>monocytes>polymorphonuclear
neutrophils>T8 lymphocytes>T4 lymphocytes (Bouaboula et al. 1993; Galiègue
et al. 1995). Lee et al. (2001b) reported a comparable pattern of distribution for
murine immune cells.
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Table 1. Distribution of cannabinoid receptors in the immune system

Cell type/tissue Species Receptor Reference

B lymphocytes Human CB2 Galiègue et al. 1995
Carayon et al. 1998

T4 lymphocytes Human CB2 Galiègue et al. 1995

T8 lymphocytes Human CB2 Galiègue et al. 1995

Leukocytes Human CB2 Bouaboula et al. 1993

Macrophages Human, mouse CB2 Galiègue et al. 1995
Lee et al. 2001a,b

Microglia Rat CB1, CB2 Sinha et al. 1998
Waksman et al. 1999
Carlisle et al. 2002

Mononuclear cells Human, rat CB2 Galiègue et al. 1995
Facci et al 1995

Mast cells Rat CB2 Facci et al. 1995

Natural killer (NK) cells Human CB2 Galiègue et al. 1995

Peyer’s patches Rat CBa Lynn and Herkenham 1994

Spleen Human CB1, CB2 Kaminski et al. 1992
Mouse, rat Munro et al. 1993

Galiègue et al. 1995
Facci et al. 1995
Lynn and Herkenham 1994

Thymus Human CB2 Galiègue et al. 1995

Tonsils Human CB2 Galiègue et al. 1995

Lymph nodes Rat CBa Lynn and Herkenham 1994

Cannabinoid receptor type not specified.

In addition to the identification of cannabinoid receptor mRNA in immune cells
(Fig. 1), cognateproteinhasbeendemonstrated inrat lymphnodes,Peyer’spatches,
and spleen (Fig. 2). Lynn et al. (1994) used a radiolabeled high-affinity cannabinoid
receptor ligand (i.e., [3H]CP 55,940) for in vitro binding and autoradiography and
found that specific cannabinoid receptor binding was restricted to components
of the immune system at peripheral sites. Cannabinoid receptor protein in the
immune system was found to be confined to B lymphocyte-enriched areas such as
the marginal zone of the spleen, cortex of the lymph nodes, and nodular corona
of Peyer’s patches. Galiègue et al. (1995), using anti-human CB2 IgG, localized
CB2 receptors within B lymphocyte-enriched areas of the mantle of secondary
lymphoid follicles in sections of human tonsil. Protein for the CB2 receptor has
been identified also by immunohistochemistry in B lymphocyte-enriched areas of
the mantle of secondary lymphoid follicles in human tonsil sections (Bouaboula
et al. 1993). Carayon et al. (1998) employed immunopurified polyclonal antibody
to investigate the expression of CB2 receptors in leukocytes and showed that
peripheral blood and tonsillar B cells were the leukocyte subsets expressing the
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Fig. 1. Identification of cannabinoid receptor mRNA in mouse and rat tissues and cells. For detection of CB1
or CB2 mRNA, total nucleic acid was subjected to reverse mutagenic reverse transcription-polymerase chain
reaction (MRT-PCR) as described by Carlisle et al. (2002). The bands designated gDNA represent amplified
genomic DNA used as an internal quantitation standard. The bands designated mRNA represent product
amplified from receptor message. The P388D1 and RAW264.7 designate murine macrophage-like cells, while
B103 designates rat neuroblastoma cells

Fig.2A,B Immunohistochemical localizationofCB2 receptors ingerminal centers inmouse spleen.Anaffinity-
purifiedantibodyto theamineterminaldomainof themurineCB2 wasused inconcertwith immunoperoxidase
staining. A Immunoreactive product is localized in germinal centers enriched for B lymphocytes (arrow).
Magnification: X50. B Immunoreactive product for the CB2 receptor in B lymphocytes is concentrated at the
outer periphery of the cytoplasmic compartment (arrows). ×500

highest amount of CB2 protein. Dual color confocal microscopy performed on
human tonsillar tissue demonstrated a marked expression of CB2 receptors in
mantle zones of secondary follicles, whereas germinal centers were weakly stained,
suggesting a modulation of this receptor during B lymphocyte differentiation
stages from virgin B lymphocytes to memory B cells. In addition, protein for the
CB1 and CB2 receptors has been identified in neonatal rat microglia maintained in
vitro (Carlisle et al. 2002; Sinha et al. 1998; Waksman et al. 1999).

Levels of cannabinoid receptors on cells of the immune system may vary during
cell differentiation, activation, or response to external stimuli. Noe et al. (2000) re-
ported thatanti-CD40, anti-CD3,andIL-2 stimulation inducedcontrastingchanges
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in CB1 mRNA expression in mouse splenocytes. It was suggested that signaling
pathways activated by T cell mitogens led to decreased CB1 gene activation while
pathways activated by B cell mitogens and IL-2 led to increased levels of CB1. Lee et
al. (2001a,b) examined the expression pattern of CB2 mRNA in mouse peritoneal
macrophages. CB2 was expressed in thioglycolate-elicited macrophages, but not
in resident macrophages. LPS stimulation down-regulated CB2 mRNA expression
in splenocyte cultures, while stimulation through CD40 using anti-CD40 antibody
up-regulated the response. In addition, co-stimulation with IL-4 attenuated the
anti-CD40 response. Collectively, the results suggested that the signaling path-
ways activated by LPS and anti-CD40 exerted differential effects on CB2 mRNA
expression. Carlisle et al. (2002) indicated that the CB2 receptor was differentially
expressed by rodent peritoneal macrophages and macrophage-like cells in rela-
tion to their cell activation state. The CB2 receptor was undetectable in resident
macrophages, present at high levels in thioglycolate-elicited inflammatory and
IFN-γ-primed macrophages, and detected at significantly diminished levels in LPS
fully activated macrophages. A comparable pattern of differential expression of the
CB2 receptor was noted for murine macrophage-like cells and neonatal rat brain
cortex microglia.

5.2
Distribution in Cell Lines

Messenger RNA for CB1 has been found in immune cell lines, including human
THP-1 monocytic cells, human Raji B cells, murine NKB61A2 NK-like cells, and
murine CTLL2 IL-2-dependent T cells (Daaka et al. 1995). Sinha et al. (1998)
employed RT-PCR to detect message and affinity-purified polyclonal antiserum to
demonstrate that MHC class II+, macrophage-like, glial cells contained message
and cognate protein for CB1. A glioma cell line and a B lymphoblastoid cell line
also were positive for this protein, which was estimated at 58 kDa. Daaka et al.
(1996) indicated that the Jurkat, human T cell line was weakly positive for the
CB1 receptor but mitogen activation increased message levels. Valk et al. (1997)
reported the presence of CB2 mRNA in 45 of 51 cell lines of distinct hematopoietic
lineages, including myeloid, macrophage, mast, B lymphoid, T lymphoid, and
erythroid cells. A rank order for levels of CB2 transcripts similar to that for primary
human cell types has been recorded for human cell lines belonging to the myeloid,
monocytic, and lymphoid lineages (Bouaboula et al. 1993).

6
Mode of Action in the Immune System

6.1
Exogenous Cannabinoids

Smith et al. (1978) were among the first to note structure–activity relationships of
natural and synthetic cannabinoids in suppression of humoral and cell-mediated
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immunity. They indicated that THC, ∆8-THC, 1-methyl ∆8-THC and abnormal
∆8-THC caused immunosuppression, based on reduction of the humoral immune
response to SRBC as measured by spleen plaque-forming cells. Furthermore, this
suppression was not related to CNS activity, since 1-methyl ∆8-THC and abnormal
∆8-THC had minimal CNS activity. Titishov et al. (1989) injected mice with (+) and
(–)enantiomers of the dimethyl heptyl derivative of THC, HU-210 and HU-211,
and reported that they exerted stereospecific effects on the immune system. It was
concluded, however, that immune suppression was effected both by receptor and
non-receptor-mediated modes.

Schatz et al. (1992) reported that inhibition of adenylate cyclase by THC con-
stituted a potential mechanism for cannabinoid-mediated immunosuppression.
Diaz et al. (1993) treated human peripheral blood mononuclear cell cultures with
THC and a variety of cAMP stimulators. Lymphocyte cAMP levels were stimu-
lated using three hormone receptor stimulators, isoproterenol, histamine, or N-
ethylcarboxamide adenosine (NECA), each of which utilizes a different receptor
to enhance cAMP production. THC suppressed cAMP levels independently of the
hormone and receptor utilized. It was suggested that THC exerted its effects on
second messenger systems at the lymphocyte membrane level, and that a pertus-
sis toxin-sensitive Gi protein was involved. Kaminski et al. (1994) also reported
that suppression of the humoral immune response by cannabinoids was medi-
ated partially through inhibition of adenylate cyclase by a pertussis toxin-sensitive
G protein-coupled mechanism. More direct evidence for a role of a cannabinoid
receptor as linked to cannabinoid mediation of immune responses was provided
by Kaminski et al. (1992) when they identified a functionally relevant cannabi-
noid receptor on mouse spleen cells. It was concluded that a cannabinoid receptor
similar, if not identical, to the CB1 receptor was linked to immune modulation
by cannabimimetic agents. With the cloning of the CB2 receptor from the human
promyelocytic cell line HL-60 by Munro et al (1993), a more complete picture con-
cerning functional relevance for cannabinoid receptors in the immune system was
obtained. Mckallip et al. (2002) suggested recently that THC-induced apoptosis
in the thymus and spleen of mice, mediated through the CB2 receptor, serves as
a mechanism for immunosuppression in vitro and in vivo.

Several investigators have addressed the effects of non-psychotropic cannabi-
noids on immune function. Herring et al. (1998) demonstrated that CBN, a ligand
that exhibits higher binding affinity for the CB2 receptor in comparison to the CB1

receptor, modulated immune responses and cAMP-mediated signal transduction
in mouse lymphoid cells. The decrease in intracellular cAMP levels resulted in a re-
duction of protein kinase A activity, leading to an inhibition of transcription factor
binding to the cAMP response element and κB motifs. Jan et al. (2002) reported that
CBN enhanced IL-2 expression by T cells that was associated with an increase in
IL-2 distal nuclear factor of activated T cell activity (NF-AT). It was suggested that
this increase was mediated through a CB1/CB2-independent mechanism. Enhance-
ment of IL-2 also was demonstrated with CP 55,940, THC, and CBD, suggesting
that the phenomenon was not unique to CBN. Luo et al. (1992) examined the effects
of THC, ∆8-THC, and cocaine on the in vitro mitogen-induced transformation of
lymphocytes of human and mouse origin. The two cannabinoids exerted a biphasic



410 G.A. Cabral and A. Staab

effect on mitogen-induced transformation. Both stimulated lymphocyte transfor-
mation at low concentrations but inhibited mitogenesis at high concentrations.
In contrast, cocaine neither affected mitogen-induced lymphocyte transformation
nor altered the effect of THC when added together with this cannabinoid. Human
lymphocytes and mouse splenocytes appeared to respond in similar patterns.

6.2
Endogenous Cannabinoids (Endocannabinoids)

The recognition that exogenous cannabinoids could alter immune functional ac-
tivities through cannabinoid receptors implicated the existence of an endoge-
nous functionally relevant ligand-receptor system. Devane et al. (1992) isolated
from porcine brain an arachidonic derivative, anandamide, in a screen for en-
dogenous ligands for the cannabinoid receptor with properties suggestive that
it acted as a natural ligand for the cannabinoid receptor in the brain. The dis-
covery and characterization of anandamide served as a catalyst for studies to
assess its role in signaling through the CB1 receptor in the brain as well as in
the immune system. Valk et al. (1997) reported that anandamide acted through
the CB2 receptor as a synergistic growth factor for hematopoietic cells. Derocq
et al. (1998), in a similar study using IL-3-dependent and IL-6-dependent murine
cell lines, postulated that anandamide exerted a growth-promotion effect. How-
ever, it was indicated that this growth-promoting effect was cannabinoid receptor-
independent.

De Petrocellis et al. (1998) reported that anandamide potently and selectively
inhibited the proliferation of human breast cancer cells in vitro. Anandamide
dose-dependently suppressed the proliferation of MCF-7 and EFM-19 human
breast carcinoma cells but did not affect the proliferation of several nonmam-
mary tumoral cell lines. The anti-proliferative effect of anandamide was ap-
parently not due to toxicity or to apoptosis of cells but was accompanied by
a reduction of cells in the S phase of the cell cycle. The stable analog of anan-
damide R-methanandamide and the synthetic cannabinoid HU-210 also inhibited
EFM-19 cell proliferation. The drug effects were blocked with the CB1 antagonist
SR141716A, suggesting that anandamide blocked human breast cancer cell prolif-
eration through a CB1-like receptor-mediated inhibition of endogenous prolactin
action at the level of the prolactin receptor. Facci et al. (1995) reported that mast
cells, multifunctional bone marrow-derived cells found in mucosal and connective
tissues and in the nervous system that play an important role in tissue inflamma-
tion and neuroimmune interactions, expressed a peripheral cannabinoid receptor
with differential sensitivity to anandamide and palmitoylethanolamide. It was
found that they expressed the CB2 receptor and that this receptor exerted neg-
ative regulatory effects on mast cell activation. Although palmitoylethanolamide
and anandamide bound to the CB2 receptor, only the former down-modulated
mast cell activation in vitro. It was proposed that palmitoylethanolamide, unlike
anandamide, behaved as an endogenous agonist for the CB2 receptor on mast
cells. The existence of an autacoid local inflammation antagonism (ALIA) pro-
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cess was proposed. However, more recent experiments have shown that palmi-
toylethanolamide has very low affinity for CB2 receptors and little CB2 receptor
efficacy (Griffin et al. 2000; Lambert et al. 1999; Sheskin et al. 1997; Showalter et
al. 1996).

In 1995, Mechoulam et al. (1995) identified an endogenous 2-monoglyceride
from canine gut that bound to cannabinoid receptors which was designated 2-
AG. Studies using 2-AG have indicated that it is more active than anandamide
in the immune system. Lee et al. (1995) reported that 2-AG suppressed lympho-
proliferation of splenocytes to LPS and anti-CD3 at concentrations greater than
10 µM. Proliferation due to alloantigen stimulation also was suppressed, but no
suppression of PMA/ionomycin-induced proliferation was observed. In addition,
the in vitro PFC response to SRBC was increased by 2-AG. Sugiura et al. (2000)
examined the effect of 2-AG on intracellular free Ca2+ concentrations in the human
macrophage-like cells HL-60 and found that it induced a rapid transient increase
in levels of intracellular free Ca2+. The Ca2+ transient induced by 2-AG was blocked
by pretreatment of the HL-60 cells with SR144528, the CB2 antagonist, but not with
SR141716A, the CB1 antagonist, indicating the involvement of the CB2 receptor
in this cellular response. Anandamide and palmitoylethanolamide, other putative
endogenous ligands, were found to be a weak partial agonist and an inactive lig-
and, respectively. Based on these results, Sugiura et al. (2000) proposed that the
CB2 receptor was originally a 2-AG receptor, and that 2-AG constituted its native
cognate ligand.

Diaz et al. (1994) examined mechanisms of action of THC in inducing im-
munosuppression contextual to transductional activities mediated through lipid
bioeffector molecule derivatives of arachidonic acid, since THC was known to af-
fect arachidonic acid metabolism in non-lymphoid cells. It was indicated that THC
increased the production of the eicosanoid 12-hydroxyeicosateraenoic acid (12-
HETE) from peripheral blood mononuclear cells (PBMC). To determine if other
eicosanoid metabolites were affected by THC, levels of leukotriene B4 were mea-
sured. THC was shown to increase markedly the production of LTB4 from PBMC
stimulated with the calcium ionophore A23187. The collective results indicated
that THC altered arachidonic acid metabolism in lymphocytes by increasing the
production of lipoxygenase products, biological effectors with known immuno-
suppressive properties (reviewed in Lawrence et al. 2002).

7
Cannabinoids as Immune Therapeutic Agents

Cannabinoids, as immunosuppressive compounds, have been proposed as having
therapeutic potential in chronic inflammatory disorders and neurodegenerative
disease triggered by inflammatory attack. Lyman et al. (1989) inoculated Lewis
rats and strain 13 guinea pigs with myelin-basic protein emulsified in complete
Freund’s adjuvant to induce experimental autoimmune encephalomyelitis (EAE)
to mimic MS and indicated that THC-treated animals had either no clinical signs
or exhibited mild signs with delayed onset and greater survival. Examination
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of CNS tissue revealed a marked reduction of inflammation in the THC-treated
animals. Wirguin et al. (1994) examined the effect of ∆8-THC, a more stable
and less psychotropic analog of THC, on EAE using two strains of rats. ∆8-THC
significantly reduced the incidence and severity of neurological deficit in both
strains. It was suggested that suppression of EAE by cannabinoids was related to
their effect on corticosterone secretion. Pryce et al. (2003), using the EAE model,
also reported that cannabinoids could inhibit neurodegeneration. In addition,
exogenously introduced CB1 agonists provided significant neuroprotection from
the consequences of inflammatory CNS disease in an animal model of experimental
allergic uveitis.

Molina-Holgado et al. (1998) utilized Theiler’s murine encephalomyelitis virus
(TMEV) to produce persistent brain infection in mice with attendant chronic
primary immune-mediated demyelination resembling MS. The effects of anan-
damide on astrocytes infected with TMEV were examined, since these glial cells
in the brain are potent producers of pro-inflammatory cytokines upon virus in-
fection. Astrocytes from susceptible (SJL/J) and resistant (BALB/c) strains of mice
infected with TMEV exhibited increased IL-6 release that was enhanced by anan-
damide. Treatment of TMEV-infected astrocytes with arachidonyl trifluoromethyl
ketone, a potent inhibitor of the amidase that degrades anandamide, potentiated
this anandamide effect. SR141617A, the CB1 antagonist, blocked the enhancing
effects of anandamide on IL-6 release by TMEV-infected astrocytes, suggesting
a cannabinoid receptor-mediated pathway. The investigators indicated that, while
the physiological implications of these results were unknown, they could be re-
lated to the postulated protective effects of cannabinoids on neurological disorders
such as MS. Arevalo-Martin et al. (2003), using the TMEV model, demonstrated
that treatment with WIN 55,212-2, the potent highly selective CB1 agonist ACEA,
or the CB2 receptor high-affinity cannabimimetic JWH-015 during established
disease resulted in significant long-term improvement of neurological deficits.
Similarly, Croxford et al. (2003) demonstrated that WIN 55,212-2 ameliorated pro-
gression of clinical disease symptoms in mice with preexisting Theiler murine
encephalomyelitis virus-induced demyelinating disease (TMEV-IDD). Ablation of
disease was associated with down-regulation of virus and myelin epitope-specific
Th1 effector functions (i.e., delayed-type hypersensitivity and IFN-γ production)
and the inhibition of CNS mRNA expression for the pro-inflammatory cytokines
TNF-α, IL-1β, and IL-6. Killestein et al. (2003) assessed the immunomodulatory
effects of orally administered cannabinoids in 16 MS patients. A modest increase
of TNF-α in LPS-stimulated whole blood was found during cannabis plant-extract
treatment, but changes in levels of other cytokines were not observed. In pa-
tients with high adverse event scores, it was found that an increase in plasma
IL-12p40 occurred. The investigators suggested that cannabinoids had a potential
for modifying MS in humans. Li et al. (2001) examined the immunosuppressive
effects of THC in streptozotocin (STZ)-induced autoimmune diabetes. THC ad-
ministered orally to CD-1 mice attenuated, in a transient manner, the STZ-induced
elevation in serum glucose and loss of pancreatic insulin. STZ-induced insuli-
tis and increases in IFN-γ, TNF-α, and IL-12 mRNA levels were reduced by co-
administrationofTHC.Studiesperformedusing (B6C3)F1 mice showedamoderate
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hyperglycemia and a significant reduction in pancreatic insulin by STZ in the ab-
sence of insulitis. The investigators suggested that THC was capable of attenuating
the severity of autoimmune responses in this experimental model of autoimmune
diabetes.

In addition, it has been proposed that cannabinoids may protect against septic
shock and brain trauma. Bass et al. (1996) suggested that Dexanabinol, the nonpsy-
chotropic cannabinoid HU-211, had potential for use in treatment based on use
of an experimental rat model of meningitis in which rats were inoculated with
Streptococcus pneumoniae . HU-211 was efficacious when used in combination
with antimicrobial therapy in reducing brain damage, especially when given con-
comitantly with antibiotics. Shohami et al. (1997) developed an experimental rat
model for closed head injury (CHI), in which edema, blood–brain barrier disrup-
tion, and motor and memory dysfunctions were demonstrated. Using this model,
spatial and temporal induction of IL-1, IL-6, and TNF-α gene mRNA transcription
and TNF-α and IL-6 activity in rat brain after CHI were demonstrated. HU-211
acted as an effective cerebroprotectant in that it suppressed TNF-α production.
HU-211, pentoxifylline and TNF-binding protein improved the outcome of CHI.
These studies were extended by Gallily et al. (1997) who demonstrated that HU-
211 not only suppressed TNF-α production but also rescued mice and rats from
endotoxic shock after LPS inoculation.

It has been proposed, also, that cannabinoids have therapeutic potential in
the management of select microbial infections. Nok et al. (1994) examined the
effect of Cannabis sativa on trypanosome-infected rats. It was reported that an
aqueous extract of the seeds cured animals infected with Trypanosome brucei
brucei of blood stream parasites. Berdyshev et al. (1998) investigated the ef-
fects of WIN 55,212-2, THC, anandamide, and palmitoylethanolamide on LPS-
induced bronchopulmonary inflammation in mice. WIN 55,212-2 and THC in-
duced a concentration-dependent decrease in TNF-α levels in bronchoalveolar
lavage fluid. This effect was accompanied by moderately reduced neutrophil re-
cruitment. Palmitoylethanolamide diminished levels of TNF-α in bronchoalveolar
lavage fluid but had no effect on neutrophil recruitment. Anandamide did not
influence the inflammatory process but TNF-α levels and neutrophil recruitment
were decreased. Gross et al. (2000) reported that the CB1 antagonist SR141716A
was a potent inhibitor of macrophage infection by the intracellular gram-negative
bacterial pathogen Brucella suis . These investigators assessed the influence of
the CB1 or CB2 antagonists SR141716A and SR144528, respectively, as well as the
nonselective CB1/CB2 cannabinoid receptor agonists CP55,940 or WIN 55,212-2
on macrophage infection. The intracellular multiplication of Brucella was dose-
dependently inhibited in cells treated with SR141716A, which exerted a potent
microbicidal effect. The involvement of CB1 receptors in the protective effect
was proposed. Furthermore, SR141716A was able to pre-activate macrophages
and to trigger an activation signal that inhibited Brucella development. Collec-
tively, the results indicated that SR141716A up-regulated the antimicrobial prop-
erties of macrophages in vitro and that it might serve as a pharmaceutical com-
pound for counteracting the propagation of intra-macrophagic gram-negative
bacteria.
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8
Summary and Conclusions

Marijuana and other exogenous cannabinoids, primarily those which possess psy-
chotropic activity, alter immune functionality and decrease host resistance to bac-
terial, protozoan, and viral infections in experimental animal models and in vitro
systems. The main substance in marijuana that exerts these immuno depressive
effects is ∆9-tetrahydrocannabinol (THC). This cannabinoid alters the function
of an array of immune cells including lymphocytes, natural killer (NK) cells, and
macrophages, thereby affecting their capacity to exert anti-microbial activities.
Two modes of action by which THC and other cannabinoids affect immune re-
sponsiveness have been proposed. First, these compounds may signal transduce
through cannabinoid receptors CB1 and CB2. Second, at sites of direct exposure
to marijuana or high concentrations of cannabinoids, such as the lung, mem-
brane perturbation may be involved. In addition, endogenous cannabinoids or
endocannabinoids have been identified and have been proposed as native modula-
tors of immune functions through cannabinoid receptors. Exogenously introduced
cannabinoids may disturb this homoeostatic immune balance. A mode by which
cannabinoids may alter immune responsiveness is by driving the expression of
cytokines from a Th1 pro-inflammatory pattern to that of a Th2 anti-inflammatory
pattern. While marijuana and various cannabinoids have been documented to alter
immune functions in vitro and in experimental animals, no controlled longitu-
dinal epidemiological studies have yet definitively correlated immunosuppressive
effects with increased incidence of infections or immune disorders in different
segments of the human population. However, cannabinoids by virtue of their im-
munomodulatory properties have the potential to serve as therapeutic agents for
ablation of untoward immune responses.
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Abstract This review covers two major strategies for imaging of the brain cannabi-
noid system: autoradiography and in vivo neuroimaging. Cannabinoid receptors
can be imaged directly with autoradiography in brain slices using radiolabeled
cannabinoid receptor ligands. In addition, the effects of pharmacologic doses of
unlabeled cannabinoid drugs can be autoradiographically imaged using indica-
tors of blood flow or indicators of metabolism such as glucose analogs. Although
cannabinoid imaging is a relatively new topic of research compared to imaging
of other drugs of abuse, autoradiographic strategies have produced high-quality
information about the distribution of brain cannabinoid receptors and the effects
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of cannabinoid drugs on brain metabolism. In vivo neuroimaging, in contrast to
autoradiography, utilizes noninvasive techniques such as positron emission to-
mography (PET), single photon emission computed tomography (SPECT), and
magnetic resonance imaging (MRI) to image both the binding and the effects of
drugs within living brain. These techniques are well developed; however, in vivo
imaging of cannabinoid systems is in a very preliminary state. Early results have
been promising yet hard to generalize. Definitive answers to some of the most
important questions about cannabinoid drugs and their effects await development
of suitable in vivo neuroimaging ligands for cannabinoid systems.

Keywords Cannabinoids · Imaging · Metabolism · Blood flow · MRI (magnetic
resonance imaging) · PET (positron emission tomography) · Autoradiography

1
Introduction

Tetrahydrocannabinol (∆9-THC; the main psychoactive ingredient of cannabis)
acts at G protein-coupled receptors (CB1 receptors) that are abundant in specific
brain areas including the cerebellum, hippocampus and outflow nuclei of the basal
ganglia. Investigators have imaged these receptors in cryostat sections of brain and
also in the livingbrainsofhumansandanimals.Additionally, the effects of cannabi-
noid agonists and antagonists on cerebral metabolism and blood flow have been
visualized. Two major strategies are reviewed, ex vivo autoradiographical imaging,
and in vivo imaging using positron emission tomography (PET), single photon
emission computed tomography (SPECT), or magnetic resonance imaging (MRI).

Autoradiography is a relatively old technique, first used in a biological context
by Lacassagne in 1924 (Rogers 1973). Radioactivity incorporated into tissues can
be used to generate cumulative, spatially accurate representations of the isotope’s
distribution by placing tissue samples in close proximity to a recording medium,
usually, but not always, a photographic emulsion. Due to their invasive nature,
autoradiographic strategies necessitate a preclinical or postmortem focus and
between-subjects experimental designs.

Over the last quarter century, in vivo imaging modalities have been developed
that allow living brains, including the human brain, to be studied in a non-invasive
manner. These modalities include PET which utilizes positron emitting radiotrac-
ers that are now available for a growing range of neurotransmitter receptors as
well as for blood flow and glucose metabolism. PET, as well as the related modality
SPECT, have been used to perform the same general kinds of experiments that
are possible using ex vivo autoradiography (see Sect. 2). However, in addition,
longitudinal and within-subjects experimental designs are possible.

The non-radionuclide modality functional magnetic resonance imaging (fMRI)
is also becoming an important tool for human neuropharmacological studies.
These include evaluation of acute effects of drugs on control subjects and drug-
dependent individuals. Chronic drug use can be evaluated by means of comparing
dependent and non-dependent subjects.
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Both autoradiographical and in vivo studies of drugs of abuse such as cannabis
may help our understanding of mental diseases, and produce useful leads for the
development of drug therapies for these illnesses as well as helping us understand
mechanisms of addiction. A better understanding of the cannabinoid receptor
system might produce more useful therapeutic drugs with less abuse potential.

2
Overview: Five Major Experimental Strategies

Both autoradiography and PET/SPECT neuroimaging are used to visualize the
behavior of drug molecules in complex biological systems. Although these tech-
niques are in some ways quite different, they are used to answer the same types of
questions by means of the following five types of studies:

1. Biodistribution. Abused substances such as ∆9-THC can be directly labeled with
radioisotopes.Thispermitsquantitativedeterminationanddirectmeasurement
of the distribution of drugs throughout the body. This type of information is
invaluable when the substrates of drug action are not known. It also has utility
when evaluating new synthetic analogs, yielding information about penetration
of the blood–brain barrier, and kinetics. Biodistribution studies are discussed
in a recent journal special issue (Gatley and Carroll 2003).

2. Receptor mapping. This technique provides highly detailed information about
regional drug distribution within a receptor-rich tissue such as the brain.

3. Competition. The ability of an abused drug or therapeutic drug molecule to
compete with or to displace a receptor-mapping radioligand for the same bind-
ing sites can be measured using imaging techniques. This information allows
calculation of the amount of receptor occupancy provided by the given dose
of drug. Measurement of the degree of receptor occupancy achieved by a drug
potentially allows evaluation of the relationships between receptor occupancy
and physiological, behavioral, and subjective effects of the drug.

4. Metabolism and flow. Imaging strategies may be used to measure regional values
of cerebral bloodflow(rCBF) (Sakuradaet al. 1978) and ratesof regional cerebral
glucose metabolism (rCGM) (Sokoloff et al. 1977). This strategy allows effects
of abused drugs on regional and global brain function to be evaluated, since
flow and metabolism are correlated with nerve terminal activity.

5. Effects of drugs on diverse neurotransmitter systems. Radioligands, which bind
to different sites from the drug of interest, may be used to examine effects
of abused drugs on other neurotransmitter systems. For example, the in vivo
binding of the dopamine D2 receptor PET radioligand [11C]raclopride has been
shown to be sensitive to alterations in levels of endogenous dopamine (Dewey et
al. 1993). Using this technique, the indirect impact of pharmacological doses of
adrugof interest, for instance,∆9-THC,onotherneurotransmitter systems, such
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as the dopaminergic system, can be assessed. This strategy has been utilized
to date only accidentally in the context of cannabinoid imaging in one human
subject discussed in a case report (Voruganti et al. 2001) and is reviewed in
Sect. 4.4.

2.1
In Vitro and Ex Vivo Neuroimaging Using Autoradiography

2.1.1
Technique Overview: Autoradiography

In in vitro receptor autoradiography, frozen human or animal brains are processed
to form thin (20 µm) sections fixed onto glass slides. The sections are incubated in
receptor radioligand solution to allow labeling of receptor-rich areas and washed to
remove unbound radioligand. Subsequent exposure of sections using film, imag-
ing plates, or a beta imager yields maps of the receptor distribution. The images
produced by autoradiography have spatial resolution of approximately 50 µm, al-
though specialized applications of this technique can yield images with resolution
of 0.05 µm. Similar methodology using labeled polynucleotide probes (in situ
hybridization) yields maps of gene transcription. In contrast, ex vivo autoradiog-
raphy involves preparation of postmortem sections after injection of radiotracer
into the living animal. Ex vivo autoradiographs have some dependency on phys-
iological factors such as blood flow, as well as on receptor density. Primary foci
of research include imaging of labeled cannabinoid receptors directly, and visu-
alization of metabolic effects of cannabinoid drugs via imaging their effects on
neuronal metabolism.

2.1.2
Autoradiographic Tracers and Their Substrates

Autoradiographic Mapping of Cannabinoid Receptors ∆9-THC binds to cannabi-
noid receptors with only moderate affinity. Synthetic molecules with higher affini-
ties include the non-classical cannabinoid receptor agonist CP 55,940 (Compton et
al. 1992b), the aminoalkylindole agonist WIN 55,212-2 (Compton et al. 1992a), and
the antagonist SR141716A (Rinaldi-Carmona et al. 1994). Tritiated versions of each
of these three drugs have been used in vitro for autoradiographic imaging studies
of cannabinoid receptor density with essentially identical results. Since CB2-type
receptors are nearly absent from normal brain, labeling of brain sections primarily
reflects the distribution of CB1 receptors, even with non-specific radioligands.

Autoradiographic Tracers for Neuronal Activation Studies Ex vivo autoradiogra-
phy is also commonly used with the glucose analog [14C] 2-deoxyglucose (2-DG)
to provide maps of the metabolic demands of neurons (Sokoloff et al. 1977).
[14C]2-DG is a substrate for facilitated glucose carriers in the blood–brain barrier
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and neuronal cell membranes, and also for hexokinase. Since it cannot proceed
further down the glycolytic pathway, its local accumulation as 2-deoxyglucose-6-
phosphate reflects local rates of glucose consumption. Radiolabeled 2-DG can be
used to assess the metabolic impact of chronic or acute treatments with drugs.
Blood flow, another correlate of neuronal activation, can be measured autoradio-
graphically using labeled iodoantipyrine ([125I]IAP and [14C]IAP). This lipophilic,
blood flow-dependent ligand has a uniform brain–blood equilibrium partition
coefficient throughout the brain, and washes out slowly from the brain allowing
enough time for preparation of brain sections.

2.2
Noninvasive Neuroimaging Techniques: PET, SPECT, and MRI

2.2.1
Technique Overview: PET

PET scanners are able to measure the regional and temporal concentrations of
positron emitting nuclides in small (4×4×4 mm) volumes of the human body
(Phelps 1991). They therefore allow the extension of radioligand binding studies
to the living human brain, provided that suitable labeled compounds are available
(Gatley 1996). For use in PET, carbon, nitrogen, and oxygen all have positron-
emitting isotopes: 11C (t1/2 = 20 min), 13N (t1/2 = 10 min) and 15O (t1/2 = 2 min).
Of these, 11C is perhaps most useful because it can be used to label organic
compounds, including drugs of abuse, without altering their pharmacokinetics or
binding profiles. In addition, many compounds labeled with 18F (t1/2 = 110 min)
are useful PET tracers, because fluorine can often replace –H or –OH with retention
of activity.

The high sensitivity of PET scanners allows detection of microgram quantities
of radiolabeled molecules in vivo—amounts so small that they do not exert mea-
surable pharmacologic effects and only occupy a small fraction of drug binding
sites. Kinetic modeling approaches permit quantitative visualization of the distri-
bution of receptor sites or enzymes within brain or other organs using suitable
tracers. Using PET, the behavior of radiolabeled drugs within living systems can be
evaluated either without perturbing the system or in the presence of other drugs.

2.2.2
Technique Overview: SPECT

SPECT scanners offer poorer resolution, sensitivity, and quantification than PET
scanners but are more widely available because of greater clinical use. Iodine-123
(t1/2 = 13 h) has the best properties for labeling low molecular weight organic
compounds for SPECT while retaining biological activity (Gatley 1993), since an
iodine atom is isosteric with a methyl group. Many 123I-labeled radioligands are
available.The tracer [123I]iodobenzamide ([123I]IBZM)canbeused, like raclopride,
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to assess changes in synaptic dopamine (Laruelle 2000). SPECT can also be used to
visualize relative perfusion patterns using clinical radiopharmaceuticals labeled
with 99mTc (t1/2 = 6 h) (Iyo et al. 1997). Cerebral blood flow can be measured
quantitatively from washout kinetics of 133Xe, though this method yields poor
resolution images with relatively high radiation exposure to the airways.

2.2.3
In Vivo Imaging Radioligands

PET/SPECT Mapping of Cannabinoid Receptors The properties of ∆9-THC make
it unsuitable as a PET CB1 radioligand. These include extremely high lipophilicity,
only moderate affinity for CB1 receptors, and a structure difficult to label in the
time constraints imposed by 11C. In an early study, THC was modified by labeling
with 18F in the hydrocarbon side chain. Unfortunately, [18F]THC showed poor
brain uptake with a homogeneous distribution in baboon brain (Charalambous et
al. 1991), and there was uptake of radioactivity in the skull, suggesting catabolic
loss of labeled fluoride ion. It is likely, therefore, that the PET images represented
only non-specific uptake of the tracer with a negligible component due to specific
binding to cannabinoid receptors. Later radioligand development efforts have
largely focused on pyrazole antagonists, as discussed in Sect. 3.1.

PET/SPECT Ligands for Neuronal Activation Studies PET studies are commonly
used with the glucose analog [18F]fluorodeoxyglucose (FDG) to provide maps
of the metabolic demands of neurons in a manner analogous to the use of 2-
DG in autoradiography (Reivich et al. 1977). Like 2-DG, FDG is a substrate for
facilitated glucose carriers in the blood–brain barrier. Its accumulation within
neurons reflects local rates of glucose consumption and is correlated with neuronal
activation. FDG can be used to assess the metabolic impact of chronic or acute
treatments with drugs. No SPECT equivalent of the PET tracer FDG is available for
brain metabolic studies (Gatley 2003). Blood flow, another correlate of neuronal
activation, can be measured with PET using radiolabeled water (Raichle et al.
1983).

2.2.4
Technique Overview: MRI

MRI is anothernoninvasive strategy that canbeused tovisualize theeffectsofdrugs
of abuse, such as cannabis. Although MRI can be used to answer pharmacologic
questions about drugs of abuse, its technique and applications are somewhat
different from those of both autoradiography and other in vivo imaging strategies
such as PET and SPECT. Rather than detection of radioactivity, MRI involves
detection of spin properties of hydrogen nuclei, “protons,” which depend on their
physical-chemical environments.

Although MRI is not a particularly sensitive technique, it does produce images
with excellent spatial resolution (resolution << 1 mm). Thus anatomical differences
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between control subjects and drug abusers can be measured. Furthermore, high-
resolution images can be used to more clearly define small brain regions for
subsequent analysis using a lower resolution imaging strategy such as PET, or
fMRI (see below) in the same individual.

Even though drug concentrations and kinetics can rarely be directly measured
within living systems using MRI, because of sensitivity issues, the effect of drugs
can be inferred by using MRI to measure the effect of the drug on imaging pa-
rameters thought to be correlated with neuronal activity, a technique known as
functional MRI (fMRI). The most common fMRI technique is BOLD (blood oxy-
genation level dependent) scanning, which has excellent time resolution on the
order of seconds. The kinetics of changes in neuronal activation caused by drug or
by performance of a cognitive or behavioral task can be resolved using MRI with
much faster time resolution than using PET, though the spatial resolution of fMRI
is similar. Very little cannabinoid research utilizing MRI techniques has yet been
reported.

3
Major Topics of Investigations Using Autoradiography

3.1
Measurement of Cannabinoid Receptor Density

CB1 Receptor Mapping Autoradiographic studies with high-affinity THC analogs
both in rat brain tissue (Herkenham et al. 1990) and in postmortem human brain
tissue (Thomas et al. 1992; Biegon and Kerman 2001) have demonstrated high
concentrations of cannabinoid receptors in the basal ganglia and especially in its
outflow nuclei, the globus pallidus, and substantia nigra. High concentrations are
also found in hippocampus and cerebellum. The cerebral cortex, especially the
cingulate gyrus, also has a fairly high CB1 receptor density. Some other regions,
including most of the brainstem and the thalamus, contain few CB1 receptors.

Drug Effects on Cannabinoid Receptor Density A number of other studies have
assessed the effect of chronic treatments with cannabimimetic drugs on cannabi-
noid receptor binding. An early study, investigating the mechanism of locomotor
tolerance to treatments consisting of 2 weeks of daily i.p. ∆9-THC or CP 55,940
in rats, reported dose-dependent reductions in binding of radiolabeled CP 55,940.
This was attributed to agonist-induced downregulation of CB1 receptors in stri-
atal brain sections (Oviedo et al. 1993). A later study comparing receptor binding
alterations after chronic ∆9-THC in rats reported that 5 days i.p. administration
of ∆9-THC decreased cannabinoid receptor binding in all brain areas studied,
including cerebellum, hippocampus, basal ganglia, limbic nuclei, and cerebral cor-
tex, among others (Romero et al. 1997). CB1 mRNA levels in these regions were also
measured, but did not show reductions in parallel to reductions in receptor binding
(Romero et al. 1997). Further research by this group focused on the time-course
of receptor down-regulation. Rats were treated with i.p. ∆9-THC for 1, 3, 7, or
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14 days before receptor autoradiography. Downregulation was largely progressive,
yet highly variable between brain regions studied. For instance, rapid and robust
reductions in [3H]WIN 55,212-2 binding were observed in the dentate gyrus, yet
in the basal ganglia reductions in binding were slower in onset and more moderate
in degree (Romero et al. 1998); alterations in CB1 mRNA, where present, occurred
after changes in receptor binding. Similar reductions in the binding of [3H]CP
55,940 in rat brain were reported after i.p. ∆9-THC twice daily for 6 days (Rubino et
al. 2000), a regimen that produced maximal reductions. Furthermore, these reduc-
tions were accompanied by increases in cyclic adenosine monophosphate (cAMP)
and protein kinase A (PKA) activity in the same regions (cerebellum, striatum,
globus pallidus, and cortex).

Most autoradiographic studies using postmortem human brain tissue have
involved schizophrenic subjects, since a link has been suggested between brain
cannabinoid systems and schizophrenia (Arseneault et al. 2004), based, in part,
on a high density of CB1 receptors in brain areas implicated in schizophrenia
(Biegon and Kerman 2001). Dean and colleagues studied postmortem tissue from
schizophrenic subjects, some of whom had cannabis exposure shortly before death.
They associated increases in [3H]CP 55,940 binding in the dorsolateral prefrontal
cortex with schizophrenia, but increases in binding in the caudate-putamen with
cannabis use (Dean et al. 2001). Another postmortem study of the anterior cin-
gulate cortex revealed a 64% increase in [3H]SR141716A binding in tissue from
schizophrenic subjects compared to normal matched controls (Zavitsanou et al.
2004).

Competition for Cannabinoid Receptor Binding Autoradiographic studies in rat
brain indicate that anandamide, SR141716A, and CP 55,940 compete for the same
cannabinoid receptor, despite the fact that some effects of anandamide are not
blocked by the selective CB1 receptor antagonist SR141716A (Adams et al. 1998).
This may partly reflect binding of anandamide to vanilloid receptors (Zygmunt
et al. 1999). There are hints that one or more additional central non-vanilloid
cannabinoid-type receptors may exist (Calignano et al. 1998; Di Marzo et al. 2000).

3.2
Measurement of Cannabinoid Effects on Neuronal Metabolism

Several studies have examined the effects of∆9-THC upon regional cerebral glucose
metabolism (rCGM). Biphasic dose-related alterations in glucose utilization in rat
have been found. Slight increases in rCGM in limbic and cortical areas but not in
diencephalic or brainstem areas were reported after low doses (0.2 mg/kg i.v.) of∆9-
THC in rats (Margulies and Hammer 1991). Larger doses (2 or 10 mg/kg) decreased
rCGM in the cortical and limbic areas. Another paper has shown evidence of
increases in rCGM with small doses of ∆9-THC and decreases with larger doses
of ∆9-THC. Small increases in overall CGM were found using a dose of 1 mg/kg
and overall decreases after 5 mg/kg (Brett et al. 2001). Significant reductions in
rCGM were seen in rat hippocampal, limbic, sensory, and sensorimotor processing
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regions, consistent with the effects of ∆9-THC on memory, sensory perception, and
motor control (Brett et al. 2001). Autoradiography has also been used to examine
the time-course of ∆9-THC effects on rCGM. A single dose (2.5 mg/kg i.p.) of
∆9-THC resulted in an immediate widespread depression of CGM including limbic
areas, and motor and sensory systems. Metabolism returned to baseline in 8 of
the 17 structures originally affected after 6 h, and in all but 6 structures after 24 h
(Whitlow et al. 2002).

Other researchers have not found biphasic effects of ∆9-THC on rCGM, although
they confirm time- and dose-dependent effects of ∆9-THC on rCGM in rat brain.
Acute administrations of low doses of i.p. ∆9-THC produced dose-dependent re-
ductions in glucose utilization in rat brain. A dose of 1.0 mg/kg i.p. ∆9-THC was
associated with decreases in rCGM occurring primarily in the limbic and sensory
systems, with more widespread reductions occurring after a 2.5 mg/kg dose. If rats
were pre-treated with the CB1 antagonist SR141716A prior to ∆9-THC adminis-
tration, no significant reductions in rCGM were observed in 34 of the 38 regions
examined (Freedland et al. 2002). Freedland and colleagues reconcile the discrep-
ancy between their findings of decreased rCGM after 1 mg/kg i.p. ∆9-THC, with
the findings of Margulies and others cited above (increased rCGM after 1 mg/kg
i.v. ∆9-THC) by pointing out the different routes of ∆9-THC administration used
in the studies. Intraperitoneal administration of drugs leads to slower onset kinet-
ics compared to intravenous administration, a factor that has been found to have
a significant impact on the effects of other drugs of abuse (Porrino 1993). Rats with
a tolerance to ∆9-THC exhibited an altered pattern of glucose metabolism relative
to drug-naïve animals. While naïve rats exhibited large global decreases in CGM
following a single 10 mg/kg i.p. dose of ∆9-THC, behaviorally tolerant rats had
a more localized reduction of CGM, primarily in regions associated with memory,
reward, and stress, such as the hippocampus, nucleus accumbens, mediodorsal
thalamus, basolateral amygdala and median raphe (Whitlow et al. 2003).

The effects of synthetic cannabinoid drugs have also been studied using the
2-DG strategy. One study found that the effects of the synthetic cannabinoid
agonist WIN 55,212-2 on brain glucose metabolism are largely consistent with
the effects of ∆9-THC. Doses between 0.15–0.30 mg/kg WIN 55,212-2 reduced 2-
DG accumulation in the hippocampus and ventrolateral thalamic nucleus of rats
(Pontieri et al. 1999). Another study found that acute administration of the CB1

antagonist SR141716A decreased rCGM in limbic areas thought to be involved in
motivated behavior. These findings were accompanied by reduced rates of food-
reinforced responding in the same animals. Reductions in both responding and
rCGM in limbic systems after SR141617A were more pronounced in animals that
had been made tolerant to the behavioral effects of ∆9-THC (Freedland et al. 2003).

3.3
Measurement of Cannabinoid Effects on Blood Flow

∆9-THC and its active metabolite 11-OH-THC both reduce rCBF, as measured
using autoradiography with [14C]iodoantipyrine (IAP) . Rats injected with ∆9-
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THC at doses ranging from 0.5 to 16 mg/kg 30 min prior to sacrifice had variably
decreased rCBF in 16 brain areas, including the CA1 region of the hippocampus, the
frontal and medial prefrontal cortex, the nucleus accumbens, and the claustrum.
Other regions, such as the medial septum, caudate, cerebellum, and several other
cortex regions, remained unaffected. Similar results were obtained when rats were
injected with 11-OH-THC. Most of the regions affected by ∆9-THC in this study
express CB1, with the notable exceptions of the CA3 region of the hippocampus
and the cerebellum, which had no change in cerebral blood flow (Bloom et al.
1997).

Anandamide dose-dependently reduces rCBF in the rat, although it has a short
duration of action. At 15 min after 10 mg/kg anandamide, flow was reduced in
the amygdala, cingulate, frontal prepyriform, sensorimotor, and claustrocortex.
A maximal effect, with 16 additional brain regions involved, was observed af-
ter 30 mg/kg anandamide. In most areas, reductions were persistent for 60 min
following this larger dose. Anandamide at 3 mg/kg had no effect (Stein et al.
1998).

The limited studies examining the effects of both exogenous and putative en-
dogenous cannabinoids upon regional cerebral blood flow complement studies
measuring local brain metabolic activity with 2-DG. They both suggest a strong
dose- and time-dependent response to a stimulation of the endocannabinoid sys-
tem. Together, they support the notion of heterogeneous effects of cannabinoids
on brain metabolism.

4
Major Topics of In Vivo Investigations Using PET and SPECT

4.1
Measurement of Cannabinoid Receptor Density

Four types of cannabinoid receptor ligands are currently known: the plant cannabi-
noids, such as ∆9-THC and their synthetic relatives such as CP55,940; the endo-
cannabinoids, such as anandamide; the pyrazole ligands, such as SR141716A; and
the aminoalkylindole ligands, such as WIN55,2 12-2 (Fig. 1). As mentioned previ-
ously, radioligands for the mapping of cannabinoid receptors in vivo are still under
development. We have recently reviewed efforts at Brookhaven in collaboration
with Dr Alexandros Makriyannis’ group (Gatley et al. 2004). Our starting point was
to replace the chlorophenyl group of SR141716A with an 123I-iodophenyl group.
This produced a tracer (AM251) that was evaluated as a SPECT ligand. Although
AM251 gave promising results in mice, and in in vitro autoradiography, it failed to
enter the brains of baboons in SPECT experiments (Gatley et al. 1998). A further
structural modification of AM251 was performed—insertion of an oxygen into
the piperidine ring—yielding AM281, which has lower lipophilicity. In ex vivo ex-
periments in rodents, [123I]AM281 yielded brain autoradiographs similar to those
obtained using tritiated ligands in in vitro experiments. Using [123I]AM281 in
SPECT experiments, we were able to image CB1 receptors for the first time in the
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Fig. 1. Representative structures of the different cannabinoid receptor ligand classes: the plant cannabinoid,
∆9-tetrahydrocannabinol; the endocannabinoid, arachidonoyl ethanolamide (anandamide); the synthetic
pyrazole inverse agonist AM281 and the potent aminoalkylindole agonist AM2233. Both AM281 and AM2233
contain an iodine atom that has been labeled with radioiodine for in vitro and in vivo binding experiments

living primate brain (Gatley et al. 1998). The first human brain [123I]AM281 SPECT
images of CB1 receptors have recently been reported by Berding et al. (2004).
As anticipated, the extent of specific binding was rather low, and extensive clini-
cal imaging research on CB1 receptors will probably await development of either
a SPECT radioligand with superior properties to [123I]AM281, or, taking advantage
of the higher sensitivity of PET cameras, a PET radioligand with at least equivalent
brain penetration and receptor affinity to [123I]AM281. Although several candidate
PET imaging agents have been synthesized and evaluated biologically by ourselves
(Gatley et al. 2004; Gifford et al. 2003) and others (Mathews et al. 2000, 2002;
Katoch-Rouse et al. 2003), none has yet been satisfactory.

4.2
Measurement of Cannabinoid Effects on Brain Metabolism

Acute Effects of ∆9-THC on Brain Glucose Metabolism Two papers have been
published utilizing PET to assess the effects of cannabinoids on rCGM in human
subjects. (Volkowetal. 1991, 1996).Themost consistentobservationboth innormal
controls and habitual marijuana users was an increase in relative metabolic rate in
the cerebellum after i.v. ∆9-THC. This increase was positively correlated both with
concentrations of ∆9-THC in the plasma and with the intensity of self-reported
ratings of intoxication. However, the average increase in cerebellar metabolism
after ∆9-THC administration was less in marijuana users than in controls. The
FDG/PET studies also demonstrated that marijuana users, but not controls, re-
sponded to ∆9-THC administration with increased metabolic activity in the pre-
frontal cortex, orbitofrontal cortex, and basal ganglia. Unlike the consistent effects
of ∆9-THC on relative metabolic rates, absolute global changes were quite variable,
as were subjective responses to marijuana or ∆9-THC. In the studies of Volkow et
al. (1991, 1996), ∆9-THC apparently behaved dissimilarly to acutely administered
cocaine, alcohol, morphine, amphetamine, and benzodiazepines (see references
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in Gatley and Volkow 1998) in that single acute administrations of ∆9-THC did
not reduce overall metabolic rates. These results are largely consistent with results
reported using rCBF as an indicator of neuronal activation (discussed below in
Sect. 4.3).

Effects of Chronic ∆9-THC on Brain Glucose Metabolism Marijuana users had
lower baseline cerebellar metabolism than controls (Volkow et al. 1996). This find-
ing, coupled with the finding of increased rCGM after acute exposure to cannabi-
noids suggests that the decreases in basal cerebellar metabolic rates found in
habitual marijuana users may reflect a compensatory response to chronic expo-
sure to the drug. Functions known to be associated with the cerebellum, such
as motor coordination, proprioception and learning, are adversely affected both
during acute marijuana intoxication and in habitual users of the drug (Varma et
al. 1988). The PET scanner used in these investigations lacked sufficient resolution
to examine metabolic rates in other brain areas, such as hippocampus, substantia
nigra, and caudate nucleus, which contain high concentrations of cannabinoid
receptors. However, increased rCGM has not been seen in these areas in rodents
using autoradiographic imaging with 2-DG. Studies using modern PET cameras
will allow more detailed examination of regional changes in human rCGM induced
by acute and chronic ∆9-THC.

4.3
Measurement of Cannabinoid Effects on Blood Flow

Changes in regional neuronal metabolism are coupled to corresponding regional
changes in blood flow. Early 133Xe investigations found bilateral hemispheric in-
creases (right>left) in rCBF 30 min after smoking marijuana compared to smok-
ing placebo in 32 normal human males with a history of exposure to marijuana
(Mathew et al. 1992). Increases were greatest in the frontal lobes and were pro-
portional to the reported degree of intoxication. More recent blood flow studies
have employed PET and 15O water. An advantage of this tracer is the very short
(2 min) physical half-life, which unlike FDG allows repeated measurements in
a scanning session. Consequently, 15O water studies can detect brief alterations in
rCBF, whereas FDG studies measure accumulation of 18F over a period of about one
hour. An 15O water PET study by the Mathew group in 32 normal volunteers found
that increases in subject-reported intoxication after i.v. ∆9-THC doses of 0.15 or
0.25 mg/min over 20 min (total doses of 3 or 5 mg) correlated most markedly with
rCBF increases in the right frontal regions, specifically frontal cortex, insula, and
cingulate gyrus (Mathew et al. 1997). A subsequent paper showed that the earlier
reported increases in rCBF were not present in all 46 subjects studied, and that
some subjects showed a decrease in rCBF in the cerebellum that was associated
with subject-reported disturbances of time sense (Mathew et al. 1998). A third pa-
per by this group (59 normal subjects) confirmed earlier reports of increased rCBF
(right>left hemisphere) and also found increased rCBF not only in frontal lobes,
but also in anterior cingulate. The increased rCBF in frontal lobes and anterior
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cingulate was associated with subject-reported sensations of depersonalization
(Mathew et al. 1999). Most recently, this group has published the time-course
of changes in rCBF and behavior after the same doses of ∆9-THC in 47 normal
subjects. This study again confirms earlier findings and additionally reports that
blood flow to the cerebellum is increased after the high ∆9-THC dose (Mathew et
al. 2002).

Self-administration of ∆9-THC by smoking a marijuana cigarette, where the
subject controls the dose and the rate of dosing to achieve a desired effect, might
be expected to affect rCBF or rCGM differently from experimenter-controlled i.v.
∆9-THC. PET studies using 15O water, in fact, have shown increases in similar
regions (orbitofrontal lobes, insula, and temporal poles), in addition to increased
rCBF in the cerebellum, in normal subjects with previous histories of marijuana
use (n = 5) after smoking marijuana (O’Leary et al. 2000). Rather than measuring
blood flow when the subject is in a resting state, this study used a dichotic listening
task to measure marijuana effects on task-related changes in rCBF. Large decreases
in rCBF were reported during the listening task in temporal lobe areas sensitive to
auditory attention effects (O’Leary et al. 2000). A similar PET study from this group
using the same technique in 12 experienced subjects assessed the effect of smoking
marijuana on task-related rCBF during an auditory attention task (O’Leary et al.
2002). In addition to replication of their earlier findings, this study noted that
anterior increases in rCBF occur primarily in paralimbic regions and postulated
that these may be related to marijuana’s mood-related effects. Also in this study,
reduced rCBF was found in several brain regions, including parietal lobe, frontal
lobe, and thalamus, which may form part of an attentional network. No rCBF
changes were noted in the nucleus accumbens or in any other region thought
to be associated with “reward circuitry”. Interestingly, brain regions having high
densities of cannabinoid receptors, such as basal ganglia and hippocampus, also
did not show changes in rCBF (O’Leary et al. 2002). The most recent study from
this group assessed the effect of smoked marijuana in 12 occasional and 12 chronic
users during counting and finger-tapping tasks accompanied by PET with 15O
water. Both counting rate and finger-tapping rate were acutely increased after
marijuana smoking and both these effects were correlated with increased blood
flow in the cerebellum (O’Leary et al. 2003).

Another group of studies using PET with 15O water have examined the effects
of chronic marijuana on rCBF. In contrast to findings after acute marijuana use,
chronic users had decreased blood flow to a region of posterior cerebellum after
more than 26 h of monitored abstinence from marijuana, compared to control
subjects (Block et al. 2000b). Additionally, a later publication using a similar design
evaluated effects of chronic marijuana on memory-related blood flow. Decreases
in prefrontal cortex, altered lateralization in hippocampus, and increased rCBF in
memory-related regions of cerebellum were documented (Block et al. 2002).

The cerebellum is likely to be involved in the psychoactive effects of marijuana.
The effects of cannabinoids on rCBF in the cerebellum are consistent with inter-
actions between cannabinoids and the high concentration of CB1 receptors in this
brain area. Both acute marijuana intoxication and habitual use have been shown
to affect parameters such as motor coordination, proprioception, and learning,
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in which the cerebellum plays a key role (Varma et al. 1988). The lack of signifi-
cant changes in blood flow in the basal ganglia is somewhat surprising given the
facts that firstly, high densities of CB1 receptors are present in this region, and, sec-
ondly, that marijuana serves as a reinforcer in at least a large subset of humans. The
endocannabinoid system’s modulatory/inhibitory actions on presynaptic neuro-
transmitter release may complicate the interpretation of regional changes in blood
flow after exogenous cannabinoid receptor agonists.

4.4
Other Topics

Stimulant drugs and reinforcers have been shown to be associated with elevated
synaptic dopamine that can be monitored in PET studies using the D2 radioligand
[11C]raclopride, whose in vivo binding is sensitive to alterations in extracellular
dopamine. We are not aware of any published systematic study of cannabis smok-
ing or ∆9-THC using this experimental paradigm. However, a study of a single
individual was inadvertently conducted with the SPECT tracer [123I]IBZM, whose
binding is also sensitive to competition with synaptic dopamine. This study was
designed to measure alterations in dopaminergic function in schizophrenics. Dur-
ing the scanning protocol, the subject reported feeling anxious and requested
a break. During this break he surreptitiously smoked marijuana. This behavior
was revealed the next day during a follow-up mental status exam, which showed
significant worsening of psychotic symptoms. Comparison of the subject’s scans
taken before and immediately after marijuana showed a 20% reduction of D2 bind-
ing potential, attributed to increased synaptic dopaminergic activity (Voruganti et
al. 2001). This anecdotal report illustrates some of the challenges of clinical drug
abuse research.

5
Major Topics of Investigation using MRI

5.1
Cannabinoid Research Utilizing MRI

Anatomical Studies An early paper using the comparatively primitive technique
air encephalography to evaluate neuroanatomical changes in chronic cannabis
users reported cerebral atrophy (Campbell et al. 1971), and sparked a debate in
the field. Other studies using more advanced techniques such as computerized
axial tomography have not substantiated these results (Co et al. 1977; Kuehnle et
al. 1977). Two more recent papers utilizing MRI to assess anatomical changes in
marijuana using subjects have reported conflicting findings. A study combining
both PET with 15O water and structural MRI to evaluate alterations in blood flow
as well as structural changes in the brains of 57 subjects found that marijuana
users who started using marijuana before the age of 17 had smaller brains than
either subjects who began using marijuana later, or control subjects (Wilson et al.
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2000). Additionally, the subjects who began using marijuana earlier had smaller
gray matter/white matter ratios than the other subjects, and were smaller in overall
body size. Finally, the early marijuana users had higher global CBF. In contrast,
another MRI research group found no significant structural changes in the brains
of 18 frequent users of marijuana (Block et al. 2000a). Although the issue of
anatomical alterations in brain after marijuana use remains to be definitively
resolved, large studies using combinations of more than one imaging modality are
likely to provide the best answers about relationships between the presence or the
absence of these changes and the functional impact of marijuana use.

Functional Studies As of March 2004, there have been no peer-reviewed papers
utilizing BOLD fMRI to examine functional changes in brain after acute or chronic
marijuana. However, a recent meeting abstract hints at the wealth of information
that remains to be gathered using this powerful technique. This preliminary study
reported that marijuana users had decreased brain activation in cerebellar vermis
and dorsal parietal cortex compared to normal control subjects during a visual
attention task. Additionally, marijuana users were reported to show exposure-
dependent decreases in relative BOLD signal in the cerebellar vermis (Chang et al.
2003). A pilot study of working memory in cannabis smokers, tobaco smokers and
non-smoking controls has recently appeared (Jacobsen et al. 2004).

6
Summary

Compared with investigations of other drugs of abuse such as cocaine and opioids,
imaging research on brain cannabinoid systems is still in its infancy. Although
significant progress has been made using autoradiographic techniques, a great deal
of work remains to be done with in vivo imaging. The near future will see clinical
studies using fMRI, high-resolution FDG/PET, and PET studies with CB1 receptor
radioligands, and with radioligands for other neuroreceptors. The development
of small animal imaging technologies, in the form of microPET cameras and
small-bore high-field MRI scanners will allow very tightly controlled studies of
cannabinoid drugs and their effects in living animal subjects, which may help
resolve the conflicting results that have been reported in the human cannabinoid
imaging literature.
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Abstract Marijuana and its psychoactive constituents induce a multitude of ef-
fects on brain function. These include deficits in memory formation, but care
needs to be exercised since many human studies are flawed by multiple drug
abuse, small sample sizes, sample selection and sensitivity of psychological tests
for subtle differences. The most robust finding with respect to memory is a deficit
in working and short-term memory. This requires intact hippocampus and pre-
frontal cortex, two brain regions richly expressing CB1 receptors. Animal studies,
which enable a more controlled drug regime and more constant behavioural test-
ing, have confirmed human results and suggest, with respect to hippocampus,
that exogenous cannabinoid treatment selectively affects encoding processes. This
may be different in other brain areas, for instance the amygdala, where a pre-
dominant involvement in memory consolidation and forgetting has been firmly
established. While cannabinoid receptor agonists impair memory formation, an-
tagonists reverse these deficits or act as memory enhancers. These results are in
good agreement with data obtained from electrophysiological recordings, which
reveal reduction in neural plasticity following cannabinoid treatment, and in-
creased plasticity following antagonist exposure. The mixed receptor properties
of the pharmacological tool, however, make it difficult to define the exact role of
any CB1 receptor population in memory processes with any certainty. This makes
it all the more important that behavioural studies use selective administration of
drugs to specific brain areas, rather than global administration to whole animals.
The emerging role of the endogenous cannabinoid system in the hippocampus
may be to facilitate the induction of long-term potentiation/the encoding of infor-
mation. Administration of exogenous selective CB1 agonists may therefore disrupt
hippocampus-dependent learning and memory by ’increasing the noise’, rather
than ’decreasing the signal’ at potentiated inputs.

Keywords Endocannabinoids · CB1 receptors · Perception · Cognition · Memory
formation · Hippocampus · In vitro slice · Synaptic plasticity · LTP · LTD · DSI

1
Introduction

The resin made from flowers and leaves of the hemp plant Cannabis sativa, com-
monly known as cannabis or marijuana, comprises approximately 60 terpenophe-
nolic compounds, which are referred to as plant cannabinoids. The primary psy-
choactiveconstituent is∆9-tetrahydrocannabinol (∆9THC) (GaoniandMechoulam
1964). Marijuana has been used for hundreds of years all over the world for both
recreational and medicinal purposes, but has always been known for both positive
effects, including relaxation, calming and stress relief, and negative effects, such
as nausea, sickness, vomiting, dizziness and headaches. Like most drugs of abuse,
cannabis is known for its ability to induce euphoria, lethargy, confusion, deper-
sonalisation, altered time sense, impaired motor performance, memory defects,
paranoia, depression, fear, anxiety and hallucinations. Given that most of these
effects are mediated through specific receptors, it makes cannabinoids and their
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receptors an interesting target for the development of treatment strategies in the
clinical setting.

In this chapter we will focus on the cognitive effects that have been described
after cannabinoid use in humans and more recently in animals. We rely on many
other chapters of this handbook in which details about the pharmacology and
physiology, molecular and cell biology, and medicinal chemistry of cannabinoids
are reviewed in detail (see chapters by Pertwee, Howlett, Abood, Reggio, Mackie,
and Szabo and Schlicker). In the first part we will summarise effects of marijuana
smokingoncognition inhumans, and thiswill be followedbyabrief introduction to
the physiology of these effects. This will mainly concentrate on functional imaging
data and electroencephalographic (EEG) recordings in humans. The main focus,
however, will review work on animals and cognition (learning and memory) as
this provides, to date, the best and most detailed data of the basic behavioural
pharmacology of cannabinoids and cannabinoid receptors. Finally, we will try to
explain the behavioural results in terms of ex vivo and in vitro physiology and
synaptic plasticity.

2
Marijuana and Cognition in Man

Cannabis use alters both motor and cognition-based behaviour in man. Collec-
tively, data strongly indicate acute intoxication to be more effective in disrupting
memory than chronic use, probably due to long-term habituation and related
changes in brain function. While simple cognitive tasks can be performed nor-
mally, the severity of cognitive impairment correlates with task difficulty, and this
may be the direct consequence of deficits in attention and goal-directed learning.
Importantly, there are few if any gross motor impairments, even after chronic
cannabis smoking over many years.

Acute cannabis intoxication leads to multiple effects, including changes in reac-
tion time and perception. Simple reaction times are recorded such that test subjects
have to press a button in response to a tone or light. This merely requires motor
execution; such tasks are devoid of complex cognitive processing. Several studies
have reported that reaction times increase after marijuana use (Borg et al. 1975;
Dornbush et al. 1971), but this has not been confirmed by others (Braden et al.
1974; Evans et al. 1976) despite comparable sample sizes and drug doses. Increas-
ing the complexity of the task (pressing different buttons in response to different
stimuli) consistently leads to up to 50% longer reaction times in users relative to
controls, and there seems to be a strong correlation between task complexity and
cannabis-induced impairment (Clark and Nakashima 1968; Chait and Pierri 1992).

Stronger evidence supports the notion that cannabis use alters perception,
such as taste, smell, hearing and vision. In users there are clear problems of
colour discrimination (Adams et al. 1976) and identification of figures hidden
in pictures (Pearl et al. 1973). Perceptual changes also pertain to time sense,
which is generally altered in cannabis users. As they estimate time to pass more
slowly than control subjects (Tart 1971; Chait and Pierri 1992), this could explain
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why they are prepared to take greater risks, for example in driving faster and
more dangerously (Bech et al. 1973). Such drug effects are of importance when
investigating complex behaviours. Hasty reactions and perceptual deficits could
easily explain impairments in memory tasks and need to be excluded.

Despite perceptual effects, it is still possible to identify cannabis-induced mem-
ory problems. A type of memory highly sensitive to marijuana intoxication is
recognition memory. Typically, test subjects are presented with a series of words.
After a delay period, a second series is presented containing some words from the
original series, but also some new ones. Cannabis users have no problem identi-
fying the words from the original list, but they often recognise some words that
are actually new (Dornbush 1974). Such memory intrusions may reflect prob-
lems in distinguishing between relevant and irrelevant words, a hypothesis that is
supported by observations on free recall. Here, participants write down as many
words as they remember from the original list without being primed. This is
a more complex paradigm, and users not only remember fewer words than con-
trols (Dornbush et al. 1971), they also have memory intrusions, inserting words
that were not presented (Miller and Cornett 1978).

Determinations of cognitive alterations in chronic marijuana users are more
difficult. Classical studies of Jamaican (Bowman and Pihl 1973) and Costa Rican
(Satz et al. 1976) subjects did not reveal any cognitive impairment, despite a battery
of psychological tests and the fact that chronic users had been smoking more than
nine joints per day for more that 10 years. These results were confirmed in a recent
report on 1,300 residents in Baltimore that had been followed in a longitudinal
study over 11 years. Mini-Mental State Examination was applied to investigate any
changes in mental functioning, yet no significant difference was observed between
chronic marijuana consumption and controls (Lyketsos et al. 1999).

Cognitive differences were revealed in a study on 1,600 Egyptian prisoners
(Soueif 1976). In this study, 16 different measures were recorded, of which 10
revealed impairment in the user group, while 2 showed better performance. How-
ever, the selected groups were not well controlled and many of the critiques listed
below apply to this investigation. Similarly, deficits in IQ, memory, time estimation
and reaction times were reported in several studies performed in India (Wig and
Varma 1977; Menhiratta et al. 1978). Finally, investigations on college students with
at least twice weekly marijuana consumption revealed deficits in memory forma-
tion, specifically deficits in information transfer into long-term memory (Gianut-
sos and Litwack 1976; Entin and Glodzung 1973). However, a later study did not
confirm these memory impairments (Rochford et al. 1977). More recent studies
on cognitive deficits in marijuana users collectively suggest that impairments are
(1) predominant for the attentional/executive system related to prefrontal cortex,
and (2) increase with the length of cannabis use (Pope and Yurgelun-Todd 1996;
Fletcher et al. 1996; Elwan et al. 1997). Such deficits can readily explain impair-
ments in short-term memory, which are frequently reported for cannabis users
(Schwartz et al. 1989).

Many of these studies, however, are flawed and do not reveal the true extent to
which long-term cannabis use affects human cognition. Especially, early studies
from the 1970s and 1980s were conducted on small sample sizes, and it has been
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calculated that an n = 25 per group is necessary to attain reliable results (Cohen
1990). Moreover, subjects that feel less affected by drug use are more likely to
sign up for trials, while those experiencing severe problems may feel less eager to
participate, even for pay (Strohmetz et al. 1990). As a consequence, the finding of
subtle differences may not be a true reflection of the effects of chronic cannabis
use. Psychological testing has seen considerable refinement, and the emergence of
novel, increasingly sensitive tasks has helped to reveal differences between long-
term marijuana smokers and controls. This suggests that tests used in the original
studies, which have not found differences between test and control groups, were
insensitive and might have been too simple.

Another critique frequently raised with respect to chronic use is the idea that
users may have already been different from non-users prior to ever smoking
marijuana. This is a valid point, as one might argue that (1) people of lower IQ may
be more prone to drug use and (2) any intellectual difference may have preceded
any cannabis smoking habits. Randomised control studies in which non-users are
signed up for chronic smoking, however, are ethically difficult to justify. Another
potential confounder is the use of multiple drugs. Many marijuana smokers are
likely to use other and more drugs than controls (Earleywine and Newcomb 1997).
Multi-drug effects can only be assessed in the context of each drug alone. Subjects
who meet this criterion do not normally form part of studies. Consequently, multi-
drug use will make the sample group heterogeneous so that results may not reflect
the typical cannabis user.

In contrast, animal research is devoid of many of the above critiques and results
are thus not confounded by, for example, polydrug use, low sample sizes, pre-
treatment differences, etc. Consequently, the main focus of this chapter rests on
such animal models and the effects of acute and chronic cannabis administration
on learning, memory, and related brain physiology.

3
Effects of Cannabinoids on the Brain

To date, there is no evidence for gross morphological and structural changes in
brain following short-term or long-term marijuana smoking. Although this has
been investigated over many years, of particular interest here are studies that have
utilised modern imaging techniques such as magnetic resonance imaging (MRI).
There were no regional or global changes in brain tissue volume or composition
in cannabis users (Block et al. 2000). More subtle changes can be determined
through post-mortem analysis using radiolabelled compounds, or measurement
of endocannabinoid levels. Such work showed reduced cannabinoid binding in
caudate and hippocampus of Alzheimer’s brains (Westlake et al. 1994), and in
normal ageing (Biegon and Kerman 1995). No such studies have been reported on
chronic marijuana smokers yet.

Alterations in brain function following acute and chronic use of cannabis is
nevertheless detectable using cerebral blood flow (CBF) measurements such as
positron emission tomography (PET) and multi-site EEG. Although very impor-
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tant for the understanding of brain regions associated with behavioural changes,
CBF measurements are not ideal for determination of marijuana-induced changes
in brain function (Mathew and Wilson 1991; also see chapter by Lindsey et al. in
this handbook). This is mainly due to contaminating effects of cannabis on vas-
cular smooth muscles and altered vasomotor tone, but also due to alterations in
respiration and general circulation (for details see chapter by Pacher et al. in this
volume). Since such circulation-related effects cannot be controlled for properly,
they may lead to increased variability and make interpretations of CBF studies in
marijuana users difficult. Fortunately, there is no conclusive evidence to suggest
these peripheral effects impact significantly on blood circulation in brain. PET, for
instance, makes use of a radiotracer (11C, 13N or 15O) followed by reconstruction
of tomographic slices depicting isotope concentrations in different brain regions.
A shortcoming of PET is, however, its low resolution. Areas of less than 2 mm
cannot be resolved properly. As with psychological testing, results of PET tests
have been ambiguous; some reported decreased CBF, others increased CBF; some
found no difference (see Wilson and Mathew, 2002 for review). Yet, it remains
elusive as to why this variability is observed.

Collectively, data from CBF studies confirm the contention that alterations in
brain function predominate in areas with high levels of cannabinoid receptor sites
(Pertwee 1997). However, global marijuana intoxication will induce multiple ef-
fects at the same time, making it difficult to correlate any particular effect and CBF
change. Overall, it has been found that chronic cannabis users have a lower resting
level of brain blood flow than controls and that marijuana smoking or intravenous
administration increases CBF in most cortical areas in a dose- and time-dependent
manner (Wilson and Mathew 2002). Increases in CBF peaked at 30 min and re-
turned to near-baseline levels 2 h after smoking. Subcortical areas including basal
ganglia, thalamus, hippocampus and amygdala showed reduced CBF relative to
placebo and both hemispheres were affected to the same extent. In addition, cere-
bellar blood flow increased by at least 1 standard error of the mean in about 60%
of subjects. It should be obvious from these results that systemic administration of
marijuana may not help to resolve the question as to what the function of individ-
ual subpopulations of receptors located in specific brain areas might be. CBF will
provide important information as to global changes related to drug treatment.

An interesting approach in utilising PET is its combination with cognitive
tasks. While subjects perform verbal memory recall tasks, they are monitored in
the scanner. Relative to controls, frequent marijuana users presented with reduced
memory-related blood flow in prefrontal cortex, but increased CBF in hippocam-
pus and cerebellum (Block et al. 2002). These alterations were paralleled by an
increased recency effect, suggesting that users rely on short-term memory and
thus fail in multiple trial learning tasks, while control subjects encode and retrieve
episodic memory. Consequently, it may be argued that chronic marijuana use
leads to a reconfiguration of memory processing. Reductions in prefrontal CBF are
consistent with deficits in working memory.

Another functional approach is the use of multiple recording sites on the skull
to detect global changes in cortical activity through EEG. Event-related potentials
(ERPs) derived from EEGs recorded during complex cognitive tasks have been
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recorded in a number of studies by Solowij and colleagues (see Solowij 1998 for
review). Collectively, data in this area can be summarised as follows. Independent
of frequency of marijuana smoking, ERPs in frontal regions progressively decline
with thenumberof yearsofuse.This suggests aphysiologicalmechanismfor the re-
duced ability to focus attention and filter out irrelevant information. Interestingly,
the deficit was maintained even after several months of abstinence. The speed of in-
formation processing can be measured as positive wave at 300 ms (P300) of the ERP.
Similar to reaction times, P300 was impaired with increasing frequency and length
of marijuana use. Long-term marijuana use manifests in elevated absolute power
and interhemispheric coherence of alpha and theta rhythm of the EEG (Struve et
al.1994) and reduces the P50 auditory sensory gating response (Patrick et al. 1999).

4
Cannabinoids Modulate Cognition in Animal Models

Guided by the older work from humans, research into the behavioural effects of
cannabinoids concentrated on the disruption of working and short-term memory
formation. This is in agreement with data suggesting marijuana-induced increases
in CBF in paralimbic regions of the frontal lobes and the cerebellum, but reduced
blood flow in the temporal lobe (O’Leary et al. 2002). Hypoactivity in the temporal
lobe may constitute the neural basis of cognitive alterations seen in cannabis users
and has prompted the search for the underlying mechanisms using behavioural
paradigms that specifically activate the medial temporal lobe, or using electro-
physiological recording protocols in medial temporal lobe structures. It is also in
line with reductions of the cortical P300 amplitude in marijuana addicts. The P300
is an ERP reflecting attentional resource allocation and active working memory
(Johnson et al. 1997). Similarly, monkeys treated with ∆9THC chronically have
predominantly slow-wave EEGs (1–2 Hz) in hippocampus, amygdala and septum
(Stadnicki et al. 1974) and present with similar deficits as human subjects (Aiger
1988; Branch et al. 1980; Evans and Wenger 1992; Gluck et al. 1973; Nakamura-
Palacios et al. 2000; Schulze et al. 1988; Winsauer et al. 1999). Increased sophis-
tication in pharmacological and physiological techniques applicable to rodents
has now considerably increased our understanding of cannabinoid mechanisms
in different types of memory, suggesting a modulatory role of cannabinoids and
cannabinoid receptors in encoding, memory consolidation and even forgetting.

4.1
Spatial Learning

4.1.1
Water Maze

With respect to rodents such as rats and mice, training in the open-field water
maze, in which animals search for a submerged and non-visible platform, is prob-
ably the most popular learning paradigm tackling spatial and thus hippocampus-
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dependent memory (Morris 1984). Animals learn to find the submerged platform
in opaque water in relation to distal cues; a progressive reduction of the latency to
swim to and climb onto the platform is an index for learning. If the platform is kept
in the same place, this is a reference memory task while changing the platform
location to a new position every day reflects a working memory paradigm.

Despite the paradigm’s popularity as a spatial learning task, reports on the
effects of cannabinoids are relatively recent. The initial report by Ferrari and
colleagues (1999) revealed that HU210 induced a learning deficit in rats trained
in a reference memory task. Animals treated with doses of up to 100 mg/kg i.p.
were unable to acquire the spatial location of the submerged platform on four
consecutive days. By contrast, learning to swim to a visible platform was not
different between drug groups and controls, thus excluding sensory perception as
a factor to explain the deficit. This has recently been confirmed with ∆9THC and
∆8THC in rats and mice (Da Silva and Takahashi 2002; Mishima et al. 2001; Varvel
et al. 2001; Diana et al. 2003), but not with nabilone (Diana et al. 2003). Once spatial
memory is acquired, consolidation and recall is no longer sensitive to cannabinoid
treatment (unless drug doses are extremely high and cause considerable motor
side-effects). However, the learning deficit in the water maze may not be due to
memory problems. Robinson and co-workers (2003) revealed that ∆9THC induced
place aversion in a novel place preference/aversion task conducted in the water
maze. This aversion would in itself account for the observed spatial learning
deficits in the drug groups.

When exposed to a working memory paradigm, in which the location of the
platform was changed on a daily basis, ∆9THC-treated mice were impaired in
finding the platform despite extensive pre-training over weeks. Consequently,
Varvel and co-workers (2001; Lichtman et al. 2002) claimed that spatial working
memory in mice is more sensitive to cannabinoid treatment. Despite extensive
pre-training of the mice to the working memory task, animals were unable to
remember the new platform location when under ∆9THC. However, mice in the
reference memory paradigm were also extensively pre-trained, and a lack of deficit
with low doses of ∆9THC may simply be due to the fact that cannabinoid receptor-
dependent mechanisms are not active during memory recall. If animals are naïve
as to the exact platform location, acquisition learning is still impaired with ∆9THC
(Da Silva and Takahashi 2002).

Interestingly, Varvel et al. (2001) used a working memory paradigm, in which
animals were released from the same location on each day; but this release site
was altered between days. This protocol, which was also used more recently for
the testing of CB1-null mutants (Varvel and Lichtman 2002), therefore has a strong
egocentric, and thus hippocampus-independent (Jarrard 1993), component; an-
imals may have acquired the task without the use of distal cues and allocentric
strategies. It remains uncertain whether cannabinoids selectively interfere with
egocentric spatial tasks or whether the deficit is ubiquitous for all forms of spatial
acquisition.

Unexpected was the finding that CB1 knockout mice acquired a spatial reference
memory task in the water maze normally. This was unexpected since pharmacolog-
ical studies had predicted that CB1 knockout would facilitate learning and memory
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formation (for radial maze, see Lichtman 2000). Mice were, however, impaired in
reversal learning, suggesting a deficit in task flexibility (Varvel and Lichtman 2002).
CB1

–/– mice were not different from wild-type littermates in a working memory
version of the task, and were also insensitive to ∆9THC, WIN55,212-2 or methanan-
damide treatment. By contrast, all these cannabinoids disrupted working memory
in wild-type littermates in a manner that was sensitive to rimonabant (SR141716A).

4.1.2
Radial Arm Maze

Radial arm mazes come in different shapes and forms. The most common one
consists of eight arms radiating from an octagonal central platform. Animals kept
on 80%–85% of their free-feeding body weights learn to retrieve a food reward
from the distal end of each arm or, in some cases, a predetermined selection of
arms. Use of the eight-arm radial maze has significantly contributed to our under-
standing of cannabis effects on cognition in rodents, but has some complications.
For example, cannabis, ∆9THC or synthetic analogues can depress locomotor ac-
tivity (see DeSanty and Dar 2001a,b; Rodriguez de Fonseca et al. 1998; chapter
by Fernández-Ruiz and González in this volume for review). This may impact on
task performance such that longer latencies to reach and consume the reward may
decrease attention processes due to longer test sessions. Such an effect is in line
with cannabis-induced alterations in human cognition and thus may not be ide-
ally suited to measure learning/memory. Furthermore, cannabinoids are widely
known for their stimulatory effects on appetite (for review, see chapter by Mac-
carrone and Wenger, this volume). This may lead to a difference in motivation of
already hungry animals to perform in this food-rewarded task (Di Marzo et al.
2001; Mechoulam and Friede 2001).

Despite such limitations, numerous reports suggest that cannabinoids impair
performance in the eight-arm radial maze, especially when all arms are baited
and revisits to the same arms are recorded as working memory errors. Animals
were trained to criterion performance with all eight arms baited. Systemic admin-
istration of cannabinoids increased the number of working memory errors with
low doses not affecting the amount of time required to complete the visits. This
was originally reported in chronic experiments with ∆9THC administered for 3 or
6 months (Stiglick and Kalant 1982), and has been confirmed more recently for
acute infusions of ∆9THC (Hernandez-Tristan et al. 2000; Lichtman and Martin
1996; Lichtman et al. 1995; Mishima et al. 2001; Molina-Holgado et al. 1995; Naka-
mura et al.1991), synthetic CB1 receptor agonists WIN55,212-2 and CP55,940, or
local infusion of CP55,940 directly into the hippocampus (Lichtman et al. 1995). To
increase task difficulty, some researchers have introduced a short delay between
visits to arms 1–4 and 5–8 in these experiments. Cannabinoids also disrupt perfor-
mance in this short-term memory task when delays were 5 s (Molina-Holgado et al.
1995), 30 s (Hernandez-Tristan et al. 2000), or 1 h long (Nakamura et al. 1991). It is,
however, unclear whether animals prefer to revisit arms 1–4 or 5–8. In accordance
with drug effects on locomotor activity, post-delay performance was prolonged in
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the ∆9THC group (Hernandez-Tristan et al. 2000; Nakamura et al. 1991). Mishima
and co-workers (2001) employed a mixed reference and working memory protocol.
Four predetermined arms were rewarded while four others were not. Entry into
an arm that was never baited was counted as a reference memory error, re-entry
into a previously baited arm as a working memory error. ∆9THC (6 mg/kg) signifi-
cantly impaired working memory but not reference memory. However, inspection
of their data suggests that reference memory may have also been affected by drug
treatment.

Confirmation that drug effects were mediated via CB1 receptor activation was
obtained through co-administration of the selective receptor antagonist rimon-
abant, which reversed deficits induced by ∆9THC (Lichtman and Martin 1997;
Mishima et al. 2001). Rimonabant alone had no effect when delays between entries
1–4 and 5–8 were short (Lichtman 2000; Lichtman and Martin 1997; Mishima et al.
2001), but there was a memory enhancement for delays of several hours (Lichtman
2000). This result suggests that blockade of CB1 receptors may aid the develop-
ment of short-term memory, and receptor antagonists may become important as
cognitive enhancers not only for future animal research but also with respect to
treatment of cognitive impairment in humans.

4.1.3
T- and Y-Maze Procedures

Rodents show spontaneous alternation behaviour when tested in simple T- or
Y-shaped mazes. They can also be forced to alternate, i.e. when food reward is
placed at the end of the goal arm of the T/Y. As pointed out for the eight-arm
radial maze, this paradigm uses food or drinking of juice as reward and is contra-
indicated when using cannabinoids. Systemic administration of ∆9THC prior to
daily testing decreased the alternation score (Nava et al. 2000). In control animals,
in vivo brain dialysis confirmed an alternation-induced release of acetylcholine in
hippocampus, which was smaller in the ∆9THC group. In addition, the alternation
impairment and the acetylcholine release depression persisted in animals treated
with ∆9THC twice daily with 5 mg/kg ∆9THC i.p. for up to 1 week (Nava et al.
2001). Both effects were fully reversed by rimonabant, suggesting that no tolerance
developed after chronic 5-day ∆9THC exposure.

Delayed alternation is another possible training protocol for the T/Y-maze, in
which animals are rewarded for choosing any goal box in trial one. They are then
returned to the start box and released after an inter-trial interval. In trial two,
they have to enter the arm not visited in trial one (non-match) and are rewarded.
Typically, animals acquire a criterionof 80%correct responses after a short training
period. When tested in the presence of ∆9THC, there was a significant drop in
performance coupled with a reduction in monoamine turnover in their prefrontal
cortex (Jentsch et al. 1997). Animals treated with a similar dose (5 mg/kg) ∆9THC,
however, were not impaired in brightness discrimination (Jentsch et al. 1996) or
visual discrimination of forms procedures (Mishima et al. 2001) administered in
the same apparatus.
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4.1.4
Delayed Match-to-Position Tasks

Different from the short-term memory tested in the radial arm maze are the
delayed match-to-position (DMTP) or delayed match-to-sample (DMTS) tasks
that employ standard conditioning chambers. In the most frequently used ver-
sion, rats learn to press a lever during the sample phase and press the same
(match) or opposite (non-match) lever during the choice phase. Task difficulty
is modulated by the introduction of a delay between sample and choice phase
(0–45 s); performance falls to chance at delays exceeding 45 s (Deadwyler et
al. 1996). The laboratories of Hampson and Deadwyler have extensively stud-
ied hippocampal involvement in this task (Hampson et al. 1999a) and deter-
mined learning-related single unit activity of ensembles of CA3 and CA1 neurones
during the different phases of the task (Deadwyler and Hampson 1999; Dead-
wyler et al. 1996; Hampson and Deadwyler 1996; Hampson et al. 1993, 1999b).
In summary, distinct hippocampal pyramidal cells fire during the sample, de-
lay and match phases, respectively. In a series of elegant studies, Hampson,
Deadwyler and their colleagues have provided compelling evidence for a mod-
ulatory role of cannabinoids in delayed match-to-sample performance. Acutely
injected ∆9THC (0.75–2 mg/kg i.p.) prior to testing resulted in dose- and delay-
dependent performance deficits. Animals were able to perform the task at 0–5 s
delays, but the severity of impairment increased with the inter-trial interval, sug-
gesting that short-term memory had been compromised (Heyser et al. 1993).
At the same time, hippocampal firing during the sample phase was greatly di-
minished, leading to ensemble miscodes that increase the probability for the
occurrence of errors especially at long, but not very short delays. Behavioural
tolerance to ∆9THC developed after 35 days of daily ∆9THC exposure and was
followed by a short withdrawal period of 2 days (Deadwyler et al. 1995). Be-
havioural sensitisation, however, developed within 4 days of repeated treatment
(Miyamoto et al. 1995). These initial results both in terms of behavioural perfor-
mance and physiological responses have been confirmed for delayed nonmatch-
to-position protocols (Hampson and Deadwyler 1998; Mallet and Beninger 1996)
and extended to other cannabinoids such as WIN55,212-2 (Hampson and Dead-
wyler 1999, 2000; Han et al. 2000). A similar performance deficit was reported
for exogenous administration of the endocannabinoid anandamide (Mallet and
Beninger 1996), and deficits were reversed by the CB1 receptor antagonist rimon-
abant (Hampson and Deadwyler 1999, 2000; Mallet and Beninger 1998). Rimon-
abant alone had no effect (Hampson and Deadwyler 2000; Mallet and Beninger
1998).

In their studies, Hampson and Deadwyler have made a strong case for a role
of CB1 receptors in encoding, since pyramidal cell firing was diminished during
encoding in animals exposed to cannabinoids. Firing during delay and matching
phases remained unchanged, suggesting that errors occur only when there is an
encoding deficit. A non-memory-related explanation for this behavioural deficit
could be derived from results obtained by Han and Robinson (2001), who showed
that cannabinoids such as WIN55,212-2 or ∆9THC can shorten time estimation
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in the rat. This, however, would suggest an increase in response rate during the
delay, which is difficult to observe given that the levers are not present during the
delay. Also, Hampson and Deadwyler have not reported alterations in the amount
or length of delay-related firing in cannabis-treated rats.

4.2
Conditioning of Fear

Auditory fear conditioning is a standard procedure used in animal research (for
review, see Crawley 2000). In a typical experiment, the animal is placed in a small
chamber and a tone is presented after a short habituation period. The tone co-
terminates with a mild footshock delivered through the grid floor, which the
animals cannot escape. Consequently, this procedure is also called ’learned help-
lessness’. It results in a typical freezing reaction consisting of a crouching posture
and immobility. One trial often is sufficient for induction of lasting memory,
which can be tested hours or days later by measuring the freezing response upon
re-exposure to the chamber (contextual fear conditioning) and presentation of
the tone (cued fear conditioning). Mice treated with the CB1 receptor antagonist
rimonabant or CB1 knockout mice readily acquire this fear-conditioning paradigm
(Marsicano et al. 2002). While 6 days of extinction training, in which no shock
is delivered, reduced the amount of freezing in wild-type littermates, knockout
mice or wild-types treated with rimonabant throughout extinction maintain their
freezing levels. These data suggest that the endocannabinoid system is highly active
during forgetting and the extinction of aversive memories (Marsicano et al. 2002).
Re-exposure to the tone during extinction also induced release of the endocannabi-
noids anandamide and 2-arachidonoyl glycerol in the basolateral amygdala, and
this not only confirms the importance of the amygdala in fear conditioning, but
also that on-demand release of endocannabinoids controls extinction of the fear
response (Marsicano et al. 2002).

The acoustic startle response is based on a naturally occurring startle reaction
to loud noise. If this loud tone is presented 30–500 ms after a 20-ms pre-pulse
(pure tone), the startle reaction is considerably reduced. This is termed pre-pulse
inhibition, reflects a measure of sensory-motor gating and involves a multitude
of brain stem areas and transmitter systems (Koch 1999). Rats injected with the
synthetic cannabinoids WIN55,212-2 (1.2 mg/kg) or CP55,940 (0.1 mg/kg) show
little if any pre-pulse inhibition relative to controls (Mansback et al. 1996; Schneider
and Koch 2002). The CP55,940-induced deficit in sensory-motor gating was fully
reversedby10mg/kgrimonabant,but theantagonisthadnoeffectwhengivenalone
(Mansbach et al. 1996). Although these data strongly suggest that cannabinoids
can modulate sensory-motor gating, they have not resolved the issue of whether
acquisition and execution of a normal startle response, either to a single loud
noise or in a pre-pulse paradigm, is under the control of the endocannabinoid
system.
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4.3
Avoidance Tasks

Similar to the fear conditioning paradigms described above, shock is used as
a reinforcer when animals are trained to avoid certain compartments. Two different
training procedures are widely used. Passive or inhibitory avoidance refers to the
active inhibition of a response in order to avoid a footshock; by contrast, active
avoidance refers to behavioural escape from a dangerous area in order to avoid
punishment.

Passive or inhibitory avoidance can be performed in two protocols. In step-
through passive avoidance tasks, animals are released into a brightly lit chamber
and a door is opened to allow entry into a dark compartment. Once entering the
dark compartment, the door is closed and a foot shock is delivered. Upon re-
exposure, animals will prefer to stay in the bright chamber. Step-down inhibitory
avoidance, on the other hand, uses an elevated platform, from which animals will
step down onto a grid floor. This triggers shock delivery and escape back onto the
platform. Memory is assessed in a test session as an increase in step-down latency
relative to the latency observed during acquisition training. As with most shock-
motivated tasks, only a few trials are given to induce long-lasting memory traces.

Mice and rats treated with the endocannabinoid anandamide (1.5–6 mg/kg) im-
mediately post-training presented with a significant memory impairment (Castel-
lano et al. 1997, 1999) when tested in a step-through variant. The block of memory
formation is due to an effect of anandamide on memory consolidation, since
injections 2 h post-training had no effect. Interestingly, this effect was specific
to the CD1 and DBA strains, but memory facilitation was observed in C57Bl/6
mice (Castellano et al. 1999). It is likely that modulation of memory strength with
cannabinoids affected the monoaminergic transmitter system, since both D1 and
D2 receptor antagonists reversed deficits induced by anandamide. The memory
deficit was also reversed by naltrexone, an opioid receptor antagonist, suggesting
cross-talk between cannabinoid and opioid system.

Memory for the shock tested 15 min or 24 h later was also reduced in rats injected
intracerebroventricularly with anandamide or arachidonic acid (3.6 nmol in 5 µl)
immediately post-training (Rodriguez de Fonseca et al. 1998). While anandamide
administration enhanced the amount of slow-wave and rapid eye movement sleep
in the period between training and retention testing, arachidonic acid led to a re-
duction in slow wave sleep. It therefore remains uncertain whether drug-induced
changes in sleep pattern have any bearing on the consolidation and expression
of an inhibitory avoidance response. A more detailed time course with systemic
pre-training, post-training and pre-test injection of ∆9THC in rats revealed mem-
ory deficits independent of injection time (Mishima et al. 2001). Since no deficit
in acquisition learning was reported, it is safe to assume that cannabinoids have
modulated consolidation and retention processes of emotional memories. Any
functional role for the endocannabinoid system, however, still remains elusive.
Site-direct infusion of anandamide (100 µmol/0.5 µl) into hippocampal CA1 also
induced anterograde amnesia in step-down inhibitory avoidance learning (Barros
et al. 2004).
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Similarly, an acquisition impairment was reported for rats tested in an active
avoidance paradigm (Izquierdo and Nasello 1973). The weak CB1 receptor ligand
cannabidiol (3.5 mg/kg) reduced conditioned responding, but was not effective
when administered immediately post-training. This result is in agreement with
more recent active avoidance training in CB1-null mutant mice, which showed in-
creased conditioned responding consistent with memory enhancement (Martin et
al. 2002). At odds with these results is the finding that rats chronically treated with
∆9THC (20 mg/kg) for 3 months and subsequently left untreated for 30 or 118 days
before training inashuttleboxoutperformedcontrols (Stiglicket al. 1984).Animals
that had been exposed to ∆9THC attained asymptotic performance levels faster
thancontrols. It remains tobe shownwhether this effect ismediatedby thecannabi-
noid system. An interesting comparison can be made with hippocampally lesioned
animals. Such rats also show enhanced active avoidance and outperform controls
(Isaacson et al. 1961), suggesting that systemically administered ∆9THC may in-
duce a functional lesion of the hippocampus (Hampson and Deadwyler 1998).

4.4
Other Memory Paradigms

Olfactory memory traces can be assessed in a social recognition task in which
an adult animal is brought together with a juvenile conspecific. Exploration of the
juvenile’s anus can be monitored as a dependent variable for periods of up to 5 min.
Memory is assessed through re-exposure and a reduction in anogenital sniffing
is taken as an index of recognition memory. Results obtained with cannabinoid
agonists and antagonists are straightforward.

In the first investigation into the effects of rimonabant, Terranova and co-
workers (1996) reported enhancement of social recognition memory at doses of
0.1–3 mg/kg administered subcutaneously within 5 min post-training. Memory
was assessed 2 h post-presentation of the juvenile, and the enhancement was
present in both aged rats and mice. Reversal of this enhancement was attained
by simultaneous administration of scopolamine, suggesting a tight interaction
between cholinergic and cannabinoid system. Terranova and colleagues’ finding
was the first to suggest a memory-related function of the endocannabinoid system,
which is particularly important during consolidation and forgetting (Marsicano
et al. 2002). In contrast to rimonabant, administration of the CB1 receptor agonist
WIN55,212-2 (0.6–1.2 mg/kg) impaired short-term (30 min) social recognition
memory in a dose-dependent manner without affecting anogenital exploration
per se (Schneider and Koch 2002).

Another test for short-term memory, but with a different psychological quality,
is object recognition (Ennaceur and Delacour 1988). During acquisition, animals
are exposed to a novel environment containing object A, and are tested during
re-exposure to object A plus first-time exposure to novel object B, after minutes
or hours. The time spent exploring each object in the test session is an index
of short-term memory for A. Good memory is characterised by preferential ex-
ploration of B, bad memory by exploration of A. Brain structures involved in
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object recognition include entorhinal and perirhinal cortex. Intraperitoneal injec-
tion of ∆9THC (10 mg/kg: Ciccocioppo et al. 2002), WIN55,212-2 (0.6–1.2 mg/kg:
Schneider and Koch 2002), CP55,940 (0.025–2.5 mg/kg: Kosiorek et al. 2003) or
R-(+)-methanandamide (0.25–2.5 mg/kg: Kosiorek et al. 2003) impaired object
recognition memory, and this deficit was reversed by 1 mg/kg rimonabant (Cicco-
cioppo et al. 2002). While this was interpreted as a CB1 receptor-mediated action,
caution should be exercised, since rimonabant alone was not tested, and this allows
for the alternative interpretation that the endocannabinoid system might limit the
length of the recognition memory. In agreement with this notion, CB1-null mutant
mice show normal exploration during acquisition, but enhanced memory when
tested against object B (Maccarone et al. 2002; Reibaud et al. 1999).

A different, more complex learning protocol was used by Brodkin and Moer-
schbacher (1997). In a specifically modified conditioning box, rats were trained
for 14 weeks to respond to a sequence of lights by pressing appropriate keys. Once
asymptotic performance criteria were met, drugs like cannabidiol (100 mg/kg)
and anandamide (18 mg/kg) were injected, but had no effect on performance. By
contrast, ∆9THC (3.2–18 mg/kg) and R-(+)-methanandamide (1–18 mg/kg) im-
paired performance in a dose-related manner. This impairment was reversed by
rimonabant (1 mg/kg), but the antagonist had no effect on its own.

4.5
Summary

Collectively, the behavioural data suggest a modulatory role of cannabinoids in
learning and formation of different forms of memory. In view of the numerous
side-effects of both natural and synthetic cannabinoids, however, hard proof for
this notion is difficult to obtain. Reinforcer modulation may include cannabinoid-
induced increases in food consumption (see chapter by Maccarrone and Wenger,
this volume); activity-related changes of ∆9THC or anandamide include the reduc-
tion of ambulations in the open field (Järbe and Hiltunen 1987; Järbe et al. 2002;
Navarro et al. 1993; see Fernández-Ruiz and González, this volume), induction of
catalepsy (Teng and Craft 2004 for a recent example), and suppression of condi-
tioned responding in a lever-press task (Arizzi et al. 2004); anxiogenic properties of
cannabinoids would lead to higher levels of emotionality (Onaivi et al. 1990). Con-
sequently, the observed deficit may not be a result of an impairment in acquisition
or consolidation, but may be due to unrelated side-effects of drugs, such as reduc-
tions in reaction time or even signal detection (Presburger and Robinson 1999).

Despite all these problems, there is now strong evidence for a role of CB1

receptors in memory formation. For delay-dependent short-term memory tasks,
CB1 receptors may be able to modulate the encoding processes. By contrast, CB1

receptors may play a role in consolidation and even recall in memory formation of
avoidance tasks. These effects are likely to be mediated by different CB1 receptor
populations located in different brain regions, and a better understanding of their
function requires more localised administration of selective CB1 agonists and
antagonists.
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5
Synaptic Plasticity

The anecdotal reports of effects of smoking cannabis on cognitive processes has
naturally prompted investigation into the effects of cannabinoids on synaptic
plasticity, and in particular long-term potentiation (LTP). To summarise 17 years
of effort, it has been easy to show that cannabinoids have effects on LTP, and most
commonly suppress it, but far more difficult to define the mechanisms by which
this occurs. Emerging themes are that the commonly reported inhibition of LTP
by synthetic cannabinoids may be mediated by non-CB1 receptors, and that the
function of the endogenous cannabinoid system may be to facilitate induction of
LTP. The vast majority of studies have focussed on synaptic plasticity in the CA1
region of the rat hippocampal slice and we will start our review there.

5.1
LTP in the Hippocampus

The first reported investigation was that of Nowicky et al. (1987) who showed that
pre-incubation of adult rat hippocampal slices with ∆9THC could either inhibit or
potentiate high-frequency stimulation-induced LTP, depending on the concentra-
tion used. High-frequency stimulation (200 Hz for 500 ms) induced a potentiation
of the CA1 population spike amplitude that had a decay half-time of 280 min. Pre-
incubation with 10 pM ∆9THC increased this to 350 min, whereas pre-incubation
with 100 or 1,000 pM ∆9THC reduced it to 91 and 31 min, respectively. These
changes in synaptic plasticity were associated with corresponding changes in the
baseline population spikes, so that 10 pM ∆9THC increased the population spike
amplitude, and 100 or 1,000 pM ∆9THC decreased it. Before delivering the high-
frequency train though, stimulus strength was adjusted to counter any effect on
baseline transmission. These experiments were performed before the dawn of the
age of the cannabinoid receptor and few pharmacological tools were available. It is
therefore possible that the effects could be a result of some non-specific mechanism
of membrane perturbation.

5.1.1
Effects of Synthetic Cannabinoids on LTP Are Stereoselective

One of the cardinal features of a receptor-mediated effect is stereoselectivity. It
was therefore significant that cannabinoids were shown to be stereoselective as
inhibitors of LTP. HU-210 and HU-211 were the first to be tested, since their
stereochemical purity is particularly high, and only HU-210 is psychoactive. The
experiments by Collins et al. (1994) showed that pre-incubation of adult rat hip-
pocampal slices with 100 nM HU-210, but not HU-211, blocked LTP of the CA1
field excitatory postsynaptic potential (fEPSP) induced by high-frequency stimu-
lation (100 Hz for 500 ms). Slices were pre-incubated with the drugs so there was
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no internal control to determine if HU-210 depressed the baseline fEPSP. Stere-
oselectivity of the effect has subsequently been confirmed (Paton et al. 1998) for
another cannabinoid, where perfusion of 5 µM WIN55,212-2 but not WIN55,212-3
blocked LTP of the CA1 population spike induced by high-frequency stimulation
(100 Hz for 500 ms). This inhibition occurred in the absence of any effect on the
amplitude of the baseline population spike, but was associated with a decrease in
paired pulse depression.

5.1.2
Effects of Cannabinoids Are Blocked by CB1 Receptor Antagonism

A second cardinal feature of receptor-mediated actions is that they should be
blocked by a suitable antagonist. The tools that have been used for the investigation
of LTP have been rimonabant, AM251 and AM281. The properties of these, and
specifically whether they are antagonists or inverse agonists at CB1 receptors are
discussed elsewhere (see the chapter by Pertwee, this volume). Rimonabant was
the first to become available and has been shown to prevent the blockade of LTP
in the CA1 region by HU-210 (Collins et al. 1995), and WIN55212-2 (Terranova et
al. 1995; Paton et al. 1998; Misner and Sullivan 1999).

An alternative approach to the pharmacological manipulation of receptors is
to use knockout animals. CB1 knockout mice have been produced, and high-
frequency stimulation (100 Hz for 250 ms) induced significantly larger LTP of
the CA1 field EPSP in hippocampal slices prepared from CB1

–/– mice compared to
wild-type controls (Bohme et al. 2000). This was not associated with any detectable
change in the amplitude of the half-maximal field EPSP evoked in the two groups.

5.1.3
Prenatal Exposure to Cannabinoids Inhibits LTP

Chronic effects of administration of cannabinoids have been studied in slices pre-
pared from 40-day-old rats born to mothers who received daily subcutaneous
injections of WIN55,212-2 throughout gestation (Mereu et al. 2003). LTP in these
slices was reduced as compared to control slices prepared from rats born to un-
treated mothers. The slices also showed impaired basal and K+-stimulated gluta-
mate release.

5.1.4
Putative Endogenous Cannabinoids Inhibit LTP

The range of putative endogenous cannabinoids have been outlined previously
(see Di Marzo et al., this volume), and several studies have investigated the effects
of application of these on LTP. In rat hippocampal slices, perfusion of 20 µM
sn-2 arachidonylglycerol (2-AG) blocked LTP of CA1 field EPSPs induced by high-
frequency stimulation (100 Hz for 1 s), with little or no effect on the baseline field
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EPSP (Stella et al. 1997; Schweitzer et al. 1999), and the effect of 2-AGwas blockedby
2 µM rimonabant (Stella et al. 1997). Similarly, perfusion of anandamide (3–10 µM)
blocked LTP of CA1 population spikes, and this was prevented by rimonabant
(10 µM) (Terranova et al. 1995).

5.1.5
Do Cannabinoids Suppress Baseline Excitatory Transmission
in the CA1 Region?

Any drug that reduces excitatory drive would be expected to impair high-frequency
stimulus-induced LTP by limiting the level of postsynaptic depolarisation achieved
during the induction train. This would in turn reduce the relief of the voltage-
dependent block of N-methyl-d-aspartate (NMDA) receptor-gated channels by
Mg2+ and hence reduce the postsynaptic Ca2+ entry that is required to trigger the
processes that lead to synaptic potentiation. The question of whether cannabi-
noids inhibit baseline excitatory transmission is therefore an important one. The
suppression of inhibitory transmission by cannabinoids in the hippocampus has
been well documented, but whether cannabinoids also suppress excitatory glu-
tamatergic transmission (as they do in the cerebellum, see the chapter by Szabo
and Schlicker, this volume) is less clear cut. Thus, there are reports stating ex-
plicitly that WIN55,212-2 either inhibits (Misner and Sullivan 1999; Al-Hayani
and Davies 2000; Ameri and Simmet 2000; Hajos et al. 2001), or does not inhibit
(Terranova et al. 1995; Paton et al. 1998; Al-Hayani and Davies 2000), excitatory
synaptic transmission in the CA1 region. This apparent discrepancy has now been
resolved by the demonstration that the most commonly used CB1 receptor ago-
nist, WIN55,212-2, at tenfold higher concentrations, also activates a TRPV1-like
receptor, which is also sensitive to rimonabant (Hajos et al. 2001; Hajos and Freund
2002). Thus, in slices prepared from CB1

+/+ mice, perfusion of WIN55,212-2 inhib-
ited pharmacologically isolated excitatory postsynaptic currents (EPSCs) with an
EC50 of 2.01 µM, and pharmacologically isolated inhibitory postsynaptic currents
(IPSCs) with an EC50 of 0.24 µM (Hajos et al. 2001). In slices prepared from CB1

–/–

mice, WIN55,212-2 no longer inhibited evoked IPSCs, but still inhibited evoked
EPSCs. This inhibition of excitatory transmission was mimicked by the TRPV1
agonist capsaicin (10 µM), and was blocked by the TRPV1 antagonist, capsazepine
(10 µM). The fact that the suppression of EPSCs (as well as IPSCs) by WIN55,212-2
is blocked by rimonabant is significant, since this is the criterion by which an
effect would previously have been judged to be CB1 receptor mediated. The tenfold
concentration difference in the EC50 of WIN55,212-2 in blocking inhibitory, as
opposed to excitatory, transmission also explains why the drug has been reported
to selectively block paired-pulse depression of population spikes (an effect depen-
dent on feedback inhibitory transmission) but not baseline synaptic transmission
(Paton et al. 1998).

Whether this central TRPV1-like receptor has the same properties as the bet-
ter characterised peripheral TRPV1 receptors (Szallasi and Di Marzo 2001), and
whether it represents the same non-CB1 non-CB2 receptor characterised by Breivo-
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gel et al. (2001; see chapter by Pertwee, this volume) remains to be determined.
Equally, it is hard to resolve whether the effects of other cannabinoids are likely to
be mediated by the TRPV1-like receptor. Available evidence suggests that the re-
ceptor is also activated by CP55,940, but that it is not blocked by AM251 (Hajos and
Freund 2002). The answer is therefore that some cannabinoids do indeed inhibit
excitatory transmission in the hippocampus, but via a TRPV1-like receptor. This
in turn raises the question: Is inhibition of the induction of LTP by cannabinoids
secondary to suppression of baseline excitatory transmission?

Several of the studies on LTP reported above have commented in passing on
any associated effects of cannabinoids on baseline field EPSP or population spike
responses, but answers have been contradictory. Thus, some have found no change
(Terranova et al. 1995; Stella et al. 1997; Paton et al. 1988; Schweitzer et al. 1999),
whereas others have found an inhibition of baseline excitatory responses (Nowicky
et al. 1987; Misner and Sullivan 1999). The question was addressed directly by
Misner and Sullivan (1999) who found that the EPSC was reduced by about 50%
in slices prepared from neonatal rats. Perfusion of 5 µM WIN55,212-2 blocked
the induction of LTP by high-frequency stimulation (100 Hz for 200 ms), but this
could be overcome by manipulations designed to overcome the Mg2+-block of
NMDA receptor-gated channels, i.e. reducing the concentration of Mg2+ in the
perfusion medium, or by slightly depolarising the recorded cell during the high-
frequency train. They therefore concluded that the effect of WIN55,212-2 was
to reduce the excitatory drive and therefore the extent of activation of NMDA
receptors.

Note that lack of an effect of cannabinoids on the low-frequency-evoked synap-
tic responses in some of the experiments described above does not exclude the
possibility that the drugs may have an effect on the high-frequency response re-
quired to induce LTP. It would therefore be important to establish the effects of
cannabinoid receptor ligands on the response to repetitive high-frequency stimu-
lation, as well as on the response to low-frequency stimulation. Though some of the
experiments described above suggest that cannabinoids might inhibit induction
of LTP by suppressing excitatory drive, none of them distinguishes the possibility
that cannabinoids block LTP via an action on the TRPV1-like receptor rather than
the CB1 receptor. WIN55,212-2 is an agonist at both, and rimonabant inhibits both.
Resolution of this question must await the development of ligands that will reliably
differentiate the two receptors, and/or investigation of the effects of cannabinoids
on the induction of LTP in CB1

–/– animals.

5.1.6
Long-Lasting Effects of Perfusion of Cannabinoid Receptor Ligands

Diana et al. (2002) argue that the apparent blockade of LTP by perfusion of
WIN55,212-2 is in fact due to the very slow and gradual inhibition of the baseline
synaptic response. Thus, when the potentiation of a high-frequency-stimulated
pathway is compared to the gradual decay of a control un-tetanised pathway, it ap-
pears that administration of WIN55,212-2 does not inhibit LTP. From inspection of
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individual figures it is hard to see that this could explain the results in all other re-
ports; however, the interpretation of this experiment illustrates an important point.
Cannabinoid ligands are very lipophilic, which makes them notoriously difficult
to work with. They require use of some vehicle (e.g. DMSO, TWEEN 80, ethanol)
to disperse them, they stick to glassware and tubing, they produce relatively slow
effects, and they are very difficult to wash off. The last of these points makes it very
difficult to distinguish between long-term effects [e.g. LTP, long-term depression
(LTD)] caused by transient application of the drug, and a short-term effect that
persists because the drug is still present in the tissue. Furthermore, the free concen-
tration of drug available to the receptors is liable to vary widely between different
preparations (e.g. cultured neurones vs slices) and different recording conditions.
For instance, the observation that WIN55,212-2 inhibits excitatory transmission
in slices prepared from neonatal, but not adult, rats (Al-Hayani and Davies 2000),
may be due to improved drug access in the neonatal tissue. These considerations
make any meaningful comparison of effective concentrations between reports very
difficult.

5.1.7
Cannabinoid Involvement in Depolarisation-Induced Suppression
of Inhibition

Depolarisation-induced suppression of inhibition (DSI) is a form of short-term
plasticity which merits mention here. In the hippocampus, depolarisation of
pyramidal neurones induces a short-term suppression of γ-aminobutyric acid
(GABA)ergic IPSCs (Pitler and Alger 1992). This DSI is blocked by perfusion of
CB1 receptor antagonists, and it is absent in CB1

–/– mice (Ohno-Shosaku et al. 2001;
Wilson and Nicoll 2001). These results cemented the role of cannabinoids as ret-
rograde messengers in the nervous system (see chapter by Vaughan and Christie,
this volume). Specifically, they are consistent with the notion that increased Ca2+

entry during the depolarising pulse triggers synthesis and release of an endo-
cannabinoid from the pyramidal cell, which then activates CB1 receptors on local
inhibitory terminals and suppresses GABAergic inhibition of that cell. An addi-
tional trigger to the synthesis and release of endocannabinoids may be activation
of group I metabotropic glutamate (mGlu) receptors (Varma et al. 2001; Ohno-
Shosaku et al. 2002) and muscarinic acetylcholine receptors (Kim et al. 2002).
Note that depolarisation-induced suppression of excitatory synaptic transmission
(DSE) has been reliably demonstrated in cerebellar tissue (Kreitzer and Regehr
2001: Maejima et al. 2001), but not in the hippocampus (but see Ohno-Shosaku et
al. 2002). This correlates with immunocytochemical studies that reveal CB1 recep-
tors are located on excitatory glutamate-containing terminals in the cerebellum,
but not in the hippocampus.

DSI expressed in the hippocampus is transient, and suppression of the resulting
inhibition could not account for long-term plasticity of synapses. However, it may
be important in facilitating depolarisation, and therefore induction of LTP, during
a high-frequency stimulus.
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5.1.8
Release of Endogenous Cannabinoids During DSI Facilitates
the Induction of LTP

Carlson et al. (2002) demonstrated that delivery of a subthreshold high-frequency
train (i.e. one that would not normally induce LTP) during the phase of DSI could
induce LTP. The subthreshold train (50 Hz for 400 ms) usually failed to induce
LTP of the fEPSP recorded from a population of cells in the CA1 region, or of the
EPSC recorded from a single CA1 pyramidal cell. However, a depolarising pulse
(to 0 mV for 1 s) delivered to the single cell 3 or 13 s before the subthreshold
train, resulted in LTP of the EPSC, but not of the fEPSP. Furthermore, perfusion of
AM251 (2 µM) prevented this facilitation. It is therefore apparent that the release
of endocannabinoids (in this instance by the depolarising pulse) causes a local
facilitation of the induction of LTP.

It is intriguing to speculate on the consequences of extending this paradigm.
High-frequency stimulation (100 Hz for 1 s) also induces release of endocannabi-
noids, specifically 2-AG (Stella et al. 1997). If synthesis and release of cannabinoids
is sufficiently rapid, then the local release of endocannabinoids caused by the in-
ducing train would tend to facilitate the induction of LTP at that particular site and
therefore increase the signal-to-noise ratio of any potentiating synapses in that
area. The role of endogenous cannabinoids in the CA1 region of the hippocampus
may therefore be to cause a local facilitation of LTP. Assuming that LTP is an impor-
tant neural basis of at least some forms of learning and memory, the physiological
role of the endocannabinoid system would be to enhance hippocampal-dependent
learning and memory. In contrast, smoking cannabis may impair learning and
memory due to the inappropriate global facilitation of LTP at synapses throughout
the brain, rather than at discrete local sites, leading to an elevation of the back-
ground noise and a reduction in the signal-to-noise ratio of potentiated synapses.

The findings of Carlson et al. (2002) also prompt the question of why administra-
tion of CB1 receptor agonists is almost universally observed to cause suppression,
rather than facilitation of high-frequency stimulus induced LTP. This may relate
first to the experimental conditions, which have generally used supra-threshold
induction protocols, which are liable to saturate LTP and would not allow any
potentiation to be observed. Second, the synthetic agonist most commonly used
(i.e. WIN55,212-2) may suppress excitatory transmission, and therefore LTP, via
its action on the TRPV1-like rather than the CB1 receptor. While this could also
explain why anandamide (another agonist at the TRPV1-like receptor) blocks LTP
(Terranova et al. 1995), note that it cannot explain why 2-AG (which is not an
antagonist at the TRPV1-like receptor) also does (Stella et al. 1997).

5.2
LTD in the Hippocampus

Misner and Sullivan (1999) described that 5 µM WIN55,212-2 not only blocked the
induction of LTP of CA1 field EPSPs (and EPSCs) by high-frequency stimulation
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(100 Hz for 200 ms), but also that it blocked LTD induced by lower frequency
stimulation (1 Hz for 15 min). This block of LTD was again relieved by reducing
the concentration of Mg2+ in the perfusion medium, or by slightly depolarising
the recorded cell during the low-frequency train. It was therefore interpreted as
being secondary to a reduced excitatory drive resulting in any postsynaptic Ca2+

changes being insufficient to reach threshold to induce LTD.
There is also intriguing evidence that release of endogenous cannabinoids may

contribute to the maintenance of LTD of IPSCs, and hence contribute to the E–S
coupling that is observed after the induction of LTP. High-frequency stimulation
(100 Hz for 1 s) or theta burst stimulation (10x100 Hz for 50 ms) caused LTD of
pharmacologically isolated IPSCsrecorded fromtheCA1regionof rathippocampal
slices (Chevaleyre and Castillo 2003). AM251 blocked the induction of this LTD,
but had no effect if it was applied 10 min after the high-frequency train. LTD was
blocked by group I mGlu receptor antagonists, and mimicked by group I mGlu
receptor agonists. This suggests that activation of group I mGlu receptors during
the high- frequency train stimulates transient release of an endocannabinoid that
causes a persistent reduction of GABA release. In this scenario, endocannabinoids
have a role, not only in regulating the induction of synaptic plasticity, but also in
the expression of synaptic plasticity, during the maintenance phase. Specifically,
they may contribute to the increased E–S potentiation, i.e. the ability of a given-
sized EPSP to evoke an action potential. The mechanism by which transient release
of an endocannabinoid can evoke long-lasting depression of the IPSC has not been
determined.

5.3
LTP and LTD in Other Brain Regions

The differences in expression of CB1 receptors in various brain regions suggest
that cannabinoid receptor ligands may have different effects on synaptic plasticity
in different synaptic pathways.

5.3.1
Cortex

Results from prefrontal cortex are generally consistent with those from the hip-
pocampus, but carry the same caveat that they may reflect activity of cannabinoids
at TRPV1-like receptors, rather than CB1 receptors. High-frequency stimulation
(100 Hz for 1 s) induced LTD, LTP, or no change in pharmacologically isolated
EPSCs in approximately equal proportions of cells recorded. WIN55,212-2 (1 µM)
increased the proportion of cells exhibiting LTD and decreased the proportion
exhibiting LTP, whereas rimonabant increased the proportion of cells exhibiting
LTP and decreased the proportion exhibiting LTD (Auclair et al. 2000; Barbara et
al. 2003). These effects on synaptic plasticity could be explained as a secondary
consequence of changes in the baseline EPSC, since WIN55,212-2 decreased, and
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rimonabant increased, the baseline response. In this region, the effects of cannabi-
noids on pairing-induced LTP have also been investigated. LTP was induced be-
tween pairs of whole-cell recorded layer 5 cells by coincident pairing of strong pre-
and postsynaptic depolarisation, and in the presence of AM251 this potentiation
was significantly increased (213% vs 162% of control) (Sjöström et al. 2003).

5.3.2
Amygdala

In the amygdala, immunocytochemical labelling shows that CB1 receptors are,
just as in the hippocampus, selectively localised to the terminals of a subset of
inhibitory neurones (Katona et al. 2001). In slices of mouse basolateral amyg-
dala, LTP of the population spike induced by high-frequency trains (100 Hz for
1 s) was significantly greater in slices prepared from CB1

–/– mice than that of
wild-type controls (147% vs 117% of control population spike amplitude, respec-
tively). Rimonabant did not affect the baseline synaptic response in slices prepared
from wild-type mice, suggesting that tonic activity of the endocannabinoid system
normally inhibits high-frequency stimulus induction of LTP, but not via an inhibi-
tion of the baseline response (Marsciano et al. 2002). Low-frequency stimulation
(1 Hz for 900 s) induced LTD of the population spike, but this was comparable
in slices prepared from CB1

–/– and wild-type controls (depressed to 75% vs 80%
of control population spike amplitude, respectively). The same study also investi-
gated the effect of low-frequency stimulation on pharmacologically isolated IPSCs.
Low-frequency stimulation (1 Hz for 100 s) induced LTD of the IPSC, which was
blocked in wild-type mice by rimonabant (5 µM), and was absent in CB1

–/– mice.
This study therefore indicates that CB1 receptors are involved in synaptic plas-
ticity in the amygdala, but does not determine whether the effects of synthetic
cannabinoids on synaptic plasticity are mediated by CB1 receptors.

5.3.3
Nucleus Accumbens

In the nucleus accumbens immunocytochemical labelling shows that, in contrast
to the hippocampus, CB1 receptors are located on glutamatergic nerve terminals
(Robbe et al. 2001). In a mouse brain slice preparation, low-frequency stimulation
(13 Hz for 10 min) evoked LTD of field EPSPs or EPSCs recorded in the nucleus
accumbens (Robbe et al. 2002, 2003). This LTD apparently depended on the activity
of endocannabinoids, since it was occluded by 0.3 µM WIN55,212-2, blocked by
0.1–1 µM rimonabant or 2 µM AM251, and critically, it was absent in CB1

–/– mice.
While the use of CB1

–/– mice shows that CB1 receptors are essential for this form
of synaptic plasticity in the nucleus accumbens, the cannabinoid ligands were
not tested in CB1

–/– animals, and so although it is likely, it is not certain that
they produced their effects via the CB1 receptor. In a similar study, low-frequency
stimulation (10 Hz for 5 min) induced LTD of the population spike recorded in
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slices of rat nucleus accumbens to about 70% of control. This was blocked by
perfusion of rimonabant (1 µM), and by desensitisation of CB1 receptors induced
by chronic pre-treatment of the rats with WIN55,212-2 (Hoffman et al. 2003).

5.3.4
Striatum

In the striatum, CB1 receptors are located on excitatory terminals. High-frequency
stimulation (100 Hz for 1 s) induced LTD of EPSCs (to 60% of control) in stri-
atal slices prepared from wild-type mice, but not in slices prepared from CB1

–/–

mice (Gerdeman et al. 2002). HU-210 (1 µM) inhibited evoked EPSCs in slices pre-
pared from wild-type mice, but had no effect in slices prepared from CB1

–/– mice.
Preincubation of slices prepared from wild-type animals in rimonabant (3 µM)
for 90 min blocked the induction of LTD by high-frequency stimulation. In the
striatum, therefore, there is compelling evidence that HU-210 blocks LTP via an
action on CB1 receptors.

5.3.5
Cerebellum

In slices of rat cerebellum, LTD of parallel fibre inputs to Purkinje cells can be
induced by pairing low-frequency stimulation (1 Hz for 5 min) with post-synaptic
depolarisation. Both WIN55, 212-2 (1 µM) and CP55,940 (400 nM) reduced the
EPSC by about 50%, and impaired the induction of LTD, an effect which was
blocked by rimonabant (1 µM) (Levenes et al. 1998). In this pathway, therefore,
it appears that cannabinoid effects on synaptic plasticity may be secondary to
changes in baseline responses.

5.4
Future Questions

The finding that the most common pharmacological tools used to probe CB1 re-
ceptors, WIN55,212-2 and rimonabant, also have actions on a TRPV1-like receptor
requires that much of the existing literature be re-evaluated. It is often not clear
whether effects are mediated by CB1 receptors or the TRPV1-like receptor. The
dearth of information on the pharmacological properties of the TRPV1-like re-
ceptor means that even results obtained using related drugs, e.g. CP55,940, AM251
and AM281, must also be treated with caution. Notwithstanding this, the current
information suggests that the suppression of high-frequency stimulation-induced
LTP in the CA1 hippocampal region by WIN55,212-2 is likely to be secondary
to suppression of excitatory drive and is mediated by the TRPV1-like receptor.
A big step towards resolving the receptors involved would be to establish whether
WIN55,212-2 can inhibit high-frequency stimulation-induced LTP in the CA1 re-
gion of hippocampal slices prepared from CB1

–/– mice. Note that the situation
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may be very different in other brain areas, such as nucleus accumbens where CB1

receptors are also present on excitatory terminals, and so modulation of synaptic
plasticity in these regions is more likely to be CB1 receptor mediated. This makes
it all the more important that behavioural studies use selective administration of
drugs to specific brain areas, rather than global administration to whole animals.

In contrast to our original preconceptions, it is emerging that the role of the
endogenous cannabinoid system in the hippocampus may be to facilitate the in-
duction of LTP. Administration of exogenous-selective CB1 agonists may therefore
disrupt hippocampus-dependent learning and memory by ’increasing the noise’,
rather than ’decreasing the signal’ at potentiated inputs.

An understanding of the role of the endogenous cannabinoid system in the
regulation of synaptic plasticity will depend on identification of the physiological
stimuli that trigger the synthesis and release of the endocannabinoid(s). There
may be a background level of endocannabinoid activity (controlled by, for exam-
ple, metabotropic, cholinergic and glutamatergic inputs) that sets the threshold for
induction of LTP throughout the hippocampus. Alternatively, the very firing pat-
terns that induce LTP may trigger synthesis and release of endocannabinoids and
the time scale over which this occurs will determine any impact on the induction
of LTP.

The situation is made more complicated by the diverse pharmacology of some
of the putative endocannabinoids. 2-AG appears to exert its effects via the CB1

receptor, but anandamide may activate both CB1 and TRPV1-like receptors. The
question of which endocannabinoid is released is therefore functionally important.

6
Where to Go from Here?

An obvious feature of this chapter is that, despite the increasing knowledge of the
physiology and pharmacology of cannabinoid function in the brain, little transfer
as to behavioural consequences has been achieved. While it is clear from the in
vitro approach that there are numerous stimulation patterns able to trigger release
of endocannabinoids, such conditions have yet to be identified in the behavioural
setting. This must involve not only the definition of the psychological circum-
stances that lead to endogenous cannabinoid release, but also the characterisation
of the cellular mechanisms that aid this release. It has also become clear from
the in vitro approach that cannabinoid receptors are present only in particular
neuronal cell types and that the types of neurone that express these receptors vary
between brain areas in a manner that is expected to affect the outcome of cannabi-
noid receptor activation in vivo. In order to understand this variation in terms
of behavioural outcome, it will be essential to apply cannabinoid agonists and
antagonists in behaving animals in a more restricted and site-directed manner. In
addition, local administration and behavioural testing should be combined with
physiological assessment of neural changes induced in response to drug-treatment.
This is achievable either by using ex vivo slice preparations of the area of interest
(for example cerebellum, hippocampus, visual cortex, etc.) or by chronic implan-
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tation of electrodes into the area of interest and in vivo recording of either EEG
or single units during behavioural testing. Although this latter approach requires
a high level of technical sophistication, especially when conducted using mice, it
may yet lead to an unprecedented gain of information concerning the function of
the endocannabinoid system in the brain.

References

Adams AJ, Brown B, Haegerstrom-Portnoy G, Flom MC (1976) Evidence for acute effects of
alcohol and marijuana on color discrimination. Percept Psychophys 20:119–124

Aiger TG (1988) Delta-9-tetrahydrocannabinol impairs visual recognition memory but not
discrimination learning in rhesus monkeys. Psychopharmacology (Berl) 95:507–511

Al-Hayani A, Davies SN (2000) Cannabinoid receptor mediated inhibition of excitatory
synaptic transmission in the rat hippocampal slice is developmentally regulated. Br
J Pharmacol 131:663–665

Ameri A, Simmet T (2000) Effects of 2-arachidonylglycerol, an endogenous cannabinoid,
on neuronal activity in rat hippocampal slices. Naunyn Schmiedebergs Arch Pharmacol
361:265–272

Arizzi MN, Cervone KM, Aberman JE, Betz A, Liu Q, Lin S, Markiyannis A, Salamone
JD (2004) Behavioral effects of inhibition of cannabinoid metabolism: The amidase
inhibitor AM374 enhances the suppression of lever pressing produced by exogenously
administered anandamide. Life Sci 74:1001–1011

Auclair N, Oyani S, Soubrie P, Crepel F (2000) Cannabinoids modulate synaptic strength
and plasticity at glutamatergic synapses of rat prefrontal cortex pyramidal neurons.
J Neurphysiol 83:3287–3293

Barabara J-G, Auclair N, Roisin M-P, Otani S, Valjent E, Caboche J, Soubrie P, Crepel F
(2003) Direct and indirect interactions between cannabinoid CB1 receptor and group II
metabotropic glutamate receptor signalling in layer V pyramidal neurons from the rat
prefrontal cortex. Eur J Neurosci 17:981–990

Barros DM, Carlis V, Maidana M, Silva AS, Baisch ALM, Ramirez MR, Izquierdo I (2004) In-
teractions between anandamide-induced anterograde amnesia and post-training mem-
ory modulatory systems. Brain Res 1016:66–71

Bech P, Rafaelsen L, Rafaelsen OJ (1973) Cannabis and alcohol: Effects on estimation of time
and distance. Psychopharmacologia 32:373–381

Biegon A, Kerman I (1995) Quantitative autoradiography of cannabinoid receptors in the
human brain post-mortem. In: Biegon A, Volkow ND (eds) Sites of drug action in the
human brain. CRC Press, Boca Raton, pp 65–74

Block RI, O’Leary DS, Ehrhardt JC, Augustinack JC, Ghonheim MM, Arndt S, Hall JA (2000)
Effects of frequent marijuana use on brain tissue volume and composition. NeuroReport
11:491–496

Block RI, O’Leary DS, Hichwa RD, Augustinack JC, Boles Ponto LL, Ghonheim MM, et al
(2002) Effects of frequent marijuana use on memory-related regional cerebral blood
flow. Pharmacol Biochem Behav 72:237–250

Bohme GA, Laville M, Ledent C, Parmentier M, Imperato A (2000) Enhanced long-term
potentiation in mice lacking cannabinoid CB1 receptors. Neuroscience 95:5–7

Borg J, Gershon S, Alpert M (1975) Dose effects of smoked marijuana on human cognitive
and motor functions. Psychopharmacologia 42:211–218

Bowman M, Pihl RO (1973) Cannabis: psychological effects of chronic heavy use: a con-
trolled study of intellectual functioning in chronic users of high potency cannabis.
Psychopharmacologia 29:159–190

Braden W, Stillman RC, Wyatt RJ (1974) Effects of marijuana on contingent negative varia-
tion and reaction time. Arch Gen Psychiatry 31:537–541



Cannabinoid Function in Learning, Memory and Plasticity 471

Branch MN, Dearing ME, Lee DM (1980) Acute and chronic effects of ∆9-tetrahydrocanna-
binol on complex behavior in squirrel monkeys. Psychopharmacology (Berl) 71:247–256

Breivogel CS, Griffin G, Di Marzo V, Martin BR (2001) Evidence for a new G protein-coupled
cannabinoid receptor in mouse brain. Mol Pharmacol 60:155–163

Brodkin J, Moerschbacher JM (1997) SR141716A antagonizes the disruptive effects of
cannabinoid ligands on learning in rats. J Pharmacol Exp Ther 282:1526–1532

Carlson G, Wang Y, Alger BE (2002) Endocannabinoids facilitate the induction of LTP in the
hippocampus. Nat Neurosci 5:723–724

Castellano C, Cabib S, Palmisano A, et al (1997) The effects of anandamide on memory
consolidation in mice involve both D1 and D2 dopamine receptors. Behav Pharmacol
8:707–712

Castellano C, Ventura R, Caibb S, et al (1999) Strain-dependent effects of anandamide
on memory consolidation in mice are antagonized by naltrexone. Behav Pharmacol
10:453–457

Chait LD, Pierri J (1992) Effects of smoked marijuana on human performance: a criti-
cal review. In: Murphy L, Bartke A (eds) Marijuana/cannabinoids: Neurobiology and
neurophysiology. CRC Press, Boca Raton, pp 387–423

Chevaleyre V, Castillo PE (2003) Heterosynaptic LTD of hippocampal GABAergic synapses:
a novel role of endocannabinoids in regulating excitability. Neuron 38:461–472

Ciccocioppo R, Antonelli L, Biondini M, et al (2002) Memory impairment following com-
bined exposure to ∆9-tetrahydrocannabinol and ethanol in rats. Eur J Pharmacol
449:245–252

Clark LD, Nakashima EN (1968) Experimental studies of marijuana. Am J Psychiatry
125:379–384

Cohen J (1990) Statistical power analysis for the behavioural sciences. Lawrence Earlbaum
Publishers, Hillsdale, NJ

Collins DR, Pertwee RG, Davies SN (1995) Prevention by the cannabinoid antagonist,
SR141716A, of cannabinoid-mediated blockade of long-term potentiation in the rat
hippocampal slice. Br J Pharmacol 115:869–870

Collins DR, Pertwee RG, Davies SN (1994) The actions of synthetic cannabinoids on the
induction of long-term potentiation in the rat hippocampal slice. Eur J Pharmacol
259:R7–R8

Crawley JN (2000) What is wrong with my mouse? Wiley-Liss, New York
Da Silva GE, Takahashi RN (2002) SR141716A prevents ∆9-tetrahydrocannabinol-induced

spatial learning deficit in a Morris-type water maze in mice. Prog Neuropsychopharma-
col Biol Psychiatry 26:321–325

Deadwyler SA, Hampson RE (1999) Anatomic model of hippocampal encoding of spatial
information. Hippocampus 9:397–412

Deadwyler SA, Heyser CJ, Hampson RE (1995) Complete adaptation to the memory dis-
ruptive effects of delta-9-THC following 35 days of exposure. Neurosci Res Commun
17:9–18

Deadwyler SA, Bunn T, Hampson RE (1996) Hippocampal ensemble activity during spatial
delayed-nonmatch-to-sample performance in rats. J Neurosci 16:354–372

DeSanty KP, Dar MS (2001a) Cannabinoid-induced motor incoordination through the cere-
bellar CB1 receptor in mice. Pharmacol Biochem Behav 69:251–259

DeSanty KP, Dar MS (2001b) Involvement of the cerebellar adenosine A1 receptor in
cannabinoid-induced motor incoordination in the acute and tolerant state in mice.
Brain Res 905:178–187

Di Marzo V, Goparaju SK, Wang L, et al (2001) Leptin-regulated endocannabinoids are
involved in maintaining food intake. Nature 410:822–825

Diana G, Pieri M, Valentini G (2002) Effects of WIN55,212-2 on hippocampal CA1 long-term
potentiation in experiments controlled for basal glutamatergic synaptic transmission.
Eur J Pharmacol 453:251–254

Diana G, Malloni, M, Pieri M (2003) Effects of the synthetic cannabinoid nabilone on spatial
learning and hippocampal transmission. Pharmacol Biochem Behav 75:585–591



472 G. Riedel and S.N. Davies

Dornbush RL (1974) Marijuana and memory: effects of smoking on storage. Trans N Y Acad
Sci 36:94–100

Dornbush RL, Fink M, Freedman AM (1971) Marijuana, memory and perception. Am
J Psychiatry 128:194–197

Earleywine M, Newcomb M (1997) Concurrent versus simultaneous polydrug use: preva-
lence, correlates, discriminant validity, and prospective effects on health outcomes. Exp
Clin Psychopharmacol 5:353–364

Elwan O, Hassan AAH, Naseer MA, Elwan F, et al (1997) Brain aging in a sample of normal
Egyptians: cognition, education, addiction and smoking. J Neurol Sci 148:79–86

Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of memory
in rats. I. Behavioral data. Behav Brain Res 31:47–59

Entin EE, Glodzung PJ (1973) Residual effects of marijuana use on learning and memory.
Psychol Rec 23:169–178

Evans EB, Wenger GR (1992) Effects of drugs of abuse on acquisition of behavioral chains
in squirrel monkeys. Psychopharmacology (Berl) 107:55–60

Evans MA, Martz R, Rodda BE, Lemberger L, Forney RB (1976) Effects of marihuana-
dextroamphetamine combination. Clin Pharmacol Ther 20:350–361

Ferrari F, Ottani A, Vivoli R, et al (1999) Learning impairment produced in rats by the
cannabinoid agonist HU210 in a water-maze task. Pharmacol Biochem Behav 64:555–
561

Fletcher JM, Page JB, Francis DJ, et al (1996) Cognitive correlates of long-term cannabis use
in Costa Rican men. Arch Gen Psychiatry 53:1051–1057

Gaoni Y, Mechoulam R (1964) Isolation, structure and partial synthesis of an active con-
stituent of hashish. J Am Chem Soc 86:1646–1647

Gerdeman GL, Ronesi J, Lovinger DM (2002) Postsynaptic endocannabinoid release is
critical to long-term depression in the striatum. Nature Neurosci 5:446–451

Gianutsos R, Litwack AR (1976) Chronic marijuana smokers show reduced coding into
long-term storage. Bull Psychon Soc 7:277–279

Gluck JP, Ferraro DP, Marriott RG (1973) Retardation of discrimination reversal by delta-9-
tetrahydrocannabinol in monkeys. Pharmacol Biochem Behav 1:605–608

Hajos N, Freund TF (2002) Pharmacological separation of cannabinoid sensitive receptors
on hippocampal excitatory and inhibitory fibres. Neuropharmacology 43:503–510

Hajos N, Ledent C, Freund TF (2001) Novel cannabinoid-sensitive receptor mediates inhibi-
tion of glutamatergic synaptic transmission in the hippocampus. Neuroscience 106:1–4

Hampson RE, Deadwyler S (2000) Cannabinoids reveal the necessity of hippocampal neural
encoding for short-term memory in rats. J Neurosci 20:8932–8942

Hampson RE, Deadwyler SA (1996) Ensemble codes involving hippocampal neurons are at
risk during delayed performance tests. Proc Natl Acad Sci USA 93:13487–13493

Hampson RE, Deadwyler SA (1998) Role of cannabinoid receptors in memory storage.
Neurobiol Dis 5:474–482

Hampson RE, Deadwyler SA (1999) Cannabinoids, hippocampal function and memory. Life
Sci 65:715–723

Hampson RE, Heyser CJ, Deawyler SA (1993) Hippocampal cell firing correlates of delayed-
match-to-sample performance in the rat. Behav Neurosci 107:715–739

Hampson RE, Jarrard LE, Deadwyler SA (1999a) Effects of ibotenate hippocampal destruc-
tion on delayed matching and nonmatching to sample behavior in rats. J Neurosci
19:1492–1507

Hampson RE, Simeral JD, Deadwyler SA (1999b) Distribution of spatial and nonspatial
information in dorsal hippocampus. Nature 402:610–614

Han CJ, Robinson JK (2001) Cannabinoid modulation of time estimation in the rat. Behav
Neurosci 115:243–246

Han CJ, Pierre-Louis J, Scheff A, et al (2000) A performance-dependent adjustment of
the retention interval in the delayed non-matching-to-position paradigm differentiates
effects of amnestic drugs in rats. Eur J Pharmacol 403:87–93



Cannabinoid Function in Learning, Memory and Plasticity 473

Hernandez-Tristan R, Arevalo C, Canals S, et al (2000) The effects of acute treatment with
Delta(9)-THC on exploratory behaviour and memory in the rat. J Physiol Biochem
56:17–24

Heyser CJ, Hampson RE, Deadwyler SA (1993) Effects of delta-9-tetrahydrocannabinol
on delayed match to sample performance in rats. Alterations in short-term memory
associated with changes in task specific firing of hippocampal cells. J Pharmacol Exp
Ther 264:294–307

Hoffman AF, Oz M, Caulder T, Lupicia CR (2003) Functional tolerance and blockade of
long-term depression at synapses in the nucleus accumbens after chronic cannabinoid
exposure. J Neurosci 23:4815–4820

Isaacson RL, Douglas RJ, Moore RY (1961) The effect of radical hippocampal ablation on
acquisition of avoidance response. J Comp Physiol Psychol 54:625–628

Izquierdo I, Nasello AG (1973) Effects of cannabidiol and diphenylhydantoin on the hip-
pocampus and learning. Psychopharmacologia 31:167–175

Järbe TUC, Hiltunen AJ (1987) Cannabimimetic activity of cannabinol in rats and pigeons.
Neuropharmacology 26:219–228

Järbe TUC, Andrzejewski ME, DiPatrizio NV (2002) Interaction between the CB1 receptor
agonist ∆9-THC and the CB1 receptor antagonist SR-141716 in rats. Open field revisited.
Pharmacol Biochem Behav 73:911–919

Jarrard LE (1993) On the role of the hippocampus in learning and memory in the rat. Behav
Neural Biol 60:9–26

Jentsch JD, Andrusiak E, Tran A, et al (1996) HA966 prevents increases in prefrontal
dopamine turnover and impairments in spatial working memory induced by psy-
chomimetic drugs. FASEB J 20:A716

Jentsch JD, Andrusiak E, Tran A, et al (1997) ∆9-Tetrahydrocannabinol increases prefrontal
cortical catecholaminergic utilisation and impairs spatial working memory in the rat:
blockade of dopaminergic effects by HA966. Neuropsychopharmacology 16:426–432

Johnson JP, Muhleman D, MacMurray J, et al (1997) Association between the cannabinoid
receptor gene (CNR1) and the P300 event-related potential. Mol Psychiatry 2:169–171

Katona I, Rancz EA, Acsady L, Ledent C, Mackie K, Hajos N, Freund TF (2001) Distribution
of CB1 cannabinoid receptors in the amygdala and their role in the control of GABAergic
transmission. J Neurosci 21:9506–9518

KimJ, IsokawaM,LedentC,AlgerBE(2002)Activationofmuscarinicacetylcholine receptors
enhances the release of endogenous cannabinoids in the hippocampus. J Neurosci
22:10182–10191

Koch M (1999) The neurobiology of startle. Prog Neurobiol 59:107–128
Kosiorek P, Hryniewicz A, Bialuk I, Zawadzka A, Winnicka A (2003) Cannabinoids alter

recognition memory in rats. Pol J Pharmacol 55:903–910
Kreitzer AC, Regehr WG (2001) Retrograde inhibition of presynaptic calcium influx by

endogenous cannabinoids at excitatory synapses onto Purkinje cells. Neuron 29:717–
727

Levenes C, Daniel H, Soubrie P, Crepel F (1998) Cannabinoids decrease excitatory synaptic
transmission and impair long-term depression in rat cerebellar Purkinje cells. J Physiol
510:867–879

Lichtman AH (2000) SR141716A enhances spatial memory assessed in a radial-arm maze
task in rats. Eur J Pharmacol 404:175–179

Lichtman AH, Martin BR (1996) ∆9-Tetrahydrocannabinol impairs spatial memory through
cannabinoid receptor mechanism. Psychopharmacology (Berl) 126:125–131

Lichtman AH, Martin BR (1997) The selective cannabinoid antagonist SR 141716A blocks
cannabinoid-induced antinociception in rats. Pharmacol Biochem Behav 57:7–12

Lichtman AH, Dimen KR, Martin BR (1995) Systemic or intrahippocampal cannabinoid
administration impairs spatial memory in rats. Psychopharmacology (Berl) 119:282–
290

LichtmanAH,Varvel SA,MartinBR(2002)Endocannabinoids incognitionanddependence.
Prostaglandins Leukot Essent Fatty Acids 66:269–285



474 G. Riedel and S.N. Davies

Lyketsos CG, Garret E, Liang KY, Anthony JC (1999) Cannabis use and cognitive decline in
persons under 65 years of age. Am J Epidemiol 149:794–800

Maccarrone M, Valverde O, Barbaccia ML, et al (2002) Age-related changes of anandamide
metabolism in CB1 cannabinoid receptor knockout mice: correlation with behaviour.
Eur J Neurosci 15:1178–1186

Maejima T, Hashimoto K, Yoshida T, Aiba A, Kano M (2001) Presynaptic inhibition caused
by retrograde signal from metabotropic glutamate to cannabinoid receptors. Neuron
31:463–475

Mallet PE, Beninger RJ (1996) The endogenous cannabinoid receptor agonist impairs mem-
ory in rats. Behav Pharmacol 7:276–284

Mallet PE, Beninger RJ (1998) The cannabinoid CB1 receptor antagonist SR141716A atten-
uates the memory impairment produced by ∆9-tetrahydrocannabinol or anandamide.
Psychopharmacology (Berl) 140:11–19

Mansbach RS, Rovetti CC, Winston EN, et al (1996) Effects of cannabinoid receptor an-
tagonist SR141716A on the behavior of pigeons and rats. Psychopharmacology (Berl)
124:315–322

Marsciano G, Wotjack CT, Azas SC, Bisogno T, Rammes G, Cascio MG, Hermann H, Tang J,
Hofmann C, Zieglgänsberger W, Di Marzo V, Lutz B (2002) The endogenous cannabinoid
system controls extinction of aversive memories. Nature 418:530–534

Martin M, Ledent C, Parmentier M, Maldonado R, Valverde O (2002) Involvement of CB1
cannabinoid receptors in emotional behaviour. Psychopharmacology (Berl) 159:379–
387

Mathew RJ, Wilson WH (1991) Substance abuse and cerebral blood flow. Am J Psychiatry
148:292

Mechoulam R, Fride E (2001) A hunger for cannabinoids. Nature 410:763–765
Menhiratta SS, Wig NN, Verma SK (1978) Some psychological correlates of long-term heavy

cannabis users. Br J Psychiatry 132:482–486
Mereu G, Fà M, Ferraro L, Cagiano R, Antonelli T, Tattoli M, Ghiglieri V, Tanganelli S, Gessa

GL, Cuomo V (2003) Prenatal exposure to a cannabinoid agonist produces memory
deficits linked to dysfunction in hippocampal long-term potentiation and glutamate
release. Proc Natl Acad Sci USA 100:4915–4920

Miller L, Cornett T (1978) Marijuana: dose-response effects on pulse rate, subjective esti-
mates of intoxication, free recall and recognition memory. Pharmacol Biochem Behav
9:573–579

Mishima K, Egashira N, Hirosawa N, et al (2001) Characteristics of learning and memory
impairment induced by ∆9-tetrahydrocannabinol in rats. Jpn J Pharmacol 87:297–308

Misner DL, Sullivan JM (1999) Mechanism of cannabinoid effects on long-term potentiation
and depression in hippocampal CA1 neurons. J Neurosci 19:6795–6805

Miyamoto A, Yamamoto T, Watanabe S (1995) Effect of repeated administration of ∆9-
tetrahydrocannabinol on delayed matching-to-sample performance in rats. Neurosci
Lett 201:139–142

Molina-Holgado F, Gonzalez MI, Leret ML (1995) Effect of ∆9-tetrahydocannabinol on
short-term memory in the rat. Physiol Behav 57:177–179

Morris RGM (1984) Developments of a water-maze procedure for studying spatial learning
in that rat. J Neurosci Methods 11:47–60

Nakamura EM, da Silva EA, Concilio GV, et al (1991) Reversible effects of acute and long-
term administration of ∆-9-tetrahydrocannabinol (THC) on memory in the rat. Drug
Alcohol Depend 28:167–175

Nakamura-Palacios EM, Winsauer PJ, Moerschbacher JM (2000) Effects of the cannabinoid
ligand SR141716A alone or in combination with ∆9-tetrahydrocannabinol or scopo-
lamine on learning in squirrel monkeys. Behav Pharmacol 11:377–389

Nava F, Carta G, Battesi AM, et al (2000) D2 dopamine receptors enable ∆9tetrahydro-
cannabinol induced memory impairment and reduction of hippocampal extracellular
acetylcholine concentration. Br J Pharmacol 130:1201–1210



Cannabinoid Function in Learning, Memory and Plasticity 475

Nava F, Carta G, Colombo G, et al (2001) Effects of chronic ∆9tetrahydrocannabinol treat-
ment on hippocampal extracellular acetylcholine concentration and alternation perfor-
mance in the T-maze. Neuropharmacology 41:392–399

Navarro M, Fernandez Ruiz JJ, de Miguel R, et al (1993) Motor disturbances induced
by an acute dose of ∆9-tetrahydrocannabinol: possible involvement of nigrostriatal
dopaminergic alterations. Pharmacol Biochem Behav 45:291–298

Nowicky AV, Teyler TJ, Vardaris RM (1987) The modulation of long-term potentiation by
delta-9-tetrahydrocannabinol in the rat hippocampus, in vitro. Brain Res Bull 19:663–
672

O’Leary DS, Block RI, Koeppel JA, et al (2002) Effects of smoking marijuana on brain
perfusion and cognition. Neuropsychopharmacology 26:802–816

Ohno-Shosaku T, Maejima T, Kano M (2001) Endogenous cannabinoids mediate retro-
grade signals from depolarised postsynaptic neurons to presynaptic terminals. Neuron
29:729–738

Ohno-Shosaku T, Tsubokawa H, Mizushima I, Yoneda N, Zimmer A, Kano M (2002) Presy-
naptic cannabinoid sensitivity is a major determinant of depolarization-induced retro-
grade suppression at hippocampal synapses. J Neurosci 22:3864–3872

Onaivi ES, Green MR, Martin BR (1990) Pharmacological characterisation of cannabinoids
in the elevated plus-maze. J Pharmacol Exp Ther 253:1002–1009

Paton GS, Pertwee RG, Davies SN (1998) Correlation between cannabinoid mediated ef-
fects on paired pulse depression and induction of long term potentiation in the rat
hippocampal slice. Neuropharmacology 37:1123–1130

Patrick G, Straumanis JJ, Struve FA, Fitz-Gerald MJ, Leavitt J, Manno JE (1999) Reduced
P50 auditory gating response in psychiatrically normal chronic marihuana users: a pilot
study. Biol Psychiatry 45:1307–1312

Pearl J, Domino E, Rennick P (1973) Short-term effects of marijuana smoking on cognitive
behavior in experienced male users. Psychopharmacologia 31:13–24

Pertwee RG (1997) Pharmacology of cannabinoid CB1 and CB2 receptors. Pharmacol Ther
74:129–180

Pitler TA, Alger BE (1992) Postsynaptic spike firing reduces synaptic GABA(A) responses
in hippocampal pyramidal cells. J Neurosci 12:4122–4132

Pope HG, Yurgelun-Todd D (1996) The residual cognitive effects of heavy marijuana use in
college students. J Am Med Assoc 275:521–527

Porter AC, Felder CC (2001) The endocannabinoid nervous system: Unique opportunities
for therapeutic intervention. Pharmacol Ther 90:45–60

Presburger G, Robinson JK (1999) Spatial signal detection in rats is differentially disrupted
by ∆-9-tetrahydrocannabinol, scopolamine and MK-801. Behav Brain Res 99:27–34

Reibaud M, Obinu MC, Ledent C, et al (1999) Enhancement of memory in cannabinoid CB1
receptor knock-out mice. Eur J Pharmacol 379:R1–R2

Robbe D, Alonso G, Duchamp F, Bockaert J, Manzoni JM (2001) Localization and mecha-
nisms of action of cannabinoid receptors at the glutamatergic synapses of the mouse
nucleus accumbens. J Neurosci 21:109–116

Robbe D, Kopf M, Remaury A, Bockaert J, Manzoni O (2002) Endogenous cannabinoids
mediate long-term synaptic depression in the nucleus accumbens. Proc Natl Acad Sci
USA 99:8384–8388

Robbe D, Alonso G, Manzoni O (2003) Exogenous and endogenous cannabinoids control
synaptic transmission in mice nucleus accumbens. Ann NY Acad Sci 1003:212–225

Robinson L, Hinder L, Pertwee RG, Riedel G (2003) Effects of ∆9-THC and WIN-55,212-2
on place preference in the water maze in rats. Psychopharmacology (Berl) 166:40–50

Rochford J, Grant I, LaVigne G (1977) Medical students and drugs: Further neuropsycho-
logical and use pattern considerations. Int J Addict 12:1057–1065

Rodriguez de Fonseca F, Del Arco I, Martin-Calderon JL, et al (1998) Role of the endogenous
cannabinoid system in the regulation of motor activity. Neurobiol Dis 5:483–501



476 G. Riedel and S.N. Davies

Satz P, Fletcher JM, Sutker LS (1976) Neuropsychologic, intellectual and personality corre-
lates in chronic marihuana use in native Costa Ricans. Ann NY Acad Sci 282:266–306

Schneider M, Koch M (2002) The cannabinoid agonist WIN 55,212–2 reduces sensorimotor
gating and recognition memory in rats. Behav Pharmacol 13:29–37

Schulze GE, McMillan DE, Bailey JR, et al (1988) Acute effects of delta-9-tetrahydrocannabi-
nol in rhesus monkeys as measured by performance in a battery of complex operant
tests. J Pharmacol Exp Ther 245:178–186

Schwartz RH, Gruenewald PJ, Klitzner M, et al (1989) Short-term memory impairments in
cannabis-dependent adolescents. Am J Dis Child 143:1214–1219

Schweitzer P, Siggins GR, Madamba SG (1999) Cannabinoid modulation of neuronal activity
in adult rat hippocampus. Adv Exp Med Biol 469:547–552

Sjöström PJ, Turrigano GG, Nelson SB (2003) Neocortical LTD via coincident activation of
presynaptic NMDA and cannabinoid receptors. Neuron 39:641–654

Solowij N (1998) Cannabis and cognitive functioning. Cambridge University Press, Cam-
bridge

Soueif MI (1976) Some determinant of psychological deficits associated with chronic
cannabis consumption. Bull Narc 28:25–42

Stadnicki SW, Schaeppi U, Rosenkrantz H, et al (1974) Crude marihuana extract: EEG and
behavioral effects of chronic oral administration in rhesus monkeys. Psychopharma-
cologia 37:225–233

Stella N, Schweitzer P, Piomelli D (1997) A second endogenous cannabinoid that modulates
long-term potentiation. Nature 388:773–778

StiglickA,KalantH(1982)Learning impairment in the radial-armmaze followingprolonged
cannabis treatment in rats. Psychopharmacology (Berl) 77:117–123

Stiglick A, Llewellyn ME, Kalant H (1984) Residual effects of prolonged cannabis treatment
on shuttle-box avoidance in the rat. Psychopharmacology (Berl) 84:476–479

StrohmetzDB,AltermanAI,WalterD(1990)Subject selectionbias inalcoholics volunteering
for a treatment study. Alcohol Clin Exp Res 14:736–738

Struve FA, Straumanis JJ, Patrick G (1994) Persistent topographic quantitative EEG sequelae
of chronic marijuana use: A replication study and initial discriminant function analysis.
Clin Electroencephalogr 25:63–75

Szallasi A, Di Marzo V (2000) New perspectives on enigmatic vanilloid receptors. Trends
Neurosci 23:491–497

Tart CT (1971) On being stoned. Science and Behavior Books,Palo Alto
Teng AH, Craft RM (2004) CB1 receptor mediation of cannabinoid behavioural effects in

male and female rats. Psychopharmacology (Berl) 172:25–30
Terranova J-P, Michaud J-C, Le Fur G, Soubrie P (1995) Inhibition of long-term potentia-

tion in rat hippocampal slices by anandamide and WIN55,212-2: reversal by SR141716A,
a selective antagonist of CB1 cannabinoid receptors. Naunyn Schmiedebergs Arch Phar-
macol 352:576–579

Terranova J-P, Storme J-J, Lafon N, et al (1996) Improvement of memory in rodents by the
selective CB1 cannabinoid receptor antagonist, SR141716. Psychopharmacology (Berl)
126:165–172

Varma N, Carlson GC, Ledent C, Alger BE (2001) Metabotropic glutamate receptors drive
the endocannabinoid system in hippocampus. J Neurosci 21:RC188

Varvel SA, Lichtman AH (2002) Evaluation of CB1 receptor knockout mice in the Morris
water maze. J Pharmacol Exp Ther 301:915–924

Varvel SA, Hamm RJ, Martin BR, et al (2001) Differential effects of ∆9THC on spatial
reference and working memory in mice. Psychopharmacology (Berl) 157:142–150

Westlake GA, Howlett AC, Bonner TI, Matsuda LA, Herkenham M (1994) Cannabinoid
receptor binding and messenger RNA expression in human brain: an in vitro recep-
tor autoradiography and in situ hybridization histochemistry study of normal and
Alzheimer’s brains. Neuroscience 63:637–652



Cannabinoid Function in Learning, Memory and Plasticity 477

Wig NN, Verma SK (1977) Patterns of long-term heavy cannabis use in north India and its
effects on cognitive functions: A preliminary report. Drug Alcohol Depend 2:211–219

Wilson RI, Nicoll RA (2001) Endogenous cannabinoids mediate retrograde signalling at
hippocampal synapses. Nature 410:588–592

Wilson RI, Nicoll RA (2002) Endocannabinoid signalling in the brain. Science 296:678–682
Wilson WH, Mathew RJ (2002) Effects of marijuana on brain: Function and structure. In:

Onaivi ES (ed) Biology of marijuana: from gene to behavior. Taylor and Francis, London,
pp 234–281

Winsauer PJ, Lambert P, Moerschbacher JM (1999) Cannabinoid ligands and their effects
on learning and performance in rhesus monkeys. Behav Pharmacol 10:497–511



HEP (2005) 168:479–507
c© Springer-Verlag 2005

Cannabinoid Control of Motor Function at the Basal Ganglia

J. Fernández-Ruiz (�) · S. González

Departamento de Bioquímica y Biología Molecular III, Facultad de Medicina,
Universidad Complutense, Ciudad Universitaria s/n, 28040 Madrid, Spain
jjfr@med.ucm.es

1 Function of the Endocannabinoid Signaling System in Motor Regions . . . . 480
1.1 Motor Effects of Cannabinoid-Based Compounds . . . . . . . . . . . . . . . . 481
1.1.1 Effects of Plant-Derived, Synthetic, or Endogenous Cannabinoid Agonists . . 481
1.1.2 Effects of Inhibitors of Endocannabinoid Inactivation . . . . . . . . . . . . . 483
1.1.3 Effects of Cannabinoid Receptor Antagonists . . . . . . . . . . . . . . . . . . 483
1.2 Control of Different Neurotransmitters by Cannabinoids in Motor Regions . . 484
1.2.1 γ-Aminobutyric Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485
1.2.2 Glutamate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486
1.2.3 Dopamine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486
1.3 Presence of Elements of the Endocannabinoid System in Motor Regions . . . 487
1.3.1 Cannabinoid and Vanilloid Receptors . . . . . . . . . . . . . . . . . . . . . . 487
1.3.2 Endocannabinoid Ligands . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489
1.3.3 Endocannabinoid Inactivation . . . . . . . . . . . . . . . . . . . . . . . . . . 489

2 Potential Therapeutic Applications of Cannabinoids in Motor Disorders . . . 490
2.1 General Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 490
2.2 Huntington’s Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491
2.2.1 Changes in Endocannabinoid Transmission . . . . . . . . . . . . . . . . . . . 491
2.2.2 Therapeutic Usefulness of Cannabinoids . . . . . . . . . . . . . . . . . . . . . 492
2.3 Parkinson’s Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 495
2.3.1 Changes in the Endocannabinoid Transmission . . . . . . . . . . . . . . . . . 496
2.3.2 Therapeutic Usefulness of Cannabinoids . . . . . . . . . . . . . . . . . . . . . 497
2.4 Other Motor Disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 498

3 Concluding Remarks and Future Perspectives . . . . . . . . . . . . . . . . . . 499

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500

Abstract Classic and novel data strengthen the idea of a prominent role for the
endocannabinoid signaling system in the control of movement. This finding is sup-
ported by three-fold evidence: (1) the abundance of the cannabinoid CB1 receptor
subtype, but also of CB2 and vanilloid VR1 receptors, as well as of endocannabi-
noids in the basal ganglia and the cerebellum, the areas that control movement;
(2) the demonstration of a powerful action, mostly of an inhibitory nature, of
plant-derived, synthetic, and endogenous cannabinoids on motor activity, exerted
by modulating the activity of various classic neurotransmitters; and (3) the occur-
rence of marked changes in endocannabinoid transmission in the basal ganglia
of humans affected by several motor disorders, an event corroborated in animal
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models of these neurological diseases. This three-fold evidence has provided sup-
port to the idea that cannabinoid-based compounds, which act at key steps of the
endocannabinoid transmission [receptors, transporter, fatty acid amide hydrolase
(FAAH)], might be of interest because of their potential ability to alleviate motor
symptoms and/or provide neuroprotection in a variety of neurological pathologies
directly affecting basal ganglia structures, such as Parkinson’s disease and Hun-
tington’s chorea, or indirectly, such as multiple sclerosis and Alzheimer’s disease.
The present chapter will review the knowledge on this issue, trying to establish
future lines for research into the therapeutic potential of the endocannabinoid
system in motor disorders.

Keywords Cannabinoids · Cannabinoid receptors · Movement · Basal ganglia ·
Motor disorders

1
Function of the Endocannabinoid Signaling System in Motor Regions

The finding that the endocannabinoid system might be involved in the regulation
of motor behavior is based on three series of different but complementary studies.
A first group of studies, mainly dealing with pharmacological aspects, addressed
the motor effects of plant-derived, synthetic, and endogenous cannabinoids in
humans and laboratory animals (for reviews see Consroe 1998; Romero et al. 2002).
In general, these studies demonstrated that cannabinoid agonists have powerful
actions, mostly inhibitory effects, on motor activity (Crawley et al. 1993; Fride
and Mechoulam 1993; Wickens and Pertwee 1993; Smith et al. 1994; Romero et al.
1995aand1995b; for reviews seeSañudo-Peñaet al. 1999;Romeroet al. 2002).These
studies also demonstrated that there exist differences in magnitude and duration
for motor effects of the different cannabinoids, but these are mostly attributable
to their differences in receptor affinity, potency, and/or metabolic stability. These
motoreffects are likely theconsequenceof thecapabilityof cannabinoids to interact
with specific neurotransmitters in the basal ganglia structures (for reviews see
Sañudo-Peña et al. 1999; Romero et al. 2002; Fernández-Ruiz et al. 2002).

A second set of studies addressed the location and quantification of diverse el-
ements of the endocannabinoid system in motor regions. They demonstrated that
endocannabinoids and their receptors, in comparison with other brain structures,
are abundant in the basal ganglia and also in the cerebellum, two brain structures
directly involved in the control of movement (Herkenham et al. 1991a,b; Mailleux
and Vanderhaeghen 1992a; Tsou et al. 1998a,b; Bisogno et al. 1999). Finally, in
a third group of studies, possibly the most recent ones, the objective was to exam-
ine whether CB1 receptors or other key proteins of the endocannabinoid system
are altered in the basal ganglia of humans affected by several neurological diseases
directly or indirectly related to motor function (Glass et al. 1993, 2000; Richfield
and Herkenham 1994; Lastres-Becker et al. 2001a; for reviews see Consroe 1998;
Fernández-Ruiz et al. 2002). These observations have been corroborated in dif-
ferent animal models of these motor disorders (Zeng et al. 1999; Romero et al.
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2000; Page et al. 2000; Lastres-Becker et al. 2001a, 2002a,b). The present chap-
ter will consider all of this previous pharmacological, biochemical, anatomical,
and pathological evidence, and also the extent to which existing data support
the hypothesis that modulators of the endocannabinoid system have therapeutic
potential for the treatment of motor disorders.

1.1
Motor Effects of Cannabinoid-Based Compounds

Among a variety of effects, the consumption of cannabis by humans affects psy-
chomotor activity, reflected by a global impairment of performance (especially in
complex and demanding tasks) and resulting in an increased motor activity fol-
lowed by inertia and incoordination, ataxia, tremulousness, and weakness (for re-
views see Dewey 1986; Consroe 1998). Similar results were obtained in experiments
with laboratory animals where the administration of plant-derived, synthetic, or
endogenous cannabinoids, in particular (–)-∆9-tetrahydrocannabinol (∆9-THC),
the prototypical tricyclic cannabinoid derived from Cannabis sativa, produced
dose-dependent impairments in a variety of motor tests (open-field, ring test, ac-
timeter, rotarod), thus stressing the relevance of endocannabinoid transmission
in the control of motor function by the basal ganglia (for reviews see Di Marzo et
al. 1998; Sañudo-Peña et al. 1999; Romero et al. 2002; Fernández-Ruiz et al. 2002).

1.1.1
Effects of Plant-Derived, Synthetic, or Endogenous Cannabinoid Agonists

Among the most notable effects, the administration of ∆9-THC produced a reduc-
tionof spontaneousactivity and inductionof catalepsy inmice (Pertweeet al. 1988),
whereas in rats it reduced ambulation, and spontaneous or induced stereotypic be-
haviors (Navarro et al. 1993; Romero et al. 1995a), increased inactivity (Rodríguez
de Fonseca et al. 1994; Romero et al. 1995a), potentiated reserpine-induced hypoki-
nesia (Moss et al. 1981) while reducing amphetamine-induced hyperlocomotion
(Gorriti et al. 1999), increased circling behavior (Jarbe et al. 1998), and disrupted
fine motor control (McLaughlin et al. 2000). Many other effects have been also
documented (see Table 1 for a summary). Other plant-derived cannabinoids also
produced motor inhibition (Hiltunen et al. 1988), although their effects were weak
compared with those caused by ∆9-THC in concordance with their lower affinity
for the cannabinoid CB1 receptor. By contrast, synthetic cannabinoids produced
powerful inhibitory effects in a variety of motor tests and animal models (for re-
views, see Consroe 1998; Sañudo-Peña et al. 1999; Romero et al. 2002; Table 1 for
a summary).

The inhibitory effects reported for plant-derived or synthetic cannabinoids
were, in general, mimicked by endocannabinoids, mainly anandamide (see Table 1
for a summary). Thus, Fride and Mechoulam (1993) reported a decrease in rearing
behavior and immobility in mice, results that were reproduced by Crawley et al.
(1993) and Smith et al. (1994). In addition, Wickens and Pertwee (1993) found that
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Table 1. Motor effects of cannabinoid-related compounds in laboratory animals

Compound(s) Motor effects

Plant-derived cannabinoids ∆9-THC Reduction of spontaneous and stereotypic activity in rats (Navarro et al. 1993; Romero et al. 1995a,b;
Jarbe et al. 1998)
Reduction of spontaneous motor activity and induction of catalepsy (basal and muscimol-induced) in
mice (Pertwee et al. 1988; Wickens and Pertwee 1993)
Increase in reserpine-induced hypokinesia in rats (Moss et al. 1981)
Increase in inactivity in rats (Rodríguez de Fonseca et al. 1994; Romero et al. 1995a,b: Jarbe et al. 1998)
Reduction of amphetamine-induced hyperlocomotion in rats (Gorriti et al. 1999)
Disruption of fine motor control in rats (McLaughlin et al. 2000)
Increase in motor activity at low doses (Sañudo-Peña et al. 2000)

CBD and CBN Motor inhibition, but of lesser magnitude than ∆9-THC (Hiltunen et al. 1988)

Synthetic cannabinoids CP 55,940, HU210, WIN 55,212-2 Powerful effects causing motor inhibition in rats (reviewed by Romero et al. 2002)
Turning behavior at low doses in mice (Souilhac et al. 1995)

Endocannabinoids Anandamide Immobility and decreased rearing behavior in rodents (Fride and Mechoulam 1993; Crawley et al. 1993;
Smith et al. 1994)
Reduction of ambulation and stereotypy, and increase of inactivity in rats (as with ∆9-THC, but its
effects were of shorter duration) (Romero et al. 1995a and 1995b)
Potentiation of muscimol-induced catalepsy (Wickens and Pertwee 1993)
Turning behavior at low doses in mice (Souilhac et al. 1995)

Endocannabinoid analogs R-methanandamide (AM356) Decreased ambulation and stereotypy and increased inactivity in rats (effects of longer duration than
anandamide, similar to ∆9-THC) (Romero et al. 1996; Jarbe et al. 1998)

Transporter inhibitors AM404, VDM11, OMDM2, UCM707 Decreased ambulation and increased inactivity in rats (González et al. 1999; Beltramo et al. 2000)
Potentiated anandamide-induced motor inhibition (de Lago et al. 2002 and 2004a)

Receptor antagonists SR141716A (CB1) Antagonized motor effects of cannabinoid agonists (Souilhac et al. 1995; Di Marzo et al. 2001)
Induction of stereotypies and hyperlocomotion (Compton et al. 1996)

Capsazepine (VR1) Antagonized motor effects of anandamide (de Lago et al. 2004b)
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muscimol-induced catalepsy in rats was potentiated by anandamide and by ∆9-
THC. In our laboratory, we found that anandamide inhibited motor and stereotypic
behaviors inadose-relatedmannerasdid∆9-THC(Romeroet al. 1995a),but,unlike
the time-course for the response exhibited by this plant-derived cannabinoid,
the time-course of the response to anandamide showed a biphasic pattern that
probably reflected its conversion to active metabolite(s) (Romero et al. 1995b).
R-(+)-methanandamide, a more stable analog of anandamide, produced a dose-
dependent motor inhibition in the open-field test with almost the same potency as
∆9-THC and with a duration of action longer than that of anandamide and almost
comparable to that of ∆9-THC (Romero et al. 1996a; Jarbe et al. 1998). In contrast
with the above studies that used a range of doses producing exclusively hypokinetic
effects, there are also a few studies showing that lower doses of anandamide, ∆9-
THC, or other cannabinoids increase motor behavior in mice (Souilhac et al. 1995)
or rats (Sañudo-Peña et al. 2000).

1.1.2
Effects of Inhibitors of Endocannabinoid Inactivation

The above evidence was obtained with compounds that act directly at the CB1

receptor, the cannabinoid receptor subtype involved in the psychoactive effects
of cannabis derivatives. Similar results were observed with inhibitors of endo-
cannabinoid inactivation, so-called indirect agonists, which act by prolonging the
action of endocannabinoids at their receptors. These reuptake inhibitors were
AM404 (González et al. 1999; Beltramo et al. 2000), VDM11 (de Lago et al. 2004a),
UCM707 (de Lago et al. 2002), and OMDM2 (de Lago et al. 2004a) (see Table 1 for
details). The most interesting aspect of the motor effects of these compounds was
their ability to potentiate the hypokinetic effects of subeffective doses of anan-
damide, an effect that was particularly notable in experiments with UCM707 (de
Lago et al. 2002). The use of these compounds in the clinic might represent an
interesting option for those diseases, such as Huntington’s disease (HD) or other
hyperkinetic disorders, where a hypofunction of endocannabinoid transmission
has been documented (see Fernández-Ruiz et al. 2002 for a review).

1.1.3
Effects of Cannabinoid Receptor Antagonists

The motor effects of cannabinoid agonists are usually prevented by SR141716,
a selective CB1 receptor antagonist (Souilhac et al. 1995; Di Marzo et al. 2001; for
a review see Consroe 1998), thus suggesting that they are CB1 receptor-mediated
(see Table 1). However, the administration of SR141716 by itself can cause hyper-
locomotion (Compton et al. 1996). All these data are compatible with the idea that
the pharmacological blockade of CB1 receptors might be of value for the treat-
ment of hypokinetic signs of the sort that occur in Parkinson’s disease (PD) and
related disorders (see Fernández-Ruiz et al. 2002 for a review), an issue that will
be discussed in detail below.
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Fig. 1. Distribution of CB1 and VR1 receptors in the basal ganglia circuitry in rats. CPU, caudate-putamen; GP,
globus pallidus; STN, subthalamic nucleus; SNpr, substantia nigra pars reticulata; SNpc, substantia nigra pars
compacta

In addition, recent evidence has demonstrated that vanilloid VR1 receptors
might also be involved in the motor effects of certain cannabinoids that include
those with an eicosanoid structure but exclude classical cannabinoids (de Lago
et al. 2004b). Thus, motor inhibition produced by anandamide has been found
to be reversed by capsazepine but not by SR141716 (de Lago et al. 2004b; see
Table 1), which agrees with previous observations that: (1) the activation of VR1
receptors with their classic agonist, capsaicin, also produced hypokinesia (Di
Marzo et al. 2001), and (2) the antihyperkinetic activity of AM404 in rat models
of HD depends on its ability to directly activate VR1 receptors rather than to
block the endocannabinoid transporter (Lastres-Becker et al. 2002a, 2003a). These
pharmacological data suggest that the VR1 receptor may be another target through
which anandamide and its analogs are able to affect motor function and provide
therapeutic benefits in motor disorders. The recent detection of VR1 receptors in
the basal ganglia (Mezey et al. 2000) supports this hypothesis.

1.2
Control of Different Neurotransmitters by Cannabinoids in Motor Regions

As indicated above, the administration of different cannabinoids impairs move-
ment in rodents and humans. It is expected that this effect depends on the direct
or indirect action of cannabinoids on the levels of several neurotransmitters that
have been classically involved in the control of basal ganglia function. Three neu-
rotransmitters seem to be influenced by cannabinoids in this circuitry, dopamine,
γ-aminobutyric acid (GABA), and glutamate. In the case of the last two neurotrans-
mitters, a direct action is possible since GABAergic and glutamatergic neurons in
the basal ganglia contain CB1 receptors located presynaptically (see Fig. 1). This
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enables endocannabinoids to directly influence presynaptic events, such as synthe-
sis, release, or reuptake (see Fernández-Ruiz et al. 2002 for a review). In contrast,
dopaminergic neurons do not contain CB1 receptors (Herkenham et al. 1991b).
However, these receptors are abundantly expressed in the caudate-putamen, which
is innervated by dopamine-releasing neurons (Herkenham et al. 1991a; Mailleux
and Vanderhaeghen 1992a; Tsou et al. 1998a), thus allowing an indirect interaction.
In addition, recent data showing that VR1 receptors present in the basal ganglia are
likely located in nigrostriatal dopaminergic neurons (Mezey et al. 2000) open up
the possibility that some cannabinoids may have a direct effect on dopaminergic
transmission (de Lago et al. 2004b).

1.2.1
γ-Aminobutyric Acid

The involvement of GABAergic transmission in motor effects of cannabinoids has
been documented in several studies (for a review see Fernández-Ruiz et al. 2002).
We reported that the blockade of GABAB, but not GABAA, receptors attenuated
most of the signs of motor inhibition caused by the administration of cannabinoid
agonists in rats (Romero et al. 1996b). This is consistent with results obtained by
Miller and Walker (1995, 1996) in a series of electrophysiological studies. These
indicated that cannabinoids can modulate GABA release in vivo in the globus pal-
lidus and substantia nigra. However, the effects were very modest. More recently,
neurochemical studies demonstrated that the administration of cannabinoids did
not affect GABA synthesis or release in the basal ganglia of naïve animals (Maneuf
et al. 1996; Romero et al. 1998a; Lastres-Becker et al. 2002a), although cannabi-
noids were effective in increasing both processes in animals with lesions of striatal
GABAergic neurons of the sort that occur in HD (Lastres-Becker et al. 2002a).
In addition, the stimulation of CB1 receptors located on axonal terminals of stri-
atal GABAergic neurons resulted in an inhibition of GABA reuptake in globus
pallidus slices (Maneuf et al. 1996) or substantia nigra synaptosomes (Romero
et al. 1998a), and hence in the potentiation of GABAergic transmission. These
observations are concordant with the finding by Gueudet et al. (1995) that the
blockade of CB1 receptors in striatal projection neurons with SR141716 reduced
inhibitory GABAergic tone, thereby allowing the firing of nigrostriatal dopamin-
ergic neurons. The authors concluded that endocannabinoid transmission might
increase the action of striatal GABAergic neurons in the substantia nigra, produc-
ing a decrease of the stimulation of nigral dopaminergic neurons (Gueudet et al.
1995). However, other studies have reported opposite effects. Thus, Tersigni and
Rosenberg (1996) reported an increase by cannabinoids in the activity of nigral
neurons without any alteration of GABAergic activity. Other authors have observed
inhibition rather than stimulation of GABAergic neurons by cannabinoid agonists
via a presynaptic action in the substantia nigra (Chan et al. 1998) or the striatum
(Szabo et al. 1998). Therefore, further studies will be required to elucidate the
complex interaction of cannabinoids with GABAergic transmission in the basal
ganglia.
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1.2.2
Glutamate

Cannabinoids may also exert a direct action on glutamate-releasing neurons in
the basal ganglia due to the location of CB1 receptors in subthalamonigral gluta-
matergic neurons (Mailleux and Vanderhaeghen 1992a; see Fig. 1). This has been
demonstrated in a series of electrophysiological studies showing a modification
by cannabinoid agonists of the activity of pallidal and nigral neurons, which was
exerted by inhibiting glutamate release from subthalamonigral terminals (Sañudo-
Peña and Walker 1997; Szabo et al. 2000). The involvement of CB1 receptors in these
effects seems very likely, since they were reversed by SR141716 (Sañudo-Peña et
al. 1999; Szabo et al. 2000). In behavioral studies, reductions in motor activity
have been observed that probably resulted from a glutamate-lowering effect of
cannabinoids (Miller et al. 1998). In addition, a recent electrophysiological study
by Gerdeman and Lovinger (2001) demonstrated that cannabinoids were also able
to inhibit glutamate release from afferent terminals in the striatum, this effect
being also blocked by SR141716. This points to the possibility that CB1 receptors
are also located in cortical afferents projecting to the caudate-putamen which are
glutamatergic. In contrast, Herkenham et al. (1991b) found that excitotoxic lesions
of the striatum led to an almost complete disappearance of CB1 receptors. There-
fore, it remains to be demonstrated whether the inhibitory effect of cannabinoids
on striatal glutamate release is caused by the activation of CB1 receptors located
presynaptically on afferent terminals in the striatum, or whether it is an indirect
effect mediated by CB1 receptors that are located elsewhere.

1.2.3
Dopamine

Dopamine transmission is also affected by cannabinoids in the basal ganglia
circuitry, as revealed by the findings that cannabinoids potentiated reserpine-
induced hypokinesia (Moss et al. 1981), while reducing amphetamine-induced
hyperactivity (Gorriti et al. 1999). Despite the lack of selectivity of reserpine and
amphetamine, it appears likely that both acted in the basal ganglia circuitry to
modulate dopaminergic transmission. There is also evidence from several neuro-
chemical studies that cannabinoids reduce the activity of nigrostriatal dopamin-
ergic neurons (Romero et al. 1995a,b; Cadogan et al. 1997; see Romero et al. 2002;
van der Stelt and Di Marzo 2003 for recent reviews), an effect that is consistent
with the ability of cannabinoid receptor agonists to produce hypokinesia. However,
in other studies cannabinoids have been found to increase rather than decrease
dopaminergic transmission (Sakurai-Yamashita et al. 1989; see also Romero et al.
2002; van der Stelt and Di Marzo 2003 for recent reviews).

We have reported that anandamide and AM404 reduced the activity of tyro-
sine hydroxylase in the caudate-putamen and the substantia nigra (Romero et al.
1995a,b; González et al. 1999). However, these effects were small and transient pos-
sibly because CB1 receptors are not located on nigrostriatal dopaminergic neurons
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(Herkenham et al. 1991b). In concordance with this idea, cannabinoid agonists
and antagonists failed to inhibit electrically evoked dopamine release in the stria-
tum (Szabo et al. 1999), although the matter has still to be clarified, since other
studies have shown opposite effects of cannabinoids on striatal dopamine release
in vitro (increases rather than decreases) (see van der Stelt and Di Marzo 2003 for
details). The absence of CB1 receptors from nigrostriatal dopaminergic neurons
would support the hypothesis that the changes in the activity of these neurons pro-
duced by classical cannabinoids in vivo were caused indirectly through an effect on
GABAergic transmission (Maneuf et al. 1996; Romero et al. 1998a). However, two
additional mechanisms are also possible. First, CB1 receptors might interact with
D1 or D2 dopaminergic receptors at the level of G protein/adenylyl cyclase signal
transduction mechanisms (Giuffrida et al. 1999; Meschler and Howlett 2001), since
they colocalize in striatal projection neurons (Herkenham et al. 1991b). Second,
certain cannabinoid agonists, such as anandamide and some analogs, but not clas-
sical cannabinoids, would be able to directly influence dopaminergic transmission
through the activation of vanilloid VR1 receptors, which have been detected in ni-
grostriatal dopaminergic neurons (Mezey et al. 2000; see Fig. 1). In support of this,
we have recently reported that the hypokinetic action and the dopamine-lowering
effect of anandamide were both reversed by capsazepine, an antagonist of VR1
receptors, and, more importantly, we have found a direct effect of anandamide
on dopamine release in vitro, an effect that was also reversed by capsazepine (de
Lago et al. 2004b). Classical cannabinoids, such as ∆9-THC, that do not bind to
vanilloid-like receptors were not able to produce this effect (de Lago et al. 2004b).
This is in concordance with the observation that anandamide reduced dopamine
release from striatal slices (Cadogan et al. 1997), although these authors also found
a dopamine-lowering effect after application of the classical cannabinoid CP 55,940
(Cadogan et al. 1997).

1.3
Presence of Elements of the Endocannabinoid System in Motor Regions

Several studies have addressed the identification and quantification of diverse
elements of the endocannabinoid signaling system in the basal ganglia, as a way to
establish the importance of the role played by this system in the control of motor
function (for a review see Romero et al. 2002). Most of the studies focused on
cannabinoid receptors, mainly the CB1 subtype and more recently the functionally
related receptor subtype, VR1, but some studies have dealt with other key proteins
of the endocannabinoid system (for review see Romero et al. 2002).

1.3.1
Cannabinoid and Vanilloid Receptors

Autoradiographic studies have demonstrated conclusively that the basal ganglia
are among the brain structures containing the highest levels of both binding sites
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and mRNA expression for the CB1 receptor (for a review see Romero et al. 2002).
In particular, the three nuclei that receive striatal efferent outputs (globus pal-
lidus, entopeduncular nucleus, and substantia nigra pars reticulata), contain high
levels of cannabinoid receptor binding sites (Herkenham et al. 1991a), whereas
CB1 receptor-mRNA transcripts are present in the caudate-putamen, which lacks
striatal outflow nuclei (Mailleux and Vanderhaeghen 1992a). This observation is
compatible with the idea that CB1 receptors are presynaptically located in striatal
projection neurons (see Fig. 1), a notion that has been supported by a series of
anatomical studies in which specific neuronal subpopulations in the basal ganglia
were lesioned (Herkenham et al. 1991b), and, more recently, by analysis of the
cellular distribution of this receptor subtype in the basal ganglia using immuno-
histochemical techniques (Tsou et al. 1998a). CB1 receptors are located in both
striatonigral (the so-called “direct” striatal efferent pathway) and striatopallidal
(the so-called “indirect” striatal efferent pathway) projection neurons, which use
GABA as a neurotransmitter. In both pathways, CB1 receptors are co-expressed
with other markers, such as glutamic acid decarboxylase, prodynorphin, sub-
stance P, or proenkephalin, as well as D1 or D2 dopaminergic receptors (Hohmann
and Herkenham 2000). In contrast, intrinsic striatal neurons, that contain somato-
statin or acetylcholine, do not contain CB1 receptors (Hohmann and Herkenham
2000). Another subpopulation of CB1 receptors in the basal ganglia is located on
subthalamopallidal and/or subthalamonigral glutamatergic terminals (see Fig. 1),
as revealed by the presence of measurable levels of mRNA for this receptor in the
subthalamic nucleus, together with the absence of detectable levels of cannabinoid
receptor binding in that structure (Mailleux and Vanderhaeghen 1992a). Finally,
CB1 receptors are also located in GABAergic and glutamatergic neurons in the
cerebellum, another brain structure involved in motor function (Herkenham et al.
1991a). These neurons are most likely associated with the effects of cannabinoids
on posture and balance (Consroe 1998), although the neurochemical basis for these
effects has been poorly explored (see Iversen 2003 for review).

These anatomical data reinforce the notion that CB1 receptors play an important
role in the mediation of motor effects of cannabinoid agonists, an idea that is
supported by results obtained when studying motor function in mice deficient
in CB1 receptor gene expression (Ledent et al. 1999; Zimmer et al. 1999). These
knockout mice exhibited significant motor disturbances, although the two models
developed so far have yielded conflicting results, since a trend to hyperlocomotion
was observed in one of these two models (Ledent et al. 1999) and hypoactivity was
evident in the other (Zimmer et al. 1999).

CB2 receptors are not present in motor regions in basal conditions, except in
the cerebellum where Nuñez et al. (2004) recently demonstrated immunoreactivity
for this receptor subtype in perivascular microglial cells of healthy human brains,
but not in rat brain. This is concordant with previous data published by Skaper et
al. (1996) working with mouse cerebellar cultures, and suggests that this receptor
subtype might play a role in various cerebellar processes in normal conditions,
although it most likely takes on a more important role when a neurodegenerative
event takes place. Thus, recent studies have demonstrated that CB2 receptors are
significantly induced in different brain structures, including the basal ganglia, in
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response to different types of insults, including injury or inflammation (Benito et
al. 2003; Aroyo et al. 2005). In these conditions, they are possibly located in glial
cells (activated astrocytes, reactive microglia) rather than in neurons, playing a role
in events related to the protective and/or cytotoxic influences that the different glial
cells exert on neuronal survival (see Chen and Swanson 2003 for a review).

Finally, we must also mention the importance of the recent report of vanilloid
VR1 receptors in the basal ganglia (Mezey et al. 2000). These receptors are molecu-
lar integrators of nociceptive stimuli, abundant on sensory neurons, but they have
also been located in the basal ganglia circuitry colocalized with tyrosine hydrox-
ylase, which means that they are located in nigrostriatal dopaminergic neurons
(Mezey et al. 2000; see Fig. 1). As mentioned above, recent pharmacological and
neurochemical studies have established the involvement of these receptors in the
control of motor function (Di Marzo et al. 2001) and in the production of motor
effects by certain cannabinoid receptor agonists (de Lago et al. 2004b).

1.3.2
Endocannabinoid Ligands

Endogenous cannabinoid receptor ligands, anandamide and 2-arachidonoyl-
glycerol, are also present in the basal ganglia (Bisogno et al. 1999; Di Marzo et
al. 2000a) in concentrations that are in general higher than those measured in the
whole brain.

Two key regions involved in the control of movement, the globus pallidus and
the substantia nigra, contain not only the highest densities of CB1 receptors in the
brain (Herkenham et al. 1991a) but also the highest levels of endocannabinoids,
particularly of anandamide (Di Marzo et al. 2000a). The phenotype of the nerve
cells that produce endocannabinoids in the basal ganglia is presently unknown, al-
though the precursor of anandamide, N-arachidonoylphosphatidylethanolamine,
has been found in the basal ganglia (Di Marzo et al. 2000b), which supports the
existence of in situ synthesis for this endocannabinoid. The synthesis of anan-
damide seems sensitive to dopamine. Thus, Giuffrida et al. (1999) reported that, in
the striatum, it is regulated by dopaminergic D2 receptors, which was interpreted
by these authors as an indication that the endocannabinoid system serves as an
inhibitory feedback mechanism that counteracts dopamine-induced facilitation of
psychomotor activity (Giuffrida et al. 1999).

1.3.3
Endocannabinoid Inactivation

Despite the fact that the endocannabinoid transporter has not yet been isolated
or cloned, a situation that has led to some controversy about its existence (Glaser
et al. 2003), there are several anandamide analogs that behave in vitro as endo-
cannabinoid transport inhibitors (Giuffrida et al. 2001) and that, in vivo, produce
significant effects on motor function (for review see Fernández-Ruiz et al. 2002).
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These include compounds such as AM404 (González et al. 1999; Beltramo et al.
2000), VDM11 (de Lago et al. 2004a), and UCM707 (de Lago et al. 2002). Based
on this pharmacological evidence, it is to be expected that the transporter for en-
docannabinoids is abundantly concentrated in the basal ganglia and other motor
regions.

Fatty acid amide hydrolase (FAAH), the enzyme involved in the degradation
of anandamide, is also present in high levels in all regions of the basal ganglia,
in particular in the globus pallidus and the substantia nigra (Desarnaud et al.
1995; Tsou et al. 1998b). As to monoacylglycerol-lipase, the enzyme involved in
the degradation of the other important endocannabinoid, 2-arachidonoylglycerol,
this has also been detected in the basal ganglia and, to a greater extent, in the
cerebellum (see Dinh et al. 2002 for a review). However, these enzymes accept as
substrates various N-acylethanolamines or mono-acylglycerols, respectively, and
so lack the specificity that would allow them to be used as selective markers of
endocannabinoid transmission.

2
Potential Therapeutic Applications of Cannabinoids in Motor Disorders

From what has been stated above, it can be hypothesized that compounds affecting
endocannabinoid transmission might be useful for reducing motor deterioration
in both hyper- and hypokinetic disorders (for reviews see Consroe 1998; Müller-
Vahl et al. 1999c; Fernández-Ruiz et al. 2002). To date, much research has been
directed at the search for compounds able to alleviate motor symptoms in these
disorders (see Fernández-Ruiz et al. 2002; van der Stelt and Di Marzo 2003), but
evidence has also been obtained that cannabinoid-related compounds might be
neuroprotectant substances (Grundy 2002; Romero et al. 2002). In this chapter,
we review the evidence supporting the first of these potential clinical applications,
because the potential of cannabinoids to influence cell viability is addressed in
another chapter of this book (see contribution by Guzmán).

2.1
General Aspects

Senescence is a physiological process, characterized, in part, by a slow but pro-
gressive impairment of motor function, but with no evident signs of a disease
state (Schut 1998). This correlates with a decrease in the activity of most of the
neurotransmitters acting in the basal ganglia, particularly dopamine and GABA
(for a review see Francis et al. 1993). Endocannabinoid transmission is also influ-
enced by normal senescence, since the population of CB1 receptors was reduced
in the basal ganglia of aged rats with no signs of neurological disease (Mailleux
and Vanderhaeghen 1992b; Romero et al. 1998b). However, the changes observed
in CB1 receptors in the postmortem basal ganglia of humans affected by several
neurodegenerative motor diseases, as well as in animal models of these disorders,
are much more dramatic (for reviews see Fernández-Ruiz et al. 2002; Lastres-
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Becker et al. 2003b). Among these disorders, PD and HD are the two diseases
directly related to the control of movement that have attracted most interest in
terms of a potential application of cannabinoids for both alleviation of symptoms
and delay/arrest of neurodegeneration (for a review see Fernández-Ruiz et al.
2002). Another interesting motor disorder in which cannabinoids might be effec-
tive is Gilles de la Tourette’s syndrome (Müller-Vahl 2003 for a review). Finally,
together with these classic motor disorders, other diseases not directly related to
the control of movement in origin but exhibiting strong motor symptoms, such as
Alzheimer’s disease (Pazos et al. 2004 for a review) or multiple sclerosis (Baker and
Pryce 2003 for a review), have also been examined as potential therapeutic targets
for cannabinoid-based compounds.

2.2
Huntington’s Disease

HD is an inherited neurodegenerative disorder caused by an unstable expansion
of a CAG repeat in exon 1 of the human huntingtin gene. Translation through the
CAG span results in a polyglutamine tract near the N-terminus of this protein,
which leads to toxicity predominantly of striatal projection neurons (for a recent
review see Cattaneo et al. 2001). The symptoms of this disease are primarily
characterized by motor disturbances, such as chorea and dystonia, a consequence
of the progressive degeneration of the striatum due to the selective death of striatal
projection neurons (Berardelli et al. 1999). Secondarily, patients are also affected
by cognitive decline (Reddy et al. 1999).

2.2.1
Changes in Endocannabinoid Transmission

Studies in postmortem human tissue have clearly demonstrated that, in HD, there
is an almost complete disappearance of CB1 receptors in the substantia nigra,
in the lateral part of the globus pallidus and, to a lesser extent, in the putamen
(Glass et al. 1993, 2000; Richfield and Herkenham 1994). This loss of CB1 re-
ceptors is concordant with the characteristic neuronal loss observed in HD that
predominantly affects medium-spiny GABAergic neurons, which contain the ma-
jor population of CB1 receptors present in basal ganglia structures (Herkenham et
al. 1991b; Hohmann and Herkenham 2000). It is also consistent with the finding
that other phenotypic markers for these neurons, such as substance P, enkephalin,
calcineurin, calbindin, and receptors for neurotransmitters, such as adenosine or
dopamine, are also depleted in HD (Hersch and Ferrante 1997). However, recent
experiments have revealed that the reduction of CB1 receptors occurs in advance of
other receptor losses and even before the appearance of major HD symptomatol-
ogy, when the incidence of cell death is still low (Glass et al. 2000). This suggests that
losses of CB1 receptors might be involved in the pathogenesis and/or progression
of neurodegeneration in HD.



492 J. Fernández-Ruiz and S. González

Studies with animal models of HD have validated the data obtained with post-
mortem human tissues (see Lastres-Becker et al. 2003b for a review), and also
indicate that these models may predominantly reflect partial aspects or specific
phases of striatal degeneration. For instance, decreases of CB1 receptors in the basal
ganglia have also been found in various transgenic mouse models that express mu-
tated forms of the human huntingtin gene (Denovan-Wright and Robertson 2000;
Lastres-Becker et al. 2002c). In these genetic models, cell dysfunction rather than
cell death is the major change that takes place, so the observation of reduced CB1

receptors in these animals might be equivalent to the reductions of these receptors
reported by Glass et al. (2000) in early stages of the human disease. CB1 recep-
tors were reduced to a greater extent in rat models of HD generated by selective
lesions of striato-efferent GABAergic neurons caused by mitochondrial or excito-
toxic toxins (Page et al. 2000; Lastres-Becker et al. 2001b, 2002a,b). These toxins,
in particular 3-nitropropionic acid, reproduce in animals the same changes that
have been proposed to be associated with the human disease, i.e., failure of energy
metabolism, glutamate excitotoxicity, and, to a lesser extent, oxidative stress, lead-
ing to progressive neuronal death (for reviews see Alexi et al. 1998; Brouillet et al.
1999). However, they are more representative of the pattern of profound neuronal
loss that occurs in advanced states of the human disease (Brouillet et al. 1999). In
these conditions, the losses of CB1 receptors might be a mere side effect caused
by the progressive and selective destruction of striatal GABAergic projection neu-
rons, neurons on which these receptors are located. In this rat model, the losses of
CB1 receptors were accompanied by a decrease in the content of both anandamide
and 2-arachidonoylglycerol in the caudate-putamen (Lastres-Becker et al. 2001b).
Therefore, all the data collected from humans and from animal models indicate
that endocannabinoid transmission becomes progressively hypofunctional in the
basal ganglia in HD. This might contribute to some extent to the hyperkinesia
typical of this disorder and so support a therapeutic usefulness of cannabinoid
agonists for alleviating motor deterioration, as will be described below.

2.2.2
Therapeutic Usefulness of Cannabinoids

Medicines used for the treatment of HD include mainly antidopaminergic drugs to
reduce the hyperkinesia characteristic of the first phases of the disease (Factor and
Firedman 1997) and antiglutamatergic agents to reduce excitotoxicity (Kieburtz
1999).However, theoutcomeofboth strategieshasbeenpoor in termsof improving
quality of life for HD patients, despite the progress in the elucidation of molecular
events involved in the pathogenesis of HD (Cattaneo et al. 2001). In this context,
cannabinoid agonists might be a reasonable alternative, since they combine both
antihyperkinetic and neuroprotective effects (for review see Fernández-Ruiz et al.
2002; Lastres-Becker et al. 2003b). As mentioned above, we will not address here
the neuroprotective potential of cannabinoids in HD, because this has been ad-
dressed in the chapter by Guzmán (this volume), but we will address the potential
antihyperkinetic action of substances that can elevate endocannabinoid activity in
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Table 2. Potential therapeutic effects of cannabinoid-related compounds in basal ganglia disorders (continued on next page)

Compound Disease Therapeutic application

Plant-derived cannabinoids
�9-THC Huntington’s disease Reduction of striatal injury in 3NP rat model (Lastres-Becker et al. 2004b)

Divergent effects on striatal injury in the malonate rat model (Lastres-Becker et al. 2003c; Aroyo et al. 2005)
Parkinson’s disease Reduction of dopaminergic injury in the 6-hydroxydopamine rat model (Lastres-Becker et al. 2004a)

Failure to alleviate symptoms in PD patients (reviewed by Consroe 1998)
Tourette’s syndrome Reduction of tics and obsessive-compulsive behaviors (reviewed by Müller-Vahl 2003)

Cannabidiol Huntington’s disease Failure to reduce hyperkinetic movements in HD patients (reviewed by Consroe 1998)
Poor neuroprotective action in the malonate rat model (Aroyo et al. 2005)

Parkinson’s disease Reduction of dopaminergic injury in the 6-hydroxydopamine rat model (Lastres-Becker et al. 2004a)

Synthetic cannabinoids
CP 55,940 Huntington’s disease Certain antihyperkinetic activity in 3NP-lesioned rats (Lastres-Becker et al. 2003a)

Parkinson’s disease Potential reductionof tremor by reducing theoveractivity of the subthalamic nucleus in the 6-hydroxydopamine ratmodel
(Sañudo-Peña et al. 1998)

Nabilone Huntington’s disease Increase of hyperkinesia (choreic movements) in HD patients (Müller-Vahl et al. 1999b)
Parkinson’s disease Reduction of l-dopa-induced dyskinesia in PD patients (Sieradzan et al. 2001)
Dystonia No effects in patients with generalized and segmental primary dystonia (Fox et al. 2002b)

WIN 55,212-2 Parkinson’s disease Reduction of l-dopa-induced dyskinesia in rat models of PD (Segovia et al. 2003; Ferrer et al. 2003)
Dystonia Antidystonic effects in mutant dystonic hamsters (Richter and Löscher 1994, 2002)

HU308 Huntington’s disease Reduction of GABAergic injury in the malonate rat model; reversed by SR144528 (Aroyo et al. 2005)

Endogenous cannabinoids
Anandamide Huntington’s disease Certain antihyperkinetic activity in 3NP-lesioned rats (possibly VR1-mediated effect) (Lastres-Becker et al. 2002a)
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Table 2. (continued)

Compound Disease Therapeutic application

Inhibitors of endocannabinoid inactivation
AM404 Huntington’s disease Antihyperkinetic activity and recovery from neurochemical deficits in 3NP-lesioned rats (involvement of VR1 receptors)

(Lastres-Becker et al. 2002a, 2003a)
Parkinson’s disease Unable to reduce l-dopa-induced dyskinesia in the reserpine rat model (Segovia et al. 2003)

VDM11 Huntington’s disease Not effective in 3NP-lesioned rats (Lastres-Becker et al. 2003a)
UCM707 Huntington’s disease Certain antihyperkinetic activity in 3NP-lesioned rats (de Lago et al. 2004c)
AM374 Huntington’s disease Not effective in 3NP-lesioned rats (Lastres-Becker et al. 2003a)

Receptor antagonists
SR141716 (CB1) Huntington’s disease Increased striatal damage in the malonate rat model (Lastres-Becker et al. 2003c)

Unable to reverse antihyperkinetic effects of AM404 in 3NP-lesioned rats (Lastres-Becker et al. 2003a)
Unable to reduce late akinesia in 3NP-lesioned rats (Lastres-Becker et al. 2002b)

Parkinson’s disease Effective to reduce l-dopa-induced dyskinesia in MPTP-treated marmosets and the reserpine rat model
(Brotchie 1998, 2000; Segovia et al. 2003)
Unable to reverse bradykinesia and rigidity in MPTP-treated primates (Meschler et al. 2001)
Able to restore locomotion in the reserpine model of PD (Di Marzo et al. 2000a)

SR144528 (CB2) Huntington’s disease Able to reverse neuroprotective effect of HU308 in the malonate rat model (Aroyo et al. 2005)
Capsazepine (VR1) Huntington’s disease Able to reverse antihyperkinetic effects of AM404 in 3NP-lesioned rats (Lastres-Becker et al. 2003a)

3NP, 3-nitropropionic acid; HD, Huntington’s disease; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson’s disease.
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the basal ganglia. Thus, we have recently demonstrated that the endocannabinoid
transporter inhibitor AM404 was able to reduce hyperkinesia and induce recovery
from GABAergic and dopaminergic deficits in rats with striatal lesions caused
by local application of 3-nitropropionic acid (Lastres-Becker et al. 2002a, 2003a),
while direct agonists of CB1 receptors, such as CP 55,940, only produced very mod-
est effects (Lastres-Becker et al. 2003a). AM404 was also able to normalize motor
activity in genetically hyperactive rats without causing overt cannabimimetic ef-
fects (Beltramo et al. 2000). However, in view of the fact that a progressive decrease
of CB1 receptors has been recorded in this disease, the efficacy of this compound
might a priori be extended only to the early or intermediate hyperkinetic phases,
when cell death is still moderate, but not to the late akinetic stages of the dis-
ease characterized by high neuronal death (see Lastres-Becker et al. 2003b for
a review). These results, however, contrast with some clinical data that indicate
that the administration of plant-derived cannabinoids (Consroe 1998), or some of
their synthetic analogs (Müller-Vahl et al. 1999b), increased choreic movements
in HD patients. It is possible that this is related to the lack of VR1 receptor activity
of these cannabinoid agonists, since recent studies carried out in our laboratory
(see details in Table 2) in rats with striatal lesions have revealed that only those
cannabinoid-based compounds having an additional profile as VR1 receptor ag-
onists were really effective in alleviating hyperkinetic signs (Lastres-Becker et al.
2003a). This was so for AM404, which, in addition to its ability to block the en-
docannabinoid transporter, also exhibits affinity for the VR1 receptor (Zygmunt
et al. 2000). Interestingly, inhibitors of endocannabinoid inactivation that are not
active at the VR1 receptor, such as VDM11 or AM374, did not have any antihy-
perkinetic action in HD rats (Lastres-Becker et al. 2003a), whereas UCM707, the
most potent inhibitor to date, only produced modest effects (de Lago et al. 2004c)
(see Table 2). Therefore, our data suggest that VR1 receptors alone, or better in
combination with CB1 receptors, might represent novel targets through which the
hyperkinetic symptoms of HD could be alleviated. Possibly, the best option might
be to develop “hybrid” compounds with the dual capability of activating both VR1
and CB1 receptors, although the relative contribution made by each of these targets
is likely to change during the course of the disease due to a progressive loss of CB1

receptors without any concomitant loss of VR1 receptors (see Lastres-Becker et al.
2003b for a review).

2.3
Parkinson’s Disease

PD is a progressive neurodegenerative disorder in which the capacity of execut-
ing voluntary movements is lost gradually. The major clinical symptomatology
in PD includes tremor, rigidity, and bradykinesia (slowness of movement). The
pathological hallmark of this disease is the degeneration of melanin-containing
dopaminergic neurons of the substantia nigra pars compacta that leads to severe
dopaminergic denervation of the striatum (for a recent review see Blandini et al.
2000).
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2.3.1
Changes in the Endocannabinoid Transmission

Compared with HD, much less data exist on the status of CB1 receptors in the
postmortem basal ganglia of humans affected by PD. Only recently we have found
that CB1 receptor binding and the activation of G proteins by cannabinoid agonists
were significantly increased in the basal ganglia as a consequence of the selective
degeneration of nigrostriatal dopaminergic neurons (Lastres-Becker et al. 2001a).
These increases were not related to the chronic dopaminergic replacement therapy
with l-dopa that these patients were undergoing, since they were also seen in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated marmosets, a pri-
mate PD model, and disappeared after chronic l-dopa administration in these
animals (Lastres-Becker et al. 2001a). It has also been found that endocannabinoid
levels increase in a rat model of PD and that this increase can be reversed by
l-dopa (Gubellini et al. 2002; Macarrone et al. 2003). This suggests the existence
of an imbalance between dopamine and endocannabinoids in the basal ganglia in
PD (see Fernández-Ruiz et al. 2002 for a review).

As in HD, a change in CB1 receptor density might also be an early event in the
pathogenesis of PD. This is supported by data obtained from individuals affected
by incidental Lewy body disease, an early and presymptomatic phase of PD. These
individuals, who did not receive any therapy as they presented Lewy bodies and
a low degree of nigral pathology without any neurological symptoms, exhibited
a trend towards an increase in CB1 receptors in some basal ganglia structures
(Lastres-Becker et al. 2001a). Moreover, preliminary experiments with a genetic
model of PD, the parkin-2 knockout mouse (Itier et al. 2003), have yielded data
showingan increase inCB1 receptorbinding in the substantianigraof theknockout
mice that occurs in the absence of neuronal death (González S, Lastres-Becker I,
Ramos JA, Fernández-Ruiz J, unpublished results).

Overactivity of endocannabinoid transmission (as measured by increases in
CB1 receptor or endocannabinoid levels) has also been observed in the basal
ganglia in different rat models of PD (Mailleux and Vanderhaeghen 1993; Romero
et al. 2000; Di Marzo et al. 2000a; Gubellini et al. 2002), although the data are
not consistent, with some authors reporting no changes (Herkenham et al. 1991b),
reductions in CB1 receptor levels (Silverdale et al 2001), or a dependency on chronic
l-dopa co-treatment (Zeng et al. 1999). Despite these conflicts, we consider that
most of the data indicate that endocannabinoid transmission becomes overactive
in the basal ganglia in PD, a conclusion that is compatible with the hypokinesia
that characterizes this disease. This would also support the suggestion that CB1

receptor antagonists, rather than agonists, might be useful for alleviating motor
deterioration in PD, or for reducing the development of dyskinesia caused by
prolonged replacement therapy with l-dopa (Brotchie 2000).
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2.3.2
Therapeutic Usefulness of Cannabinoids

Dopaminergic replacement therapy represents a useful remedy for rigidity and
bradykinesia in PD patients (Carlsson 2002), at least in the early and middle phases
of thisdisease. Lateron, the chronicuseof l-dopa therapy results in a lossof efficacy
and even in the appearance of an irreversible dyskinetic state. Cannabinoid-based
compounds might also be useful in PD. In this disorder, CB1 receptor agonists or
antagonists have both been proposed, for their use alone or as coadjuvants, against
different signs of the complex motor pathology developed by PD patients (Brotchie
2000; Romero et al. 2000; Di Marzo et al. 2000a; Lastres-Becker et al. 2001a; Fox et
al. 2002a; see Table 2). For instance, it has been reported that CB1 receptor agonists:
(1) are able to interact with dopaminergic agonists to improve motor impairments
(Anderson et al. 1995; Maneuf et al. 1997; Brotchie 1998; Sañudo-Peña et al. 1998),
(2) reduce tremor associated with an overactivity of the subthalamic nucleus
(Sañudo-Peña et al. 1998, 1999), and (3) decrease and/or delay the occurrence
of dyskinesia associated with long-term dopaminergic replacement (Sierazdan
et al. 2001). Cannabinoids, particularly classical cannabinoids with antioxidant
properties, have also been reported to provide protection against dopaminergic
cell death (Lastres-Becker et al. 2004a; see Table 2).

However, because of the hypokinetic profile of cannabinoid agonists, it is
unlikely that these compounds would be useful for alleviating bradykinesia in PD
patients. This is confirmedby results obtainedwith humansor with MPTP-lesioned
primates, as these indicated that the administration of plant-derived cannabinoid
receptor agonists enhanced motor disability (for reviews see Consroe 1998; Müller-
Vahl et al. 1999c). Indeed, it has been proposed that the blockade of CB1 receptors
may be a better strategy for reducing both bradykinesia (see Fernández-Ruiz et al.
2002 for review) and l-dopa-induced dyskinesia (Brotchie 2000, 2003) (see Table 2
fordetails). In supportof thispossibility, dysfunctionofnigrostriataldopaminergic
neurons is associated with an overactivity of endocannabinoid transmission in
the basal ganglia. Such overactivity has been observed after administration of
reserpine (Di Marzo et al. 2000a) or dopaminergic antagonists (Mailleux and
Vanderhaeghen 1993), or during degeneration of these neurons caused by the local
application of 6-hydroxydopamine (Mailleux and Vanderhaeghen 1993; Romero
et al. 2000; Gubellini et al. 2002; Fernández-Espejo et al. 2004) or MPTP (Lastres-
Becker et al. 2001a). In theory, CB1 receptor blockade would avoid the excessive
inhibition of GABA uptake produced by the increased activation of CB1 receptors in
striatal projection neurons (Maneuf et al. 1996; Romero et al. 1998a), thus allowing
a faster removal of this inhibitory neurotransmitter from the synaptic cleft, which
would reduce hypokinesia. Despite this evidence, the first pharmacological studies
that have examined the capability of rimonabant (SR141716) to reduce hypokinesia
in animal models of PD have yielded conflicting resulted (Di Marzo et al. 2000a;
Meschler et al. 2001; see Table 2 for more details). It is possible that the blockade
of CB1 receptors might be effective only at very advanced phases of the disease.
Indeed, recent evidence obtained by Fernández-Espejo and coworkers (2004) is in
favor of this option, which presents an additional advantage since it would make it
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possible to give an antiparkinsonian compound at a stage of the disease at which
classic dopaminergic therapy generally fails. In addition, in view of the recently
demonstrated role of VR1 receptors in the regulation of dopamine release from
nigral neurons (de Lago et al. 2004b), the potential of VR1 receptor ligands for the
treatment of hypokinetic signs of this disease must also be considered.

2.4
Other Motor Disorders

To our knowledge, no data exist on the role(s) of cannabinoid receptors in other
basal ganglia disorders in the human, such as tardive dyskinesia, Gilles de la
Tourette’s syndrome, dystonia, and others. Even so, cannabinoids might be of
interest for the treatment of at least some of these diseases (for reviews see Consroe
1998; Fernández-Ruiz et al. 2002; Table 2 for more details). Thus, a relationship
between cannabis use and the incidence of tardive dyskinesia has been described
in psychiatric patients that were being chronically treated with neuroleptic drugs
(Zarestky et al. 1993). A few studies have also addressed this issue for dystonia
in humans (Fox et al. 2002b) or animal models (Richter and Löscher 1994, 2002),
by demonstrating that cannabinoids have antidystonic effects (for reviews see
Consroe 1998; Müller-Vahl et al. 1999c). In addition, plant-derived cannabinoids
might have the potential to reduce tics and also to improve behavioral problems in
patients with Tourette’s syndrome (Hemming and Yellowlees 1993; Consroe 1998;
Müller-Vahl et al. 1998, 1999a, 2002; for review see Müller-Vahl 2003). However,
there are no data on the status of endocannabinoid signaling in patients or in
animal models of this disease, and also no information on the neurochemical
pathways mediating the beneficial effects of cannabinoids.

Another relevant disease in which cannabinoids might improve motor deteri-
oration is multiple sclerosis. This is a disease of immune origin, but it progresses
with neurological deterioration that affects mainly the motor system. Studies in
laboratory animals have convincingly demonstrated that both direct and indi-
rect cannabinoid receptor agonists are useful in this disease, in particular for the
management of motor-related symptoms such as spasticity, tremor, dystonia, and
others (for reviews see Pertwee 2002; Baker and Pryce 2003). These effects seem to
be mediated by CB1 and, to a lesser extent, CB2 receptors (Baker et al. 2000). This
pharmacological evidence explains previous anecdotal, uncontrolled, or preclini-
cal data that suggested a beneficial effect of marijuana when smoked by multiple
sclerosis patients to alleviate some of their symptoms, mainly spasticity and pain
(for review see Consroe 1998). In line with these data, a clinical trial, recently
completed in the UK, has demonstrated that although cannabis and ∆9-THC did
not have a beneficial effect on spasticity when this was measured objectively, these
drugs did increase the patients’ perception of improvement of different symptoms
of this disease (Zajicek et al. 2003).

In contrast with the numerous pharmacological studies in this area of research,
there are no data on possible changes in CB1 and CB2 receptors in the postmortem
brains of patients with multiple sclerosis, and only a few studies have examined the
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status of endocannabinoid transmission in animal models of this disease (Baker et
al. 2001; Berrendero et al. 2001). Using a rat model of multiple sclerosis, we recently
reported a decrease in central CB1 receptors (Berrendero et al. 2001). This decrease
was restricted to basal ganglia structures, which is consistent with the fact that
motor deterioration is one of the most prominent neurological signs in these rats
and also in the human disease (for review see Baker and Pryce 2003). This decrease
was accompanied by a reduction in endocannabinoid levels that also occurred in
brain structures other than the basal ganglia (Cabranes et al. 2005). This finding led
us to hypothesize that the changes in CB1 receptors and their ligands in the basal
ganglia might be associated with disturbances in several neurotransmitter systems.
If this were the case, it follows that the well-known effects of cannabinoid agonists
on these systems might underlie their ability to ameliorate the motor symptoms
of multiple sclerosis (see Fernández-Ruiz et al. 2002 for review). However, there
is no support for this hypothesis. Thus, although we have detected reductions in
CB1 receptors (Berrendero et al. 2001) and endocannabinoid levels (Cabranes et
al. 2005) in the basal ganglia of the lesioned rats, we were unable to detect any
changes in dopamine, serotonin, GABA, or glutamate. Because of this finding, we
recently tested the effects of various inhibitors of endocannabinoid transport that
are capable of elevating endocannabinoid levels. We found that although these
inhibitors were able to reduce the neurological decline typically exhibited by the
lesioned rats, this reduction seemed to depend on the activation of VR1 receptors
(Cabranes et al. 2005).

One other disorder worthy of mention is Alzheimer’s disease, which, like multi-
ple sclerosis, is not a disorder of the basal ganglia, and yet frequently gives rise to
extrapyramidal signs and symptoms that are possibly caused by the degeneration
of glutamatergic cortical afferents to the caudate-putamen (for review see Kurlan
et al. 2000). Studies in postmortem brain regions of patients affected by this disease
have revealed a significant loss of CB1 receptors in the basal ganglia (Westlake et
al. 1994). However, it is important to remark that the authors considered that their
results related more to old age than to an effect selectively associated with the
pathology characteristic of Alzheimer’s disease (Westlake et al. 1994). Also using
postmortem tissue from Alzheimer’s patients, Benito et al. (2003) reported the in-
duction of CB2 receptors in activated microglia that surround senile plaques. This
would suggest a role of this receptor subtype in the pathogenesis of this disease
and a therapeutic potential for compounds that selectively target this receptor (see
recent studies by Milton 2002; Iuvone et al. 2004).

3
Concluding Remarks and Future Perspectives

The studies reviewed here are all concordant with the view that control of move-
ment is a key function for endocannabinoid transmission. We have collected the
pharmacological and biochemical evidence that supports this hypothesis. We have
also shown that endocannabinoid transmission is altered in motor disorders, in
parallel with changes in classic neurotransmitters such as GABA, dopamine, or
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glutamate. This provides the basis for the development of novel pharmacother-
apies with compounds selective for the different target proteins that form the
endocannabinoid system. However, only a few studies have examined, hitherto,
the potential contribution these compounds might make to the management of
motor disorders in the clinic. The importance of this novel system demands fur-
ther investigation and the development of novel promising compounds for the
symptomatic and/or neuroprotectant treatment of basal ganglia pathology.
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Abstract A large body of literature indicates that cannabinoids suppress behav-
ioral responses to acute and persistent noxious stimulation in animals. This review
examines neuroanatomical, behavioral, and neurophysiological evidence support-
ing a role for cannabinoids in suppressing pain at spinal, supraspinal, and pe-
ripheral levels. Localization studies employing receptor binding and quantitative
autoradiography, immunocytochemistry, and in situ hybridization are reviewed
to examine the distribution of cannabinoid receptors at these levels and provide
a neuroanatomical framework with which to understand the roles of endogenous
cannabinoids in sensory processing. Pharmacological and transgenic approaches
that have been used to study cannabinoid antinociceptive mechanisms are de-
scribed. These studies provide insight into the functional roles of cannabinoid
CB1 (CB1R) and CB2 (CB2R) receptor subtypes in cannabinoid antinociceptive
mechanisms, as revealed in animal models of acute and persistent pain. The role of
endocannabinoids and related fatty acid amides that are implicated in endogenous
mechanisms for pain suppression are discussed. Human studies evaluating ther-
apeutic potential of cannabinoid pharmacotherapies in experimental and clinical
pain syndromes are evaluated. The potential of exploiting cannabinoid antinoci-
ceptive mechanisms in novel pharmacotherapies for pain is discussed.

Keywords Endocannabinoid · Spinal cord · Periaqueductal gray · Supraspinal ·
Peripheral · CB1 · CB2 · THC · Hyperalgesia · Clinical pain

The study of the role of endocannabinoids in pain is founded in research on pain
mechanisms, a vital field that is steadily evolving on many fronts. A brief overview
of the current thinking on the neural basis of pain is thus provided as background
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to discussing how cannabinoids and endocannabinoids modulate pain sensation.
Extensive reviews of pain mechanisms may be found in a relatively recent volume
edited by Wall and Melzack (1999). This review will focus on preclinical studies
that evaluate evidence from neuroanatomical, behavioral, electrophysiological,
and neurochemical approaches that provide insight into the roles of cannabinoids
and endocannabinoids in suppressing pain. Peripheral, spinal, and supraspinal
sites of cannabinoid actions are discussed, as well as the endogenous ligands
implicated in endocannabinoid mechanisms of pain suppression. This review will
also present results from clinical studies that provide insight into the therapeutic
potential for cannabinoid pharmacotherapies for pain in man.

1
Brief Overview of Pain Mechanisms

Pain is a complex psychological phenomenon comprising sensory, emotional, and
motivational components.Thenegative emotionand themotivation toescape from
the stimulus are essential features of pain—without them the experience would be
non-painful tactile stimulation. In the early twentieth century, “labeled-line” the-
ory dominated thinking about pain. In this conception, specific nociceptors in the
periphery transmit signals about noxious stimuli to the spinal cord, which relays
the information to a pain center in the brain, which in turn gives rise to the sensa-
tion of pain. This notion has broken down, first with the realization that while there
are specific nociceptors in the periphery, activity from incoming non-nociceptive
fibers interacts with that from nociceptors, changing the spinal transmission prop-
erties of the nociceptive fibers. Hence, increased activity in larger, non-nociceptive
fibers lessens the impact of activity in nociceptors (typically smaller unmyelinated
C fibers and finely myelinated Aδ fibers). The second and perhaps even more sig-
nificant finding was the discovery that the brain contains circuits that modulate the
ability of nociceptors to excite ascending pain-transmission pathways. These cir-
cuits can either dampen or facilitate pain. The observations by Beecher (1959), who
observed soldiers in World War II who felt no pain despite serious injuries, were
important in rethinking the labeled line theory, leading to the more sophisticated
view that the experience of pain is regulated by the relative activity in peripheral,
spinal, and brain networks of pro- and anti-nociceptive circuits. These networks,
described in more detail below, provide substrates for actions of cannabinoids on
pain.

1.1
Nociceptors

The term nociceptor refers to sensory receptors that respond to noxious stimuli
(see Kruger et al. 2003 for review). A variety of cutaneous primary afferent nocicep-
tors have been described, primary among them are the unmyelinated C fibers that
are characterized by free nerve endings. The C-polymodal nociceptor responds to
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mechanical, heat, and chemical stimuli. Primary afferents have a unique morphol-
ogy. The cell bodies, which are found in the dorsal root ganglion, lack dendrites
and synapses and are encased in satellite cells that insulate them. The axon bi-
furcates, sending a branch to the spinal cord and branch to the periphery. Hence,
the sensory apparatus is found on an axon terminal, and indeed action potentials
in the peripheral nerve lead to secretion of neurotransmitter at both the periph-
eral and central terminals. The biochemical machinery of nociceptors includes
a variety of molecular transduction elements such as transient receptor potential
(TRP) channels, acid sensing channels, and P2X3 receptors, as well as particular
neurotransmitters including glutamate, substance P, and calcitonin gene-related
peptide (CGRP). On the central terminals are found presynaptic receptors that
modulate neurotransmitter release.

1.2
Ascending Pain Pathways

Upon activation of spinal neurons by nociceptors, information about noxious
stimuli is carried to the brain by ascending pathways. Multiple pathways have been
described (for review see Millan 1999, especially Table 4 therein).

1.2.1
Spinothalamic Tract

The classical ascending pathway (Fig. 1) is the spinothalamic tract, a contralaterally
projecting fiber bundle that ascends in the anterolateral aspect of the spinal white
matter to the ventral posterolateral thalamus with extensive collateralization to
brainstem structures prominent among these being the periaqueductal gray (PAG).

1.2.2
Dorsal Column Visceral Pain Pathway

The dorsal column pathway may be of major importance for visceral pain (Berkley
and Hubscher 1995; Willis et al. 1995). This pathway originates from the visceral
processing circuitry in the gray matter surrounding central canal of the spinal cord
and ascends ipsilaterally in the dorsal columns, the white matter areas adjacent to
the midline on the dorsal aspect of the spinal cord. The putative involvement of
the dorsal column in visceral pain is noteworthy for two reasons, the first being
that it supercedes the classical understanding of the dorsal columns as being the
trajectory for discriminative touch sensations, and second that it provides a new
understanding of complex neural pathways for visceral compared to somatosen-
sory pain. Rather than operating in isolation, the dorsal column and spinal routes
cooperate to produce the many perceptions of touch and pain (Berkley and Hub-
scher 1995). This ensemble view encourages the development of novel, integrative
pharmacotherapies and treatments (Berkley and Hubscher 1995).
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Fig. 1. Schematic of neural pathways that process and modulate the transmission of information about
nociceptive signals. In orange, the spinothalamic tract is shown, with signals originating in the peripheral
nerve, crossing the midline, and ascending the anterolateral white matter of the spinal cord with many
collateral outputs to the brainstem shown for the RVM and PAG. This tract terminates in the VPL/VPM
thalamus. In green, descending pain inhibitory pathways are shown, which connect the PAG to the RVM,
and from there makes connections in the spinal cord. Other descending inhibitory pathways originating
in the LC and noradrenergic nucleus A5 are also shown. In red, pathways that facilitate pain are shown
originating in the RVM and descending to the spinal cord. Abbreviations: A5, noradrenergic nucleus A5; D.
Facil., descending facilitation pathway; D. Inhib, descending inhibitory pathways; DRG, dorsal root ganglion;
LC, locus coeruleus; PAG, periaqueductal gray; RVM, rostral ventromedial medulla; STT, spinothalamic tract;
VPL, ventroposterolateral nucleus; VPM, ventral posteromedial nucleus

1.3
Descending Modulation of Pain

1.3.1
Descending Pain Inhibition

With the observation by Kang Tsou (Tsou and Jang 1964) of the potent analgesic
effects of morphine applied by microinjection to the periaqueductal gray came the
early realization that the brain plays an active role in determining whether pain
is felt following noxious stimulation. Later, it was observed by Reynolds (1969)
that electrical stimulation of this region in the rat produced sufficient analgesia
for a pain-free laparotomy without additional anesthesia. Akil et al. (1976) noted
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that this analgesic phenomenon could be reversed by naloxone, suggesting that
the electrical stimulation releases an endogenous opiate-like substance that led to
analgesia. These observations set the stage for extensive studies of how the PAG
can entirely block pain sensations (reviewed by Fields et al. 1991). It became clear
that this occurs through projections from the PAG to the rostral ventromedial
medulla (RVM), and from there to the spinal cord. Specific on- and off-cells in the
RVM were found to control the excitability of ascending spinal pathways. On-cells
fire just before a nocifensive flexion reflex and off-cells, which are spontaneously
active, stop firing just before a nocifensive flexion reflex. This pathway is activated
by certain forms of stress and appears to naturally serve to control the organism’s
response to noxious stimuli, being able to entirely suppress pain under certain
conditions.

1.3.2
Descending Pain Facilitation

More recently, it has become clear that the RVM can facilitate as well as dampen
pain (reviewed by Porreca et al. 2002). Stimulation of the RVM at relatively low
current intensities increases the responses of spinal dorsal horn neurons to noxious
stimuli. The role of this facilitation in chronic pain is suggested by studies showing
that blockade of the RVM with lidocaine reduces abnormal tactile responses in rats
with neuropathic pain (Pertovaara et al. 1996). Other studies of inflammatory and
neuropathic pain converge in showing that descending facilitation is an important
component of pathological pain.

1.4
Implications for Understanding Cannabinoid Actions in Pain

The above outline of current understanding of the neural processing that underlies
pain provides a foundation for understanding the effects of exogenous and endoge-
nous cannabinoids in pain. Cannabinoids act at all of the sites discussed above,
i.e., the periphery, spinal cord, and central circuits for pain facilitation and pain
modulation. In the following sections, we review the current understanding of the
systemic effects of cannabinoids and their sites of action within pain processing
circuits from anatomical, physiological, and behavioral perspectives.

2
Antinociception and Suppression of Pain Neurotransmission
by Systemically Administered Cannabinoids

Cannabinoid antinociception is observed in preclinical behavioral studies employ-
ing different modalities of noxious stimulation including thermal, mechanical, and
chemical (see Walker et al. 2001 for review). Perhaps the earliest recorded scien-
tific demonstration of cannabinoid antinociception was provided by one of the
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fathers of modern pharmacology, Ernest Dixon (1899). He observed that dogs that
inhaled cannabis smoke failed to react to pin pricks. Early studies by Bicher and
Mechoulam (1968) and Kosersky et al. (1973) provided a foundation for subsequent
work that verified the ability of cannabinoids to profoundly suppress behavioral re-
actions to acute noxious stimuli and inflammatory and nerve injury-induced pain.
In these early studies, it was noted that the potency and efficacy of cannabinoids
rival that of morphine (Bloom et al. 1977; Buxbaum 1972). However, cannabi-
noids also produce profound motor effects [e.g., immobility, catalepsy; (Martin et
al. 1991)], a potential confound for behavioral studies, which inevitably employ
motor responses to noxious stimuli as a measure of pain sensitivity.

In part to address this potential confound, subsequent electrophysiological
and neurochemical studies examined the question of whether cannabinoids sup-
press activity within pain circuits. These studies provided convincing evidence that
cannabinoids suppress nociceptive transmission in vivo (see Hohmann 2002 for re-
view). Walker’s laboratory first demonstrated that cannabinoids suppress noxious
stimulus-evoked neuronal activity in nociceptive neurons in the spinal cord (Fig. 2)

Fig.2. Exampleof inhibitionofnoxiousheat-evokedactivity ina lumbardorsalhornneuronbythecannabinoid
WIN55,212-2. The responses of the neuron to a 50°C stimulus were examined during 16 stimulus trials. A The
noxious stimulus, illustrated by the temperaturewaveform (top center), was administered at 2.5-min intervals.
The black peristimulus time histogram represents baseline firing prior to injection of the synthetic CB1R/CB2R
agonist WIN55,212-2 (125 µg/kg i.v.).The gray peristimulus time histogram represents the firing rate for the
first five post-injection trials. B Comparison of the mean firing rate during the stimulus for the five baseline
trials to the firing rate during the stimulus for the first five post-injection trials illustrating, approximately, a
75% decrease in responsiveness. (Redrawn from Hohmann et al. 1999b)
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and thalamus (Hohmann et al. 1995, 1998, 1999b; Martin et al. 1996; Strangman
and Walker 1999). This suppression is observed in nociceptive neurons, generalizes
to different modalities of noxious stimulation (mechanical, thermal, chemical), is
mediated by cannabinoid receptors (CBRs), and correlates with the antinocicep-
tive effects of cannabinoids (Hohmann et al. 1995, 1998, 1999b,c; Martin et al.
1996). Cannabinoids suppress C fiber-evoked responses in spinal dorsal horn neu-
rons recorded in normal and inflamed rats (Drew et al. 2000; Kelly and Chapman
2001; Strangman and Walker 1999). Spinal Fos protein expression, a neurochemi-
cal marker of sustained neuronal activation (Hunt et al. 1987), is also suppressed
by cannabinoids in animal models of persistent pain (Farquhar-Smith et al. 2002;
Hohmann et al. 1999c; Martin et al. 1999b; Nackley et al. 2003a, 2003b; Tsou et
al. 1996). This suppression occurs through cannabinoid CB1 receptor (CB1R)-
and cannabinoid CB2 receptor (CB2R)-selective mechanisms. These studies pro-
vided a foundation for subsequent work, which has identified the sites of action
of cannabinoids within pain circuits and the actions of specific endocannabinoids
within these circuits.

3
CB1R-Mediated Antinociception: Peripheral, Spinal, and Supraspinal Actions

3.1
Methodological Considerations

The distribution of CBRs in brain was first mapped by Herkenham et al. (1991)
using receptor binding and autoradiographic methods. This approach permits
quantitative evaluation of the density and distribution of receptors, but lacks
cellular resolution. The development of specific antibodies for CBRs has permitted
characterization of the cellular distribution of CBRs (Egertová et al. 2003; Egertová
et al. 1998; Tsou et al. 1998a). Immunocytochemical approaches, however, are
suited to qualitative rather than quantitative evaluation of CBR densities.

CBRs have been studied in rat spinal cord using autoradiographic (Herkenham
et al. 1991; Hohmann et al. 1999a; Hohmann and Herkenham 1998) and immuno-
cytochemical (Farquhar-Smith et al. 2000; Morisset et al. 2001; Salio et al. 2002b;
Salio et al. 2001; Sanudo-Pena et al. 1999; Tsou et al. 1998a) techniques. It is im-
portant to note that localization studies employing antibodies raised against the
N-terminal of the CB1R protein may reveal different patterns of immunostaining
from antibodies raised against the C-terminal tail and support different conclu-
sions regarding the anatomical localization of CBRs. Antibodies recognizing the
intracellular C-terminal domain of CB1R might be expected to behave differently
depending on the level of tissue fixation and receptor internalization. It is possible
that N-terminal antibodies underestimate localization of CB1R to plasma mem-
brane and primarily reflect synthesis, storage, or transport sites; detection of CB1R
at the plasma membrane would require an antibody recognizing the N terminus
to penetrate the extracellular space (Salio et al. 2002b). Moreover, N-terminal an-
tibodies are unable to recognize a splice variant of CB1, CB1A (Shire et al. 1995),
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because the splice variant bears a truncated N terminus (Salio et al. 2002b). How-
ever, it is unclear whether these isoforms are differentially distributed in the spinal
dorsal horn. This review will compare the distribution of CB1R mRNA and CB1R
immunoreactivity in rat dorsal root ganglion cells. The distribution of CBRs in
rat spinal cord revealed by receptor binding and quantitative autoradiography will
subsequently be compared with patterns of CB1R immunostaining revealed by
immunocytochemistry using antibodies recognizing different epitopes of CB1R.

3.2
Antinociception Mediated by CB1Rs in the Periphery

The distribution of CBRs outside the central nervous system is consistent with
behavioral and neurochemical data that implicate a role for peripheral CB1Rs in
cannabinoid antinociception. The distribution of CB1Rs in dorsal root ganglia
and peripheral nerve is therefore reviewed here. The role of CB2Rs in cannabinoid
antinociceptive mechanisms is reviewed in Sect. 4.

Traditionally, the dorsal root ganglion (DRG) has been used as a model of the
peripheral nerve because of its more convenient size, location, and the ability
to correlate cell size and neurochemical phenotype with peripheral axon caliber.
Hohmann and Herkenham (1999a,b) used in situ hybridization to test the hypoth-
esis that dorsal root ganglion cells, the source of primary afferent input to the

Fig. 3. Distribution of cannabinoid CB1 receptor (CB1R) mRNA in rat (A) dorsal root ganglia and (B) brain.
Cannabinoid binding sites accumulate proximal to a tight ligation of the sciatic nerve. [3H]CP55,940 binding
and high-resolution emulsion autoradiography was used to demonstrate flow of cannabinoid receptors to
the periphery. Dark-field photomicrographs show damming of cannabinoid receptors proximal as opposed to
distal to (C) a single tight ligation and (D) the more proximal of two separate ligatures applied to the sciatic
nerve. Scale bars = 1 mm. (From Hohmann and Herkenham 1999a)
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spinal cord, synthesize cannabinoid CB1Rs (Fig. 3A, B). CB1R mRNA was highly
expressed in dorsal root ganglion cells of heterogeneous cell size, and predominant
in intermediate-sized neurons. These data are consistent with immunocytochemi-
cal studiesusinganN-terminal antibody innativeDRGthat confirmed thepresence
of CB1Rs in small, medium, and large cells of rat dorsal root ganglia (Salio et al.
2002a).

Both CB1Rs and CB2Rs have been identified in primary cultures of dorsal root
ganglion cells derived from neonatal rats (Ross et al. 2001a). The location and
phenotypes of cells expressing CB2Rs in dorsal root ganglion likely represent an
important topic of future investigation. It is unclear if CB2Rs are expressed in satel-
lite glial cells, the main glial cells in sensory ganglia, that have recently been shown
to be histologically altered in animal models of nociception (Hanani et al. 2002; Li
and Zhou 2001). Neuronal expression of CB2R mRNA in native DRG (Hohmann
and Herkenham 1999a) and trigeminal ganglia (Price et al. 2003) was similar to
background under conditions in which CB1R mRNA was clearly demonstrated.
These data suggest that: (1) a high-affinity low-capacity CB2R site may be synthe-
sized in the DRG and contribute peripheral cannabinoid actions, (2) a CB2-like
receptor may mediate the observed effects, and/or (3) a CB2R mechanism exerts
its actions indirectly (e.g., by inhibiting the release of inflammatory mediators that
excite nociceptors).

3.2.1
Phenotypes of Dorsal Root Ganglion Cells Expressing CB1Rs and CB1R mRNA

To better understand the role of cannabinoids in sensory processing, phenotypes
of dorsal root ganglion cells that synthesize CB1Rs have been investigated by
several laboratories (Ahluwalia et al. 2000, 2002; Bridges et al. 2003; Hohmann
and Herkenham 1999b; Price et al. 2003). Small-diameter cells in the dorsal root
ganglia, in general, correspond to nociceptors and thermoreceptors, respond to
high-threshold stimuli, and have unmyelinated or thinly myelinated axons. The
small-diameter cells fall into two categories—the nerve growth factor-sensitive
population of cells that synthesize neuropeptides and express trkA (Averill et al.
1995; Molliver et al. 1995) and those that are sensitive to glial cell-derived neu-
rotrophic factor, contain the enzyme fluoride-resistant acid phosphatase (Nagy
and Hunt 1982), bind isolectin B4 (IB4) (Silverman and Kruger 1990), and do
not express trks. We evaluated localization of CB1Rs to dorsal root ganglion cells
that synthesize preprotachykinin A (a precursor for substance P) and α-CGRP
(Hohmann and Herkenham 1999b) using double-label in situ hybridization. In
native dorsal root ganglia, only small subpopulations of cells expressing CB1R
mRNA colocalized mRNAs for neuropeptide markers of primary afferents prepro-
tachykinin A and α-CGRP (Hohmann and Herkenham 1999b). Neurons express-
ing mRNA for somatostatin were CB1-mRNA negative (Hohmann and Herkenham
1999b).

Quantificationofdouble-labeledcells in this study revealed that less than9%and
13% of cells containing mRNA for precursors of CGRP or substance P mRNA, re-
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spectively, expressed CB1R mRNA (Hohmann and Herkenham 1999b). Moreover,
the vast majority of CB1R mRNA-expressing cells (75%) in the dorsal root ganglia
of naive rats failed to colocalize these neuropeptides. Direct support for localiza-
tion of CB1Rs to dorsal root ganglion cells bearing myelinated fibers has recently
been demonstrated (Bridges et al. 2003; Price et al. 2003). These observations indi-
cate that under normal conditions, CB1Rs are localized mainly to non-nociceptive
primary afferent fibers. Inflammation and axotomy induce marked changes in
peptide phenotypes of dorsal root ganglia cells (Calza et al. 1998; Donaldson et al.
1994; Galeazza et al. 1995; Hanesch et al. 1995; Ji et al. 1994, 1995; Leslie et al. 1995;
Neumann et al. 1996), indicating that different coexpression levels may also exist
in chronic pain states.

In native DRG, CB1R is largely associated with myelinated A fibers. Bridges et
al. (2003) demonstrated that the majority (69%–80%) of CB1R-immunoreactive
cells (labeled using an antibody directed against the C-terminal of CB1R) coex-
press neurofilament 200 (Bridges et al. 2003). This marker is largely restricted to
primary afferent A fibers. A modest degree of colocalization of CB1R immunore-
activity was observed with IB4 (17%–26%) and CGRP (10%) immunoreactive cells
in DRG (Bridges et al. 2003), markers of nociceptors. In addition, 10% of mRNA
expressing cells were immunoreactive for transient receptor potential vanilloid
family ion channel 2 (TRPV2), the noxious heat-transducing channel found in
medium and large lightly myelinated Aδ fibers. Moreover, this study demonstrated
that only 11%–20% of CB1R mRNA expressing cells were immunoreactive for
TRPV1, a marker of nociceptive C fibers. Similar results are observed in native
trigeminal ganglia, where only minor colocalization of CB1R is observed with
markers of nociceptors (TRPV1, substance P, CGRP, IB4) and high levels of colo-
calization (75%) of CB1R with N52, a maker of myelinated non-nociceptive fibers,
were observed (Price et al. 2003).

The phenotypes of cells expressing CB1Rs in native DRG differs from that re-
ported inculturedDRG,wherecolocalizationofCB1Rswithmarkersofnociceptors
is more prevalent. CB1Rs have been identified in small-diameter cells expressing
capsaicin-sensitive TRPV1 (VR1) receptors in cultured DRG cells (Ahluwalia et
al. 2000, 2002). In contrast to observations in native DRG, approximately 80% of
the CB1R-like immunopositive cells showed TRPV1-like immunoreactivity, while
98% of the TRPV1-like immunolabeled neurons showed CB1-like immunostaining
(Ahluwalia et al. 2000). A further study demonstrated that CB1R-immunoreactive
cells colocalized immunoreactivity for CGRP and IB4 (Ahluwalia et al. 2002). In
this study, approximately 20% of CB1R immunostained neurons did not show ei-
ther CGRP or IB4 immunoreactivity, indicating that they were non-nociceptive.
These data support localization of CB1Rs to nociceptive neurons as well as non-
nociceptive neurons in dorsal root ganglion cells raised in culture, in contrast with
the modest colocalization of CB1Rs with markers of nociceptors observed in native
dorsal root (Bridges et al. 2003; Hohmann and Herkenham 1999b) and trigeminal
(Price et al. 2003) ganglia. However, in cultured DRG neurons, cannabinoids atten-
uate depolarization-dependent Ca++ influx in intermediate-sized (800–1500 µm2)
dorsal root ganglion cells raised in cultures derived from adult rats, but these
effects were largely absent in small (< 800 µm2) neurons (Khasabova et al. 2002).
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The differences in colocalization reported here may be attributed to differences
between native and cultured dorsal root ganglion cells and/or the use of differ-
ent antibodies recognizing different epitopes of CB1R. Lower numbers of TRPV1
immunoreactive cells are observed in DRG cultures raised in the absence of neu-
rotrophic factors, but no changes are observed in the number of CB1-expressing
cells under these same conditions (Ahluwalia et al. 2002). Elimination of neu-
rotrophic factors from culture media is also associated with a modest but signif-
icant shift in the distribution of the size of CB1R-immunoreactive cells to larger
diameters (Ahluwalia et al. 2002).

3.2.2
Axonal Transport of CBRs to the Periphery

We used [3H]CP55,940 binding and high-resolution emulsion autoradiography to
test the hypothesis that CBRs synthesized in dorsal root ganglion cells are trans-
ported to the periphery. Transport of CBRs to the periphery was occluded by tight
ligation of the sciatic nerve (Hohmann and Herkenham 1999a). These data suggest
that CBRs synthesized in the DRG are likely to undergo anterograde transport and
be inserted on terminals in the peripheral direction (Fig. 3C, D). This observation
is also consistent with the observation of CB1R immunoreactivity in rat peripheral
nerve and in ventral roots (Sanudo-Pena et al. 1999). More work is necessary to
determine if CBRs synthesized in the DRG are differentially transported to periph-
eral vs central terminals and whether transport of these receptors is modulated by
persistent pain states.

3.2.3
Peripheral CB1R-Mediated Antinociception: Acute and Persistent Pain States

Behavioral and neurochemical studies implicate a role for peripheral CB1Rs in
cannabinoid antinociception in models of acute, inflammatory, and neuropathic
pain states.

Peripheral CB1R-Modulation of Inflammatory Nociception

Richardson and colleagues first demonstrated that activation of peripheral CB1Rs
suppresses thermal hyperalgesia and edema in the carrageenan model of inflam-
mation (Richardson et al. 1998c). Hyperalgesia refers to a lowering of the pain
threshold or increase in sensitivity to a normally painful stimulus. Anandamide,
administered to the site of injury, suppressed the development and maintenance
of carrageenan-evoked thermal hyperalgesia (Richardson et al. 1998c). The same
dose administered to the noninflamed contralateral paw was inactive, suggesting
that antihyperalgesia occurred at low doses that do not produce antinociception.
Antihyperalgesia induced by anandamide was blocked by the CB1R-competitive
antagonist/inverse agonist SR141716A, demonstrating mediation by CB1R. Intra-
plantar administration of the mixed CB1/CB2 agonist WIN55,212-2 also attenuates
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the development of carrageenan-evoked mechanical hyperalgesia, allodynia, and
spinal Fos protein expression (Nackley et al. 2003b); these latter actions were
completely blocked by coadministration of either a CB1R or CB2R antagonist.

Peripheral CB1R in Acute Antinociception and Antinociceptive Synergism

Cannabinoids induce a site-specific topical antinociception to thermal stimula-
tion (Dogrul et al. 2003; Johanek and Simone 2004; Ko and Woods 1999; Yesilyurt
et al. 2003). This local antinociceptive effect synergizes with spinal cannabinoid
antinociception, as reflected by a 15-fold leftward shift in the dose–response curve
(Dogrul et al. 2003), and also synergizes with topical morphine antinociception
(Yesilyurt et al. 2003). The latter effects were blocked by a CB1R antagonist (Yesi-
lyurt et al. 2003).

Peripheral CB1R Modulation of Formalin-Evoked Nocifensive Behavior

Intraplantar administration of formalin induces a biphasic pain response that is
characterized by an early acute period (phase 1), a brief quiescent period, and a sec-
ond phase of sustained “tonic” pain behavior (phase 2). The early phase reflects
formalin-activation of Aβ, Aδ, and C-primary afferent fibers (McCall et al. 1996;
Puig and Sorkin 1996). The late phase also activates Aδ and C fibers not activated
during phase 1 (Puig and Sorkin 1996) and involves inflammation and long-term
changes in the central nervous system (Coderre and Melzack 1992). Intraplantar
administration of exogenous anandamide produces antinociception in the forma-
lin test (Calignano et al. 1998), an effect blocked by systemic administration of the
CB1R antagonist SR141716A. Anandamide produced antinociception only during
phase 1, which likely reflects the short duration of action of anandamide, as the
metabolically stable analog methanandamide suppressed pain behavior during
both phase 1 and 2 (Calignano et al. 1998).

Peripheral CB1R Modulation of Capsaicin-Evoked Hyperalgesia

Intradermal administration of capsaicin to rats or humans induces hyperalgesia.
Primary hyperalgesia, especially that elicited by noxious thermal stimulation, is
mediated partly by sensitization of C-polymodal nociceptors (Baumann et al. 1991;
Kenins 1982; LaMotte et al. 1992; Simone et al. 1987; Szolcsanyi et al. 1988; Toreb-
jork et al. 1992). Secondary hyperalgesia is elicited in surrounding uninjured tissue
and involves central nervous system sensitization rather than sensitization of pe-
ripheral nociceptors (Baumann et al. 1991; LaMotte et al. 1992; LaMotte et al. 1991;
Simone et al. 1989) and requires conduction in primary afferent A fibers (Torebjork
et al. 1992). Systemic administration of the mixed CB1/CB2 agonist WIN55,212-
2, but not its receptor-inactive enantiomer, suppresses capsaicin-evoked thermal
and mechanical hyperalgesia and nocifensive behavior (Li et al. 1999), demon-
strating that the actions of WIN55,212-2 were receptor-mediated. A peripheral
CB1R mechanism is implicated in the attenuation of capsaicin-evoked heat hy-
peralgesia by locally administered cannabinoids in nonhuman primates (Ko and
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Woods 1999). Topical administration of the cannabinoid agonist HU210 to human
skin also suppresses capsaicin-evoked thermal hyperalgesia and touch-evoked al-
lodynia (Rukwied et al. 2003), although pharmacological specificity has not been
assessed. Cannabinoid modulation of capsaicin-evoked hyperalgesia involves pe-
ripheral and central mechanisms. A CB1R mechanism is also implicated in the
attenuation of hyperalgesia induced by locally administered cannabinoids follow-
ing intradermal capsaicin (Johanek et al. 2001) or cutaneous heat injury (Johanek
and Simone 2004).

The efficacy of peripheral cannabinoid mechanisms in suppressing neuronal
activation evoked by corneal application of the small-fiber excitant mustard oil
has been documented at the level of the lower brainstem. Corneal nociceptor ac-
tivity, assessed using mustard oil-evoked Fos protein expression at the trigeminal
interpolaris/caudalis (Vi/Vc) transition, was suppressed by direct corneal appli-
cation of WIN55,212-2, and these effects were blocked by systemic administration
of SR141716A (Bereiter et al. 2002), but CB2R mechanisms were not assessed.
These suppressions occurred in the absence of changes in Fos at the subnucleus
caudalis junction, thereby suggesting a role for CB1R mechanisms, at least in part,
in regulating reflexive aspects of nociception and/or contributing to homeostasis
of the anterior eye. More work is necessary to determine if CB2R mechanisms are
implicated in regulation of corneal nociceptor activity.

Peripheral CB1R Modulation of Capsaicin-Evoked Neuropeptide Release

Anandamide suppressed capsaicin-evoked plasma extravasation in vivo through
a peripheral CB1R mechanism (Richardson et al. 1998c) and inhibits capsaicin-
evoked CGRP release in rat dorsal horn (Richardson et al. 1998a) and peripheral
paw skin in vitro (Richardson et al. 1998c). Although pharmacological specificity
was not assessed in the in vitro superfusion studies, these effects occurred at low
concentrations [100 nM; (Richardson et al. 1998c)], consistent with mediation by
CB1R.

Capsaicin-evoked CGRP release is enhanced in paw skin derived from rats
with diabetic neuropathy induced by streptozotocin (Ellington et al. 2002). The
mixed CB1/CB2 agonist CP55,940 attenuated capsaicin-evoked CGRP release in
diabetic and nondiabetic animals, and these effects were blocked by a CB1R but
not a CB2R antagonist (Ellington et al. 2002). Interestingly, anandamide inhibited
capsaicin-evoked CGRP release in nondiabetic but not in diabetic rat skin, but
neither the CB1R nor the CB2R antagonist attenuated these effects. Functional
changes following diabetic neuropathy may have prevented these inhibitory effects
of anandamide on capsaicin-evoked CGRP release. Anandamide also increased
capsaicin-evoked CGRP release at high concentrations, possibly through a TRPV1
mechanism, although susceptibility to blockade by TRPV1 antagonists would be
required to establish pharmacological specificity. Anandamide also inhibits in
vivo release of CGRP and somatostatin induced by systemically administered
resiniferatoxin, a potent TRPV1 ligand; the inhibitory effects of anandamide on
plasma neuropeptide levels were blocked by a CB1R antagonist (Helyes et al. 2003).
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Peripheral CB1R Modulation of Nerve Injury-Induced Nociception

A role for CB1Rs in suppressing hyperalgesia and allodynia induced by nerve in-
jury has been demonstrated in multiple models of neuropathic pain (Bridges et
al. 2001; Fox et al. 2001; Herzberg et al. 1997; Mao et al. 2000). Fox and colleagues
demonstrated that intraplantar administration of WIN55,212-2 suppresses me-
chanical hyperalgesia following partial ligation of the sciatic nerve; these effects
were blocked by the CB1R antagonist/inverse agonist SR141716A administered
systemically (Fox et al. 2001). These data suggest a peripheral CB1R action in neu-
ropathic pain, although CB2R mechanisms were not assessed. WIN55,212-2 also
suppresses thermal hyperalgesia as well as mechanical and cold allodynia follow-
ing spinal nerve ligation (Bridges et al. 2001). These latter effects were blocked
by systemic administration of a CB1R but not a CB2R antagonist (Bridges et al.
2001), suggesting that the antihyperalgesic effects of systemically administered
WIN55,212-2 were mediated by CB1R (Bridges et al. 2001; Herzberg et al. 1997).

3.3
Antinociception Mediated by CB1R in Spinal Cord

3.3.1
Distribution of CBRs on Central Terminals of Primary Afferents

Receptors are typically bidirectionally transported from the soma to central and
peripheral terminals (Young et al. 1980). To identify afferents likely to contain
CBRs, Hohmann and Herkenham assessed their pre- and postsynaptic distribu-
tions in the spinal cord using receptor binding and quantitative autoradiography
(Hohmann et al. 1999a; Hohmann and Herkenham 1998). Destruction of sensory
C fibers with neonatal capsaicin treatment produced only modest (16%) decreases
in cannabinoid binding sites in the superficial dorsal horn, as measured by recep-
tor binding and quantitative autoradiography (Hohmann and Herkenham 1998).
These data suggest that a majority of spinal CBRs is not localized to central termi-
nals of primary afferent C fibers. Multisegment unilateral cervical dorsal rhizotomy
(C3-T1 or T2) produced time-dependent losses in cannabinoid binding densities
in the dorsal horn (Hohmann et al. 1999a) of larger magnitude than that induced
by neonatal capsaicin treatment. This observation is unsurprising because rhi-
zotomy destroys the central terminals of both small- and large-diameter fibers.
Rhizotomy suppressed [3H]CP55,940 binding in the superficial and neck region
of the dorsal horn as well as in the nucleus proprius without affecting binding in
lamina X or the ventral horn. By contrast, massive losses in µ-opioid binding sites
were observed in lamina I and II in adjacent sections following either neonatal
capsaicin or rhizotomy (Hohmann et al. 1999a; Hohmann and Herkenham 1998),
consistent with previous reports (Besse et al. 1990; Nagy et al. 1980). These data
support the conclusion that CB1Rs occur both pre- and postsynaptically in the
spinal dorsal horn, with the majority of receptors occurring postsynaptically. This
conclusion is consistent with the observation of CB1R-immunoreactive fibers in
dorsal roots (Sanudo-Pena et al. 1999) and in axons of Lissauer’s tract (Salio et
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al. 2002b), and immunocytochemical studies showing that CB1R and vanilloid
receptor (TRPV1) immunostaining is reduced in parallel in the superficial dor-
sal horn following neonatal capsaicin treatment (Morisset et al. 2001). Of course,
postsynaptic changes that occur subsequent to an extensive rhizotomy (Hohmann
et al. 1999a) can also contribute to the pattern of receptor changes observed.

By contrast, Farquhar-Smith and colleagues, using an antibody directed against
the C-terminal of CB1R, demonstrated that lumbar dorsal rhizotomy induced a mi-
nor, though significant, reduction in CB1R immunoreactivity (Farquhar-Smith et
al. 2000). Consistent with these observations, CB1R immunoreactivity in the su-
perficial dorsal horn showed a laminar overlap with markers of thin primary
afferents, as identified by immunoreactivity for CGRP, substance P, isolectin B4
(IB4), and TRPV1, but very little colocalization of CB1 was observed with any
of these markers at the single-fiber level (Farquhar-Smith et al. 2000). Similarly,
minimal colocalization of CB1Rs was observed with these markers in dorsal root
ganglion cells, using the same antibody (Bridges et al. 2003). These data collec-
tively suggest that the majority of CB1Rs are not localized to central terminals of
nociceptive primary afferents, but rather are localized on postsynaptic sites, and
provide indirect support for the hypothesis that CB1Rs in spinal cord are localized
predominantly to fibers of intrinsic spinal neurons.

3.3.2
Distribution of CB1R mRNA and CB1R Immunoreactivity in Spinal Cord

The presence of CB1R mRNA in rat dorsal horn has been reported (Mailleux and
Vanderhaeghen 1992). Hohmann (2002) characterized the laminar distribution
of CB1R mRNA-expressing cells in rat lumbar spinal cord using a highly sensi-
tive cRNA probe. CB1R mRNA was found in all spinal laminae except lamina IX;
motoneurons in this region, which are immunoreactive for fatty acid amide hy-
drolase (FAAH) (Tsou et al. 1998b), were CB1R mRNA negative. Expression was
dense in lamina X and sparsest in III and IV. CB1R mRNA was highly expressed in
lamina V and VI and the medial part of IV. These laminae contained many large
cells with high levels of expression. In general, primary afferents that project to
deeper parts of the dorsal horn (here III–VI) include coarser caliber fibers than
those projecting to the superficial laminae, although small diameter fibers are also
observed. Small-diameter fibers from viscera also project to lamina V, VII, and X
(see Grant 1995 for review). By contrast, the superficial dorsal horn (lamina I and
II) had many small cells with low levels of expression compared to cells observed in
deeper lamina. Lamina I and II neurons receive inputs from unmyelinated as well
as finely myelinated primary afferents (see Grant 1995 for review). Thus, in situ
hybridization studies demonstrate that spinal neurons synthesize CB1Rs, although
they do not address putative localization of these receptors to spinal interneurons
and/or terminals of supraspinally projecting efferents.

Immunocytochemical studies have provided information about the cellular el-
ements expressing CB1Rs in the spinal cord. The C-terminal antibody employed
by Farquhar-Smith et al. (2000) exclusively labeled fibers and terminals, whereas
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the antibody employed by Tsou and colleagues (Sanudo-Pena et al. 1999) addi-
tionally labeled cell bodies. Tsou and colleagues, using an antibody raised against
the first 77 residues of the N terminus of CB1R, identified beaded immunoreactive
fibers throughout the spinal dorsal horn and in lamina X surrounding the central
canal (Tsou et al. 1998a). Further work by this group also revealed the presence
of lightly stained cells throughout the spinal cord gray matter (Sanudo-Pena et
al. 1999). Farquhar-Smith and colleagues, using an antibody directed against the
C-terminal 13 amino acids of CB1R, demonstrated immunoreactivity for CB1Rs
in fibers and terminals with no consistent immunoreactivity observed in any cell
bodies (Farquhar-Smith et al. 2000).

3.3.3
Evidence for CB1Rs on Spinal Interneurons

There is considerable support for localization of CBRs in rat spinal cord postsy-
naptic to primary afferents at both light and electron microscope levels. Direct
evidence for postsynaptic localization of CB1 in spinal dorsal horn is derived
from the observation that intrinsic excitatory interneurons in lamina IIi that ex-
pressed protein kinase C isoform γ showed high levels of colocalization with CB1

(Farquhar-Smith et al. 2000); this pattern may suggest an anatomical basis for
the efficacy of cannabinoids in ameliorating inflammatory and neuropathic pain
(Bridges et al. 2001; Fox et al. 2001; Herzberg et al. 1997; Malmberg et al. 1997; Mao
et al. 2000).

CB1R immunoreactivity has also been localized to dorsal horn interneurons
containing γ-aminobutyric acid (GABA) (Salio et al. 2002b). GABA presynaptically
inhibits primary afferent input to the spinal cord. The observation of GABAergic
dendrites postsynaptic to primary afferents also suggests that primary afferents
are anatomically positioned to activate GABAergic inhibitory circuits. GABAergic
interneurons can also synapse directly on dorsal horn neurons to reduce exci-
tatory input. The demonstrated colocalization of CB1R with GABA is consistent
with functional studies demonstrating a CB1R-mediated presynaptic inhibition of
GABAergic and glycinergic transmission in recordings performed in rat medullary
dorsal horn in vitro (Jennings et al. 2001). By contrast, postsynaptic effects on
medullary substantia gelatinosa neurons were not observed (Jennings et al. 2001).
These data suggest that cannabinoids act through a disinhibitory action on lam-
ina II neurons by inhibiting GABAergic transmission.

Immunoreactivity for CB1R and µ-opioid receptors (MOR) is also colocalized
on lamina II interneurons at the ultrastructural level (Salio et al. 2001). In this work,
CB1R was predominantly localized postsynaptically in dendrites and cell bodies,
but immunoreactive axons and axon terminals were also observed (Salio et al.
2001). Both species showed rare labeling of the plasma membrane. Since MOR1 is
not colocalized with GABA (Gong et al. 1997; Kemp et al. 1996), these data support
the presence of CB1R in distinct populations of intrinsic spinal neurons (Salio et
al. 2001). By contrast, colocalization of CB1R with MOR1 in thin primary afferent
terminals could not be convincingly demonstrated in this work (Salio et al. 2001).
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3.3.4
Evidence for CB1Rs on Afferents Originating Supraspinally

CB1R immunoreactivity is highly expressed at all spinal levels in fibers of the dor-
solateral funiculus (DLF) and in the intermediolateral nucleus (Farquhar-Smith et
al. 2000). Interruption of descending pathways (and ascending pathways from lam-
ina I) that course in the DLF produced only a 5% change in CB1R immunoreactivity
(Farquhar-Smith et al. 2000). These data suggest that CB1R immunoreactivity, in
general, is not localized on terminals of neurons originating supraspinally and
suggest localization of CB1R to intrinsic spinal neurons and/or ascending projec-
tions (Farquhar-Smith et al. 2000). Because visceral primary afferents project to
the nucleus of the DLF, CB1Rs are appropriately positioned to influence visceral
afferent input as well as viscero-somatic integration (Farquhar-Smith et al. 2000).
These observations are consistent with cannabinoid modulation of visceral hyper-
algesia (see Hohmann 2002 for review). Ascending projections to the brainstem,
hypothalamus, and thalamus have been shown to originate in lamina X (Molander
and Grant 1995). The presence of CB1R immunoreactivity in lamina X and in the
intermediolateral nucleus may also reflect interaction of CB1R with neurons of the
sympathetic nervous system (Farquhar-Smith et al. 2000).

3.3.5
Evidence for CB1Rs on Nonneuronal Cells at the Spinal Level

CB1R has recently been demonstrated in astrocytes in laminae I and II of the
spinal dorsal horn using multiple antibodies directed against the C-terminal tail
of CB1 (Salio et al. 2002a). By contrast, astrocytes were not labeled in rat spinal
cord when an N-terminal-specific anti-CB1R antibody was employed (Salio et al.
2002b). The functional roles of putative CB1R subtypes in spinal glial cells require
further investigation (Salio et al. 2002a).

3.3.6
Antinociceptive and Electrophysiological Effects of Spinally Administered Cannabinoids

Antinociceptive effects of cannabinoids are mediated, in part, at the spinal level.
Spinal reflexive responses to noxious stimuli are inhibited by cannabinoids in
spinally transected dogs (Gilbert 1981). Support for spinal mechanisms of cannabi-
noid analgesic action is also derived from the ability of intrathecally administered
cannabinoids to produce antinociception (Smith and Martin 1992; Welch et al.
1995; Yaksh 1981). The behavioral data are consistent with the ability of spinally
administered cannabinoids to suppress noxious heat-evoked and after-discharge
firing (Hohmann et al. 1998) and noxious stimulus-evoked Fos protein expression
in the spinal dorsal horn neurons (Hohmann et al. 1999c). Spinal administration
of a CB1R-selective agonist also inhibits C fiber and Aδ fiber-evoked responses of
wide dynamic range (WDR) neurons through a CB1R mechanism with only minor
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effects on A-β fiber-evoked responses (Kelly and Chapman 2001). Systemic and
intrathecally administered cannabinoids retain a weak but long-lasting antinoci-
ceptive effect in spinally transected rats (Lichtman and Martin 1991b; Smith and
Martin 1992), providing compelling evidence for spinal mechanisms of cannabi-
noid antinociception.

Spinal administration of a cannabinoid (HU210) also suppresses C fiber-
mediated post-discharge responses, a measure of neuronal hyperexcitability, in
carrageenan-inflamed and noninflamed rats (Drew et al. 2000); these effects were
blocked by a CB1R antagonist. Spinal administration of anandamide produced
CB1R-mediated effects in carrageenan-inflamed rats that were similar to that re-
ported for HU210, but only inconsistent effects were observed in noninflamed
rats (Harris et al. 2000). Upregulation of CB1Rs is also observed in the spinal
cord following nerve injury, suggesting that regulation of spinal CB1Rs may con-
tribute to the therapeutic efficacy of cannabinoids in neuropathic pain states (Lim
et al. 2003). These data implicate involvement of spinal CB1Rs in both acute and
persistent pain states.

3.4
Antinociception Mediated by CB1Rs in Supraspinal Pain Circuits

Support for supraspinal sites of cannabinoid antinociceptive action is derived
from the antinociceptive effects of cannabinoids following intracerebroventricu-
lar administration (Hohmann et al. 1999b; Martin et al. 1993) and the attenuation
of cannabinoid antinociception following disruption of communication between
brain and spinal cord. Both the antinociceptive (Lichtman and Martin 1991b)
and electrophysiological (Hohmann et al. 1999b) effects of systemically admin-
istered cannabinoids are attenuated following spinal transection, suggesting the
involvement of supraspinal sites of cannabinoid analgesic action. Intrathecal ad-
ministration of the α2 antagonist yohimbine but not the serotonin antagonist
methysergide also blocks the antinociceptive effect of systemically administered
∆9-tetrahydrocannabinol (∆9-THC) (Lichtman and Martin 1991a). Furthermore,
the antinociceptive efficacy of systemically administered cannabinoids is markedly
attenuated following neurotoxic destruction of descending noradrenergic projec-
tions to the spinal cord (Gutierrez et al. 2003). These data collectively implicate
a role for descending noradrenergic systems in cannabinoid antinociceptive mech-
anisms.

Direct evidence for supraspinal sites of cannabinoid antinociception is derived
from studies employing intracranial administration of cannabinoids. Site-specific
injections of cannabinoid agonists to various brain regions have permitted the
identification of brain loci implicated in cannabinoid antinociception. The active
sites included the dorsolateral periaqueductal gray, dorsal raphe nucleus, RVM,
amygdala, lateral posterior and submedius regions of the thalamus, superior col-
liculus, and noradrenergic A5 region (Martin et al. 1995, 1998, 1999a). These stud-
ies suggest that endocannabinoid actions at these sites are sufficient to produce
antinociception.
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3.4.1
Role of the Periaqueductal Gray

Studies of metabolically stable anandamide analogs and the effects of anandamide
in FAAH knockout mice lead to the conclusion that anandamide would produce
antinociceptive effects upon release in the appropriate brain, spinal, or peripheral
sites. Electrical stimulation of the dorsal aspect of the periaqueductal gray (PAG)
caused CB1R-mediated analgesia evidenced by a markedly reduced effect following
administration of SR141716A (Walker et al. 1999). This work suggested that the
dorsal PAG serves as a substrate for cannabinoid antinociception. Exogenously
applied cannabinoids have been shown to inhibit GABAergic and glutamatergic
neurons in rat PAG neurons through presynaptic mechanisms (Vaughan et al.
2000). These effects occurred in the absence of direct postsynaptic actions on PAG
neurons, thus providing a neurophysiological basis for cannabinoid modulation
of nociceptive transmission through presynaptic actions.

Metabotropic glutamate and N-methyl-d-aspartate (NMDA) receptors are re-
quired for cannabinoid antinociception at the level of the PAG. Infusion of the
CBR agonist WIN55,212-2 into the PAG produced dose-dependent increases in paw
withdrawal latencies to a noxious thermal stimulus (Palazzo et al. 2001). This effect
was blocked by pretreatment with SR141716A. Blockade of mGlu5 metabotropic
glutamate receptors but not mGlu1 receptors blocked the effects of WIN55,212-2.
Both mGlu5 and mGlu1 receptors belong to group I class of metabotropic glutamate
receptors that are G protein-coupled and positively coupled to phospholipase C.
Pretreatment with antagonists for group II (which includes mGlu2 and mGlu3) and
group III (which includes mGlu4, mGlu6, mGlu7, and mGlu8) metabotropic gluta-
mate receptors also suppressed WIN55,212-2-induced analgesia. This latter class
of receptors is negatively coupled to adenylate cyclase and preferentially localized
to presynaptic active zones associated with autoreceptors. In addition to these
metabotropic receptors, a selective antagonist for ionotropic glutamate (NMDA)
receptors also blocked the antinociceptive effects of WIN55,212-2.

It has been postulated that the effect of antagonism of group II and III meta-
botropic receptors on cannabinoid antinociception is attributable to an increased
release of GABA in the PAG (Palazzo et al. 2001). Because GABAergic interneurons
within the PAG tonically inhibit descending antinociceptive pathways (Moreau and
Fields 1986), an inhibition of PAG descending pathways may underlie the observed
blockade of cannabinoid antinociception through modulation of GABAergic in-
terneurons. In vitro studies demonstrate that cannabinoids inhibit GABA and
glutamate release presynaptically in the PAG in the absence of direct postsynaptic
effects on PAG neurons (Vaughan et al. 2000). By contrast, antagonists for mGlu5

and NMDA, which are localized postsynaptically, could reduce the tonic excitatory
control of glutamate on descending antinociceptive pathways with cells of origin
in the PAG (Palazzo et al. 2001), thereby modulating cannabinoid antinociception
through a distinct mechanism.
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3.4.2
Role of Rostral Ventral Medulla

Researchers have targeted synthetic cannabinoids at other brainstem nuclei in-
cluding the RVM (Martin et al. 1998; Monhemius et al. 2001; Vaughan et al. 1999)
and the nucleus reticularis gigantocellularis (Monhemius et al. 2001) to better
characterize sites of cannabinoid-mediated antinociception. Site-specific admin-
istration of cannabinoids (WIN55,212-2 and HU210) in the RVM produced signif-
icant antinociception in the tail-flick test (Martin et al. 1998). Mediation by CBRs
was established because the antinociceptive effects of HU210 were blocked by the
CB1R antagonist SR141716A, and the receptor-inactive enantiomer WIN55,212-3
failed to induce antinociception following microinjection to the same site (Martin
et al. 1998).

Electrophysiological studies have provided insight into the mechanisms medi-
ating these antinociceptive effects. Cannabinoids modulate on- and off-cells in the
RVM (Meng et al. 1998), demonstrating their ability to control descending pain
modulatory signaling in a manner similar to that of morphine. Pharmacological
inactivation of the RVM with site-specific administration of the GABAA receptor
agonist muscimol blocked the antinociceptive effects but not the motor deficits of
systemically administered WIN55,212-2 (Meng et al. 1998). At the cellular level, it
appears that cannabinoids exert their physiological effects in the RVM by presy-
naptic inhibition of GABAergic neurotransmission (Vaughan et al. 1999).

3.4.3
Role of the Basolateral Amygdala

The amygdala is a nuclear complex located in the limbic forebrain that plays a key
role in the coordination of fear and defensive reactions. The amygdala is optimally
positioned anatomically to receive and integrate sensory information from multi-
ple modalities and, in turn, to mediate emotional, autonomic, and somatic motor
reactions to salient stimuli (especially threatening stimuli) (Davis and Whalen
2001). Within the amygdala, CB1R immunoreactivity has been detected in a subset
of GABAergic interneurons in the basolateral complex (Marsicano et al. 2002),
a site implicated in the formation and storage of aversive memories (Medina et
al. 2002). Endocannabinoids are elevated in the basolateral amygdala in a condi-
tioned fear-aversion paradigm (Marsicano et al. 2002), supporting the hypothesis
that endocannabinoids serve naturally to inhibit extinction of aversive memories.
Presentation of the conditioned aversive stimulus during extinction trials elicited
elevated levels of the endocannabinoids 2-arachidonoylglycerol (2-AG) and anan-
damide in the basolateral nucleus of the amygdala but not the medial prefrontal
cortex (another brain area implicated in memory formation) of mice. Marsicano
et al. (2002) reported that endocannabinoids and CB1Rs in the basolateral nucleus
of the amygdala are crucial to the long-term depression of GABAergic inhibitory
currents, positing that endocannabinoids regulate aversive memory extinction via
selective inhibition of local inhibitory networks in the amygdala.
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The amygdala also plays a critical role in modulating antinociception. Microin-
jection of cannabinoids into the basolateral nucleus of the amygdala produces
antinociception in the tail-flick test (Martin et al. 1999a). Microinjection of µ-
opioid agonists into the basolateral nucleus of the amygdala similarly results in
marked antinociceptive responding in the radiant heat tail-flick (Helmstetter et
al. 1993, 1995) and formalin tests (Manning and Mayer 1995). Moreover, bilateral
lesions of the amygdala rendered nonhuman primates less sensitive to the antinoci-
ceptive effects of the potent synthetic cannabinoid WIN55,212-2 (Manning et al.
2001). In rodents, microinjection of the GABAA agonist muscimol into the central
nucleus of the amygdala but not into the basolateral nucleus of the amygdala, re-
duced the antinociceptive effects of systemic WIN55,212-2 (Manning et al. 2003).
Moreover, the endocannabinoid-degrading enzyme FAAH is localized in the ba-
solateral and lateral amygdala (Egertová et al. 2003; Tsou et al. 1998b). These data
indicate that a mechanism exists for inactivation of endocannabinoid actions in the
basolateral amygdala. Both conditioned (Helmstetter 1992; Helmstetter and Bell-
gowan 1993) and unconditioned (Bellgowan and Helmstetter 1996) stress-induced
analgesia depend on intact functioning of the amygdala. These observations, to-
gether with the demonstration of cannabinoid-mediated antinociceptive effects
following site-specific administration to the basolateral nucleus of the amygdala
(Martin et al. 1999a), suggest that endocannabinoids may serve naturally to sup-
press environmentally induced pain by actions in the amygdala.

4
Antinociception Mediated by CB2Rs

In clinical trials of THC and other cannabinoid agonists for pain pharmacotherapy,
unwanted, negative psychotropic effects limit dosing to levels that are probably
below those producing maximal analgesic efficacy. These effects are caused by
actions of the compounds at CB1Rs in the brain. However, CB2Rs are either absent
or expressed in low levels by neural tissues (Munro et al. 1993; Zimmer et al. 1999).
This distribution has led to evaluation and validation of CB2Rs as targets for novel
pharmacotherapies for pain.

4.1
Localization of CB2Rs that Contribute to Cannabinoid Antinociception

CB2Rs are expressed by cells that are involved in inflammation and thereby pain.
Among them are monocytes, polymorphonuclear neutrophils, mast cells, B cells,
T cells, and natural killer cells (see Cabral and Staab, this volume). CB2Rs are
also found on microglia (Walter et al. 2003), which play an important role in
pathological pain states (Zhang et al. 2003). Recent pharmacological evidence also
supports the presence of CB2Rs in human and guinea pig vagus nerve (Patel et
al. 2003). CB2R immunoreactivity has been detected in dorsal root ganglion cells
(Ross et al. 2001a) in cultures derived from neonatal rats. More work is necessary
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to identify the phenotypes of cells expressing CB2Rs, especially since levels of
CB2R mRNA in neurons of dorsal root (Hohmann and Herkenham 1999a) and
trigeminal (Price et al. 2003) ganglia are near background under conditions in
which CB1 mRNA is clearly demonstrated.

4.2
CB2R-Mediated Antinociceptive Effects

CB2R agonists are antinociceptive in models of acute (Malan et al. 2001) and per-
sistent pain (Clayton et al. 2002; Hanus et al. 1999; Hohmann et al. 2004; Ibrahim et
al. 2003; Nackley et al. 2003a). Direct evidence of CB2R-mediated antinociceptive
effects was reported by Hanus et al. (1999) using HU-308, a highly selective CB2R
agonist (Ki = 22.7 CB2R vs >10 µM CB1R). They found that HU-308 (50 mg/kg)
produced marked decreases in pain behavior in rats receiving hindpaw injections
of dilute formalin. This effect occurred without any change in motor function,
a centrally mediated effect of CB1R agonists that may predict psychoactivity in
humans. HU-308 also reduced the swelling produced by arachidonic acid. The
CB2R-selective cannabinoid antagonist SR144528 blocked these effects. Another
CB2R agonist, AM1241, has also been shown to induce a CB2R-mediated antinoci-
ceptive effect in otherwise untreated rats while failing to elicit centrally mediated
side effects such as hypothermia, catalepsy, and hypoactivity (Malan et al. 2001).
AM1241 also induces CB2R-mediated suppression of carrageenan and capsaicin-
evoked thermal and mechanical hyperalgesia and allodynia (Hohmann et al. 2004;
Nackley et al. 2003b; Quartilho et al. 2003) and suppresses carrageenan-evoked
Fos protein expression (Nackley et al. 2003a). These effects were blocked by the
CB2R-selective antagonist but not by a CB1R-selective antagonist.

Electrophysiological studies also support a role for CB2Rs in suppressing noci-
ception. AM1241 induced CB2R-mediated suppression of C fiber-evoked responses
and windup in spinal WDR neurons; this suppression was observed in both the
absence and presence of carrageenan inflammation and following local and sys-
temic drug administration (Nackley et al. 2004). The suppressive effects of AM1241
were more pronounced in the presence compared to the absence of inflammation.
By contrast, low threshold, purely non-nociceptive spinal neurons did not show
sensitization during the development of inflammation and were not altered by
AM1241 actions in the periphery (Nackley et al. 2004). Intraplantar adminis-
tration of anandamide also suppresses mechanically evoked responses in spinal
dorsal horn neurons in the carrageenan model of inflammation; these effects were
blocked by a CB2R-selective antagonist (Sokal et al. 2003). These data demon-
strate that activation of peripheral cannabinoid CB2Rs is sufficient to suppress
neuronal activity at central levels of processing in the spinal dorsal horn. Sensory
hypersensitivity in animals with nerve injury was also reduced by a CB2R agonist
(Ibrahim et al. 2003). In light of the induction of CB2Rs in the spinal dorsal horn by
neuropathic pain states, coincident with the appearance of activated microglia, it
appears likely that these latter effects are mediated, at least in part, by nonneuronal
cells.
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The main effect of inflammatory cells in nociception is to sensitize neurons.
This occurs in the periphery when the immune response stimulates peripheral
cells to secrete mediators that sensitize primary afferent neurons. Substances re-
leased by immune cells that sensitize nociceptors include histamine, serotonin,
eicosanoids, interleukin 1, tumor necrosis factor-α, and nerve growth factor (Dray
1995; McMahon 1996; Tracey and Walker 1995). Sensitization also occurs in the
CNS, and centrally located microglia, which express CB2Rs, may be involved in
the sensitization of central nociceptive neurons during inflammation (reviewed by
DeLeo et al. 2004).

CB2R agonists reduce the secretion of inflammatory mediators from immune
cells. For example, cannabinoids inhibit lipopolysaccharide (LPS)-inducible cy-
tokine mRNA expression in rat microglial cells (Puffenbarger et al. 2000) and cy-
totoxicity and release of inflammatory mediators from monocytic cells (Klegeris
et al. 2003). Activation of CB2Rs localized to mast cells or other immune cells also
attenuates the release of inflammatory mediators, including nerve growth factor
(Rice et al. 2002) and cytokines (Klegeris et al. 2003) that in turn sensitize nocicep-
tors (Mazzari et al. 1996). In the presence of inflammation, CB2R agonists could
thus act locally on immune cells in the periphery and suppress C fiber sensitization.
These observations suggest that the effects of CB2R ligands occur via the decreased
release of inflammatory mediators from peripheral immune cells in the periphery
and microglia in the CNS. However, CB2R modulation of immune responses does
not readily account for the effects of AM1241 on windup and C fiber responses in
the absence of inflammation and local antinociceptive effects of this compound
that are observed in otherwise untreated rats (Malan et al. 2001). Direct effects on
CB2Rs localized to primary afferents (Griffin et al. 1997; Patel et al. 2003; Ross et al.
2001a; see also Hohmann and Herkenham 1999a; Price et al. 2003) could provide
a parsimonious explanation for the antinociceptive and electrophysiological ac-
tions of CB2R agonists observed in the absence of inflammation. Malan’s group has
recently identified a potential mechanism of action for AM1241; AM1241 is likely
to suppress primary afferent activation indirectly by stimulating local release of
β-endorphin in peripheral tissue through a CB2R-specific mechanism (Malan et
al. 2004).

Besides suggesting a novel pharmacotherapy for pain, these findings suggest
that CB2R activation by endocannabinoids would promote anti-inflammatory and
antinociceptive effects, some of which may be mediated by non-neuronal cells in
the CNS.

5
Pain Modulation by Endocannabinoids

Sevenputativeendocannabinoidshavebeen identified: (1)anandamide, (2)dihomo-
γ-linolenoylethanolamide (HEA), (3) docosatetraenoylethanolamide (DEA), (4) 2-
AG, (5) noladin ether, (6) virodhamine, and (7)N-arachidonoyldopamine (NADA).
The roles of these novel putative endogenous compounds in pain and inflammation
have been a recent focus of investigations. The sections above, which described the
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relationship between pain circuits, exogenous drugs, and CBRs provide a founda-
tion for understanding how these putative endocannabinoids may operate physi-
ologically to modify pain perception. Proving that a particular endocannabinoid
plays such a role requires first the demonstration that it can produce antinocicep-
tion within the proposed site of action, then the demonstration that it is formed
and released in the proposed site under conditions where pain sensitivity is altered.
In the following, we review the data for each endocannabinoid with these criteria
in mind.

5.1
Anandamide

Anandamide was the first putative endocannabinoid to be identified (Devane et
al. 1992) and has therefore been the focus of the majority of investigations of
endocannabinoid mechanisms of pain suppression.

5.1.1
Effects of Exogenous Anandamide on Pain Sensitivity

In studies of physiological pain (i.e., pain induced by noxious stimuli in animals
free of inflammation, nerve injury, or other pathology), anandamide typically
producedantinociceptive effects, but these effectswerenotblockedbycannabinoid
antagonists (Adams et al. 1998; Vivian et al. 1998). This effect was likely due to the
rapid metabolism of anandamide by FAAH, since FAAH knockout mice exhibit
marked CB1R-mediated analgesic responses to anandamide (Cravatt et al. 2001).
However, in animals with nerve injury, at doses of 10 and 100 µg i.v., anandamide
reversed neuropathic mechanical hyperalgesia, and this effect was antagonized by
the CB1R and CB2R antagonists SR141716A and SR144528.

These findings above are in good agreement with electrophysiological and
neurochemical studies of the effects of anandamide on sensory neurons. In 64%
of neurons examined, anandamide (10 µM) depressed Aδ fiber-evoked excitatory
postsynaptic currents (EPSCs) (Luo et al. 2002). By contrast, an inhibitory action of
anandamide on C fiber-evoked EPSCs was observed in only 31% of neurons tested.
Anandamidealso inhibited the releaseofneuropeptides evokedbyaTRPV1agonist
(Helyes et al. 2003). These findings are consistent with studies of the localization
of CBRs (see Sect. 3.2.1) and suggest that anandamide acts primarily on larger
caliber peripheral afferent fibers and cells (see Sect. 3.2.1).

5.1.2
Effects of Inhibition of the Putative Anandamide Transporter

Another approach to examining the role of endogenous anandamide in pain has
been to employ transport inhibitors such as AM404. Blocking transport would
be expected to block the reuptake of anandamide and cause increased levels to
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occur in the vicinity of CBRs, with both processes leading to increased occupation
of CBRs. Beltramo et al. (1997) showed that administration of AM404 caused the
accumulation of anandamide in cultures of cortical neurons and enhanced the hot-
plate analgesia produced by systemically administered anandamide. AM404 alone
did not alter pain sensitivity, suggesting that anandamide does not act tonically to
maintain pain thresholds for thermal stimuli. The paper did not address whether
environmentally produced analgesia was affected by AM404 (but see Hohmann et
al. 2001).

5.1.3
Modulation of Pain by Endogenous Anandamide

Anandamide appears to participate in endogenous pain modulation by actions in
the PAG. Blocking the CB1R with the antagonist SR141716A produced hyperalgesia
in the formalin test (Calignano et al. 1998; Strangman et al. 1998) and prevented
the analgesia produced by electrical stimulation of the dorsolateral PAG (Walker et
al. 1999). These pro-nociceptive actions of the antagonist are reasonable evidence
for an antinociceptive action of one or more endocannabinoids, but conclusions
along this line are limited by the possible confound with the proposed inverse-
agonist activity of current CBR antagonists (Landsman et al. 1997). In order to
address directly the questions regarding the role of endocannabinoids that were
made inferentially from the actions of an antagonist, the release of anandamide in
the PAG was studied using microdialysis (Walker et al. 1999). This method permits
collection of neurotransmitters/modulators from the extracellular space, and is
therefore an indicator of the release of these modulators. Microdialysis coupled
with liquid chromatography/mass spectrometry established that the analgesia pro-
ducing electrical stimulation or injections of the chemical irritant formalin into
the hindpaws of anesthetized rats induced the release of anandamide in the PAG.
Thus, it appears that either pain itself, or electrical stimulation leads to the release
of anandamide, which acts on CB1Rs in the PAG to inhibit nociception.

5.2
Dihomo-γ-Linolenoylethanolamide and Docosatetraenylethanolamide

HEA and DEA were reported together by Hanus et al. (1993) as cannabinoids
similar in structure to anandamide but with different fatty acyl chains: 20:3 (n-6)
and 22:4 (n-6) for HEA and DEA, respectively. As they have been studied together
often and produce similar results, they are considered together here. Koga et al.
(1997) verified the occurrence of these compounds as endogenous to a variety of
mammalian tissues by using liquid chromatography/mass spectrometry. A recent
study indicates that, along with anandamide, these two compounds are formed in
astrocytes, suggestive of a potential role in inflammatory pain (Walter et al. 2002).
These compounds possess binding affinities for CB1Rs that are similar to that of
anandamide(Felderetal. 1993;Hanusetal. 1993;Vogel et al. 1994).Theyalso inhibit
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forskolin-stimulated cyclic AMP (cAMP) and electrically evoked contractions of
the mouse vas deferens with potencies similar to that of anandamide (Felder et
al. 1993; Pertwee et al. 1994; Vogel et al. 1994). Piomelli et al. (1999) reported
that HEA effectively competes against anandamide for the putative anandamide
transporter. As with anandamide, DEA exhibits weak activity at the TRPV1 (Ross
et al. 2001b). Taken together, the findings indicate that DEA and HEA are naturally
occurring compounds in mammals and exhibit a pharmacology that is very similar
to that of anandamide. Systemic administration of DEA and HEA causes analgesia
to acute thermal stimulation in mice (Fride and Mechoulam 1993), and tolerance
develops to this effect (Fride1995).Whether this effect isCBR-mediated is currently
unknown. More work with these poorly studied compounds is warranted.

5.3
2-Arachidonoylglycerol

2-AG was the second endocannabinoid to be identified (Mechoulam et al. 1995;
Sugiura et al. 1995). Compared to anandamide, less is known as to what role it
may play in pain modulation and whether its effects on nociceptive processing are
indeed CB1R-mediated. Intravenous administration of 2-AG caused a suppression
of pain behavior in the tail-flick test (Mechoulam et al. 1995). However, the inves-
tigators did not test whether the effects could be blocked by CBR antagonists. This
leaves open the possibility that active non-CB metabolites may have produced the
effect, as was apparently the case with anandamide discussed above. Ben-Shabat
et al. (1998) showed that at doses of 2-AG that fail to produce analgesic effects in
the hot plate test, the addition of two cannabinoid-inactive endogenous congeners
of 2-AG, 2-lineoylglycerol and 2-palmitoylglycerol, caused significant analgesia.
These effects were referred to as “entourage effects,” a reference to the notion that
endogenous mediators of similar structure are often released together and act in
concert.

5.4
Noladin Ether

The novel endocannabinoid noladin ether was recently identified by Hanus et al.
(2001). Subsequently, its existence in brain was reported by Fezza et al. (2002),
but Oka et al. (2003) were unable to detect the compound in the brains of any of
several mammalian species by gas chromatography/mass spectrometry. Noladin
ether was reported to occur in relatively high amounts in dissected thalamus, but
its localization to somatosensory areas of thalamus has not been established. It
was reported to occur in much lower amounts in spinal cord (Fezza et al. 2002).
Hanus et al. (2001) showed that the compound produces analgesic effects in the hot
plate test following systemic administration in mice (20 mg/kg, i.p.). However, as
with 2-AG, experiments have not been carried out to determine whether its effects
were due to an action at CBRs. More work is needed to verify the formation of this
compound in vivo and its potential role in pain modulation.
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5.5
Virodhamine

O-Arachidonoylethanolamine was identified in rat brain and named virodhamine
(Porter et al. 2002). This compound is similar to anandamide in being formed
from arachidonic acid and ethanolamine, but virodhamine contains an ester link-
age rather than anandamide’s amide linkage. Like anandamide, it appears to act as
a partial agonist. However, a microdialysis study suggested that while its tissue con-
centrations are similar to anandamide, it is released in much higher amounts. The
existence of this compound has not been independently verified, and this author
has been unable to detect it in rat brain extracts using ultrasensitive LC/MS/MS
(liquid chromatography/tandem mass spectrometry) methods developed using
the synthetic compound (J.M. Walker, unpublished observations). Additional con-
firmatory studies of the existence of virodhamine are needed upon which further
study of its potential role in pain modulation would be warranted.

5.6
N-Arachidonoyldopamine

Another molecule with the arachidonic acid backbone, NADA was recently iden-
tified in rat and bovine brain (Huang et al. 2002). It activates CB1Rs and elicits
cannabimimetic effects (which include analgesia following systemic administra-
tion but not tested with a cannabinoid antagonist) (Bisogno et al. 2000; De Petro-
cellis et al. 2000; Huang et al. 2002). NADA significantly inhibited innocuous (8,
10 g) mechanically evoked responses of dorsal horn neurons, and these effects were
blocked by intraplantar injection of SR141716A (Sagar et al. 2004). In addition,
NADA activates TRPV1 receptors and causes hyperalgesia when administered pe-
ripherally (Huang et al. 2002). This effect is in contrast to anandamide, which also
activates TRPV1 (Smart et al. 2000; Zygmunt et al. 1999), though administration
of anandamide typically causes analgesia. The distribution of endogenous NADA
in various brain areas differs from that of anandamide, with the highest levels
found in the striatum and hippocampus (Huang et al. 2002). It also occurs in the
DRG in low levels. Given that NADA is capable of eliciting analgesia upon systemic
administration and hyperalgesia upon intradermal injection, it is possible that
endogenous NADA activates either TRPV1 or CB1Rs, depending upon location
and circumstance.

5.7
Regulation of Endocannabinoids by Fatty Acid Amide Hydrolase

Three putative endogenous cannabinoids, anandamide, 2-AG, and NADA, appear
to be susceptible to degradation by FAAH (Cravatt et al. 1996; Deutsch and Chin
1993; Di Marzo et al. 1998; Huang et al. 2002). Immunohistochemical studies
show that FAAH is present in the ventral posterior lateral nucleus of the thala-
mus (Egertová et al. 1998, 2003; Tsou et al. 1998b), the termination zone of the
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spinothalamic tract. FAAH is also found in Lissauer’s tract, which comprises pri-
mary afferent fibers entering the spinal cord, and in small neurons in the superficial
dorsal horn, which is the termination zone of nociceptive primary afferents. These
observations demonstrate that a mechanism capable of inactivating anandamide,
2-AG, and NADA is present in regions of the CNS related to nociceptive process-
ing and thus suggest a role for these ligands in pain modulation. Of course, the
presence of FAAH does not necessarily identify that cell as a site of synthesis of
endocannabinoids, as FAAH is a catabolic enzyme and also metabolizes fatty acid
amides that act through CBR-independent mechanisms.

5.7.1
Pain Sensitivity and Inflammatory Responses in FAAH Knockout Mice

Cravatt and colleagues (2001; Lichtman et al. 2004) developed transgenic mice
lacking FAAH and observed in these mutants enhanced analgesic effects of exoge-
nously administered anandamide (Fig. 4). These effects were reversed by the selec-
tive CB1R antagonist/inverse agonist SR141716A. Moreover, these animals exhibit
tonic CB1R-mediated analgesia, apparently due to the decreased metabolism of
FAAH-susceptible endocannabinoids. These findings support the hypothesis that
endocannabinoids susceptible to hydrolysis by FAAH serve to naturally suppress
painsensitivity.ThedevelopmentofFAAHandCB1Rknockoutsandpharmacolog-
ical approaches employing subtype selective antagonists or antisense knockdown
have been used to evaluate a role of endocannabinoids in pain modulation.

In a subsequent study, mice were generated that expressed FAAH in the nervous
system but not in peripheral tissues. These mice exhibited normal pain sensi-

Fig. 4 Marked changes in anandamide levels, hot plate sensitivity, and basal effects of the CB1R antagonist
SR141716A in animals lacking the enzyme fatty acid amide hydrolase (FAAH). Wild-type mice (+/+, left panel)
exhibit relatively low levels of anandamide ( 50pmol/g) in brain compared to FAAHknockoutmice (–/–)which
exhibit 775 pmol/g, indicating that FAAH is the principal mechanism for the metabolism of anandamide.
FAAH knockout mice (–/–, middle panel) exhibit significantly reduced pain sensitivity under basal conditions
compared to wild-type (+/+) and heterozygous (+/-) mice, raising the possibility that the increased levels
of anandamide in the knockouts produce a constant state of hypoalgesia. The tonic hypoalgesia observed
in the FAAH knockout mice (–/–, right panel) is eliminated by the CB1R antagonist SR141716A (black bars)
compared to vehicle (white bars), whereas no significant effect of the antagonist is observed in wild-type
(+/+) or heterozygous (–/–) mice. Redrawn from Cravatt et al. (2001)
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tivity but a reduced inflammatory response (edema) to carrageenan via a non-
cannabinoid mechanism (Cravatt et al. 2004). These findings indicate that the
elevated levels of anandamide and other fatty acid conjugates susceptible to FAAH
in the nervous system mediate the analgesia observed in FAAH knockouts, while
the reduced susceptibility to inflammation is mediated by peripherally elevated
lipids acting via a non-CBR mechanism. These data suggest that the central and
peripheral FAAH signaling systems regulate discrete phenotypes that may be sep-
arately targeted for distinct therapeutic needs.

5.8
Role of Endocannabinoids in the Antinociceptive Actions
of Cyclooxygenase Inhibitors

Anandamide is metabolized by cyclooxygenase 2 (COX-2) to form prostaglandin
(PG) E2 ethanolamide, PGD2 ethanolamide, and PGF2α ethanolamide (Kozak et
al. 2002; Yu et al. 1997). Ross et al. (2002) demonstrated that PGE2 ethanolamide
binds with nanomolar affinity to prostaglandin EP1, EP2, EP3, and EP4 receptors
(Ki (nM) = 5.61 ± 0.1, 6.33 ± 0.01, 6.70 ± 0.13, and 6.29 ± 0.06, respectively; receptor
subtypes reviewed by Breyer et al. 2001). Anandamide is not the only derivative
of arachidonic acid that is oxygenated by COX-2. The predicted glycerol adduct of
PGE2 is formed upon exposure of 2-AG to recombinant COX-2 (Kozak et al. 2000;
Prusakiewicz et al. 2002). The glycerol ester of PGE2 was recently shown to produce
proinflammatory-like effects in macrophage cell line (Nirodi et al. 2004). The above
findings indicate that when COX-2 is induced by inflammation, endocannabi-
noids may be converted from antinociceptive/anti-inflammatory compounds to
pro-nociceptive/proinflammatory compounds. This possibility was addressed by
Gühring et al. (2002) with the demonstration that the reduction of pain behav-
ior following formalin injection in the hindpaw produced by the COX-2 inhibitor
indomethacin was reversed by the CB1R antagonist AM251 but not by PGE2.
This effect was absent in CB1R knockout mice. AM251 also reversed the antihy-
peralgesic effect of indomethacin subsequent to zymosan-induced inflammation.
These findings suggest that COX inhibitors suppress pain, at least in part, by pre-
venting the metabolism of antinociceptive endocannabinoids to pro-nociceptive
prostanoids.

5.9
Evidence for Tonic Modulation of Pain via CB1Rs

5.9.1
Pain Sensitivity in CB1R Knockout Mice

Knockoutsof theCB1Rprovidedmixedresults. Ledent et al. (1999) found thatCB1R
knockout mice failed to exhibit any of the usual changes produced by exposure
to cannabinoids including analgesia. In the absence of any treatment, the basal
responses to noxious stimuli in the –/– mice were similar to those of the wild-
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type mice, in contrast to another study published the same year on a different
CB1R knockout (Zimmer et al. 1999), in which a higher pain threshold in the –/–
mice compared to wild-type was observed. The surprising finding of analgesia-
like effects of the knockouts in this study are at variance with the other study and
are difficult to explain, except to hypothesize different patterns of developmental
organization of the pain system in the absence of CB1Rs in the groups of mice used
by the two laboratories. It is possible that regulatory changes in other receptor
systems occur during development subsequent to the knockout of the CB1R gene
and contribute to the behavioral phenotype observed in the transgenic mice.

5.9.2
Effects of Endocannabinoids Assessed with CBR antagonists

Studies of the effects of SR141716A, a specific cannabinoid CB1R antagonist (re-
viewed by Walker et al. 2000) suggest that endocannabinoids participate in en-
dogenous pain modulation and that this action involves the PAG. Blocking the
cannabinoid CB1R with SR141716A produced hyperalgesia in the formalin test
(Calignano et al. 1998; Strangman et al. 1998) and blocked the analgesia pro-
duced by electrical stimulation of the dorsolateral PAG (Walker et al. 1999). These
findings are in line with previous studies (Richardson et al. 1997; Richardson et
al. 1998b) that demonstrated hyperalgesia following intrathecal administration
of this cannabinoid antagonist or CB1R knockdown with an antisense oligonu-
cleotide. Chapman (1999) found that spinal nociceptive neurons exhibit markedly
greater C fiber-mediated responses following low doses of SR141716A (0.1–1 ng in
50 ml applied to spinal cord). The authors of these studies posited that the pain-
enhancement by the antagonist results from the blockade of endocannabinoids.
However, the conclusions from these and other experiments that use SR141716A in
this manner are limited by three factors. First, several reports have suggested that
SR141716A acts as an inverse agonist, an effect that would mimic that of blocking
endocannabinoids (reviewed by Walker et al. 2000). Second, these studies do not
identify any particular endocannabinoid that might be involved in the proposed
suppression of pain. Third, not all investigators have observed the pain-enhancing
effect of SR141716A (Beaulieu et al. 2000), perhaps due to differences in exper-
imental procedures or baseline differences in activation of the endocannabinoid
system. For example, ceiling effects in pain behavior could contribute to failures
to observe hyperalgesia in the cited work, which used twice the concentration of
formalin that was used by Strangman et al. (1998).

6
Effects of Cannabinoids on Pain in Humans

The human trials of cannabis and ∆9-THC are few in number and typically small
in size. These studies differ in important ways. There are marked differences be-
tween studies in dose and dose regimens, and the drug preparations differ, with
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some using smoked marijuana and some using ∆9-THC by the oral or intravenous
routes. Some studies used healthy volunteers whereas others used patients with
clinical pain of various origins. Therefore, it is important to note that (1) some
negative results may have arisen from ineffective doses; (2) the oral route of ad-
ministration adds variability due to the unpredictable absorption of ∆9-THC; (3)
smoked marijuana contains additional constituents that likely contribute to any
observed effects; (4) clinical pain is very different from experimental pain due to
plasticity in the neuronal circuits that mediate pain. In light of the fact that the
extant materials do not permit one to reach solid conclusions about the utility of
direct-acting full cannabinoid agonists as therapeutic agents in pain, it seems best
to examine this literature with an eye toward uncovering whatever therapeutic
potential exists.

6.1
Experimental Pain

One approach in studying the effects of cannabinoids in pain perception in hu-
mans is through paradigms that involve administering controlled painful stimuli
to healthy volunteers. An interesting approach used in two papers (Clark et al.
1981; Zeidenberg et al. 1973) aimed at distinguishing between response bias (of-
ten referred to as B, β, or Lx) and sensitivity [often referred to as P(A) or d′] to
painful stimuli, using the methods of sensory decision theory. In this approach,
response bias refers to the tendency of a particular subject to rate events in a more
positive or negative direction. This variable is related to cognitive processes reflect-
ing factors such as a person’s temperament. Sensitivity refers to the detectability
of a stimulus and the subject’s ability to distinguish stimuli that are of similar
but slightly different intensities. Sensory decision analysis requires a variety of
statistical assumptions, which make interpretation of the results more difficult.

Zeidenberg et al. (1973) administered 5 mg (p.o.) of ∆9-THC to healthy male vol-
unteers between the ages of 25 and 29, and tested them for thermal pain perception
to a radiant heat source before and after administration of the drug. They found
that d′ or the ability to distinguish between stimuli of different intensities dropped,
and this drop occurred both during the period of subjective effects of the drug and,
in 3 of 4 subjects, for the subsequent testing period. Response bias exhibited more
intersubject variability. The authors noted that the analgesic effects of the drug
remained at a time when effects on memory and psycholinguistic parameters were
returning to normal levels, suggesting a longer time course for the drug’s effect on
pain sensitivity.

A second study that used sensory decision theory reached opposite conclusions
(Clark et al. 1981). However, in this study tolerance to cannabinoids is confounded
with the pain tests. Healthy volunteers were permitted to smoke increasing quan-
tities of marijuana cigarettes (2%, 20 mg ∆9-THC content per cigarette, supplied
by the U.S. National Institute on Drug Abuse). The total number of cigarettes
consumed was very high for both the moderate and high consumption groups
(average 19.4 cigarettes per day for high consumption, 13.1 for moderate users),



Cannabinoid Mechanisms of Pain Suppression 541

which undoubtedly induced tolerance in the subjects. This confound is so deeply
embedded in the experimental design that it is virtually impossible to interpret
the data from this experiment.

Raft et al. (1977) used two doses of ∆9-THC administered intravenously (0.022
and 0.044 mg/kg) in 10 males (ages 18–28) and measured pain induced by two types
of noxious stimuli, pressure and electrical. These investigators took the approach
of examining the pain threshold (the lowest intensity of stimulation that gives rise
to pain) and pain tolerance (the intensity at which pain becomes unbearable). At
both doses and for both stimuli the threshold for pain was increased, whereas pain
tolerance was not affected. In this and other studies conducted around the same
time, the use of threshold and tolerance measures is unfortunate. Clinical pain
is normally somewhere in between the two, and it is difficult to assess from the
present data what happens in this middle range. Modern approaches would likely
use a range of noxious stimuli coupled with ratings of pain intensity, allowing
the construction of stimulus–response functions. What is clear from the results of
the study by Raft et al. (1977) is that the sensation of pain was entirely absent at
some levels of noxious stimulation, but whether this would extend to the clinically
relevant levels cannot be assessed from these data. An interesting result from this
paper stems from patient reports on pain severity overall. Although the largest
decrease in pain threshold occurred with the pressure stimulus at the 0.44 mg/kg
dose, most patients rated this condition as the least desirable. It appears that dys-
phoric effects of ∆9-THC heightened the overall negativity of the pain. Thus, there
is a dissociation between the sensory phenomena and the overall pain experience
such that the negative psychotropic effects of ∆9-THC at the higher dose range
overrides the positive effects of the drug on sensory threshold.

Hill et al. (1974) also measured pain thresholds and tolerance. In this single-
dose study, healthy male volunteers (ages 21–30, n = 26) inhaled marijuana smoke
using an apparatus that caused nearly complete combustion of the plant while the
subject practiced inhalation in a timed manner. Subjects experienced ascending
intensities of electrical stimulation and were asked to report when the stimulation
became painful and when it became intolerable. The strength of stimulation was
then reversed and the subjects were asked to report when the pain disappeared.
The authors found that marijuana smoking lowered the pain threshold as well as
pain tolerance. A drawback of this study is the inability to state the dose with any
accuracy, a possible basis for the fact that it is at variance with the results of Raft
et al. (1977).

A recent study employing topical administration of the cannabinoid agonist
HU210 has demonstrated its effectiveness in reducing the magnitude estimation
of pain induced in human volunteers following intradermal administration of
capsaicin (Rukwied et al. 2003). HU210 also increased the mean heat threshold
for pain and reduced tactile allodynia elicited by stimulation with a cotton pad
following capsaicin administration. Although pharmacological specificity was not
assessed in this work, it is consistent with preclinical studies where mediation
by CBRs was confirmed with competitive antagonists (see Sects. 3.2.3 and 4).
These data collectively suggest that local administration of a cannabinoid may be
employed in humans to suppress pain without psychomimetic side effects.
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6.2
Clinical Pain

The studies discussed in this section are the most compelling because the subject
population was drawn from patients suffering from significant chronic clinical
pain. Chronic pain takes on features that distinguish it from acute pain due to
neural plasticity. The changes in sensory processes that take place during periods
of prolonged pain serve mainly to amplify the pain. Ongoing painful stimulation
leads to peripheral and central sensitization, a process in which the responses to
stimulation are enhanced. This leads to allodynia (a painful sensation pursuant
to mild tactile stimulation), hyperalgesia (a greater than normal pain sensation
to a noxious stimulus), and spontaneous pain. The peripheral mechanisms for
different classes of pain (e.g., inflammatory pain versus neuropathic or nerve
injury pain) differ. Consequently, different analgesics exhibit different degrees
of efficacy in chronic pain of different etiologies. For example, morphine is an
excellent analgesic for inflammatory pain, whereas it frequently lacks efficacy in
neuropathic pain (Arner and Meyerson 1988). Therefore, studies of clinical pain
of different types are necessary precursors to drawing sound conclusions about
the possible role of cannabinoids in the pharmacotherapy for pain.

Positive results of cannabinoids have been found in the studies of cancer pain
conducted by Noyes and colleagues (Noyes et al. 1975a,b). The larger of the two
studies used 36 subjects (26 women and 10 men, mean age 51). These patients
reported continuous pain of moderate intensity. In a double-blind random pattern,
patients received on successive days placebo, 10 and 20 mg ∆9-THC, and 60 and
120 mg of codeine. Pain ratings by the patients were used to estimate pain relief
and pain reduction scores. The results indicated that 20 mg ∆9-THC was roughly
equivalent to 120 mg codeine. Five of the 36 patients experienced adverse reactions
to ∆9-THC, one following 10 mg ∆9-THC, four following 20 mg. These side effects
undoubtedly limit the amount of analgesia that can be produced by ∆9-THC.
Another report by Noyes (1975) reached similar conclusions with a smaller sample.

Neuropathic pain is a potential target for cannabinoid pharmacotherapies that
have been validated at preclinical as well as clinical levels. The cannabinoid ∆9-THC
(dronabinol) has recently been evaluated in multiple sclerosis patients with central
neuropathic pain in a double-blind placebo-controlled crossover design (Svend-
sen et al. 2004). Orally administered dronabinol (10 mg daily for three weeks)
lowered median spontaneous pain intensity scores and increased the median pain
relief scores relative to placebo treatment. The modest but clear therapeutic ef-
fect was associated with improvements on the SF-36 quality-of-life scale with no
change in the functional ability of the multiple sclerosis patients. During the first
week of treatment, adverse side effects of dronabinol treatment (dizziness, light-
headedness) were more frequent with dronabinol than placebo, but the adverse
effects decreased over the therapeutic course, possibly due to tolerance (Svendsen
et al. 2004). Nonetheless, the clinical relevance of dronabinol for pain management
may be limited by unwanted psychoactive side effects (Svendsen et al. 2004). Re-
sults of a randomized, placebo-controlled 21-day intervention trial suggest that
smoked and oral cannabinoids do not appear to be unsafe [with respect to hu-
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man immunodeficiency virus (HIV) RNA levels, CD4+ and CD8+ cell counts, or
protease inhibitor levels] in individuals with HIV infection (Abrams et al. 2003).
Cannabinoids also represent a promising therapeutic target in acquired immun-
odeficiency syndrome (AIDS) and cancer patients where the antiemetic effects
of cannabinoids represent a useful therapeutic adjunct in patient populations for
whom the emetic effects of opioids are poorly tolerated.

Recent work has aimed at developing cannabinoids that lack psychotropic side
effects, which limit dosing. One example of this may be found in the THC and
cannabidiol acid derivatives ajulemic acid (CT-3) and HU-320. These compounds
were reported to produce anti-inflammatory effects with a reduced side effect
profile (Burstein et al. 1998; Burstein et al. 2004; Sumariwalla et al. 2004), perhaps
because they possess either poor (ajulemic acid) or virtually no (HU-320) affinity
for either CB1R or CB2R. Consequently, the mechanism by which they produce
analgesic effects is not clear. In a recent clinical trial of patients suffering from
neuropathic pain, ajulemic acid possessed some efficacy (Karst et al. 2003). While
many questions about these and similar compounds are awaiting further research,
this appears to be an important line of inquiry.

7
Conclusions

Although cannabinoids have been used for pain relief for centuries, the basis for
their analgesic effectswerepoorlyunderstooduntil recently.During the last decade
a prodigious output of research papers from many laboratories has elucidated
many of the major features of cannabinoid analgesia. These studies have not only
provided a detailed understanding of the network of neural and inflammatory cells
that serve as the targets of cannabinoids, the literature has also begun to address
the more difficult question of the physiological role of endocannabinoids in pain
regulatory circuits. The low levels of CBRs in brainstem regions that control vital
heart rateandrespiratory functionprovidedananatomicalbasis for the lowtoxicity
of cannabinoids (Herkenham et al. 1991). However, the psychoactivity of direct-
acting CB1R agonists proved to be a major barrier to their use as therapeutic
tools in the pharmacotherapy of chronic pain. More encouraging results have
arisen from a number of studies showing positive effects of CB2R agonists, locally
administered cannabinoids, inhibitors of the anandamide-degrading enzyme or
the putative anandamide transporter, or the use of atypical cannabinoids such as
HU-320. Such novel targets for pain pharmacotherapy represent important future
directions for research in this field.
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Abstract Marijuana and cannabinoids have been shown to exert profound effects
on hypothalamic regulatory functions and reproduction in both experimental ani-
mals and humans. Here we review the role of (endo)cannabinoids in the regulation
of appetite and food intake. There is converging evidence that the hypothalamic
endocannabinoid system changes after leptin treatment. Cannabinoid adminis-
tration decreases heat production by altering hypothalamic neurotransmitter pro-
duction. Experimental and human data have also shown that the endocannabinoid
system is involved in the regulation of reproductive function at both central and
peripheral levels. We discuss also the role of fatty acid amide hydrolase (FAAH)
in gestation, and in particular the regulation of the activity of FAAH by proges-
terone and leptin. We show that endocannabinoids inhibit the release of leukaemia
inhibitory factor (LIF) from peripheral T lymphocytes. Taken together, endo-
cannabinoids not only help to maintain neuroendocrine homeostasis, but also
take part in immunological changes occurring during early pregnancy.
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1
Historical Background

Cannabis was used as a drug as long ago as 2000 b.c. Hemp is mentioned in the
Atharva Veda approx. 2000 b.c. (veda: saint book of Hindi religion). The ancient
Hindus credited it as giving “vital energy”, and Pliny the Elder first mentions its
effect on the reproductive system (cited by Butrica 2002): “...semen eius extinguere
genitarum uirorum dicitur... (Its seed is said to extinguish men’s semen)”. Aetius
mentioned (sixth century a.d.) that it could be used on women as well, although
he did not specify the conditions of use. Cannabis has been widely known since
the first millennium in the Middle East, and the physician al-Badri (middle of the
thirteenth century a.d.) already recommended hashish to stimulate appetite (cited
by Peters et al. 1999).

As early as in the tenth century in Middle Eastern medicine, the hemp was used
as an antipyretic agent (cited by Lozano 2001). Moreau (1845) also mentioned the
hypothermic effect of marijuana.

Cannabis was introduced into the modern Western world as a medicine by
O’Shaughnessy in 1830, who recommended it to cure menstrual disorders (in
Crawford 2002), probably not because of its effects on hormonal secretion but as
an anticonvulsive smooth muscle relaxant.

It was not until 1970 that marijuana was extensively investigated, as a re-
sult of the identification of the major psychoactive component of cannabis, ∆9-
tetrahydrocannabinol (THC), by Mechoulam et al. (1965).

2
General Anatomical Features

The hypothalamus is a subdivision of the diencephalon. It is a multifunctional
centre for the control of visceromotor and endocrine activity. The hypothalamus
integrates and modulates responses to changes in temperature or osmolality or in
the level of specific hormones in the general circulation. Anteriorly it is bordered by
the lamina terminalis. The third cerebral ventricle is its medial boundary and the
lateral border is formed by basal forebrain structures (Fig. 1). The fornix divides
the hypothalamus into medial and lateral region. The hypothalamus has varied
and complex connections with several other CNS areas (Levine 2000). It receives
information from sensory nerves, peripheral hormone secretions, and pathways
originating in limbic and cortical structures. The output structures control brain-
stem autonomic centres like gastrointestinal (appetite, vomiting) regulatory areas.
The hypothalamus plays a major role in emotional behaviour, and is sensitive to
changes of blood temperature. As such, it plays a role in the regulation of body
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Fig. 1. Schematic drawing of the sagittal section of rat brain 0.4 mm lateral to the midline, according to the
atlas of Paxinos-Watson (1997). Thebox showsapart of the forebrain. Theparallel lines indicate frontal sections
seen in Fig. 2. The numbers indicate the distance from the interaural line according to the Paxinos-Watson
atlas. Only the main structures are labelled (for orientation)

temperature. Indeed, the hypothalamus is a brain area that is generally considered
to be particularly important in maintaining homeostasis.

3
Cannabinoids in the Hypothalamus and Pituitary

The presence of endocannabinoids has been shown in the hypothalamus (Herken-
ham 1995) and in the anterior pituitary (Gonzales 1999). The central cannabinoid
receptor (CB1 receptor) is also present is these structures. The hypothalamus con-
tains fewer cannabinoid binding sites than other areas of the CNS. Nevertheless
the effects caused by the activation of CB1 receptors in the hypothalamus are im-
portant, maybe because the receptors are more or less concentrated within specific
hypothalamic nuclei-areas (Fig. 2). CB1 receptors seem to be located on intrinsic
hypothalamic neurons rather than on neurons with cell bodies located outside the
hypothalamus, since hypothalamic deafferentation is not followed by any reduc-
tion in the number of cannabinoid receptor binding sites within this brain area
(Romero 1998).

Unlike the hypothalamus, the anterior pituitary, which is regulated by hypotha-
lamic releasing and inhibiting factors, contains a large number of CB1 recep-
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Fig. 2. Schematic drawing of different forebrain and midbrain areas to show the presence of cannabinoid
receptor immunoreactivity (dark spots). Differences between fibres and cell bodies are not shown. Also not
shownare quantitative differences betweendifferent areas in CB1 receptor density. Only structures expressing
CB1 receptor immunoreactivity are labelled. The numbers indicate the distance from the interaural line
(according to the Paxinos-Watson atlas, see also Fig. 1 for explanations). Abbreviations of structures labelled in
this and in consecutive figures (in alphabetical order): 2n, optic nerve; 3V, third ventricle; A11, A11 dopamine
cells;A13, A13dopamine cells;aca, anterior commissure;Acb, accumbensnucleus;AHA, anterior hypothalamic
area; DMH, dorsomedial hypothalamic nucleus; f, fornix; fr, fasciculus retroflexus; LH, lateral hypothalamic
area; LV, lateral ventricle; mfb, median forebrain bundle; MPO, medial preoptic nucleus; MS, medial septal
nucleus;mt,mamillothalamic tract;Och, optic chiasma;opt, optic tract;Pit, pituitarygland;PVN, paraventricular
nucleus; SNR, substantia nigra; SO, supraoptic nucleus; Tu, olfactory tubercle;VMH ventromedial hypothalamic
nucleus; zi, zona incerta. (Details fromMoldrich andWenger 2000,with the kind permission of Elsevier Science
Publishing)
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Fig. 3A–C. Immunohistochemical expression of CB1 receptors in the anterior pituitary of rat. Thearrows show
intensely stained cells. A and BGonadotrope cells. C Lactotropes. Note that the immunoreactive granules are
present mainly at the periphery of the cells. cap, sinusoid capillary; scale bars = 35 µm in A and B, 25 µm in C

tors, mainly on lactotropes and gonadotropes (Wenger et al. 1999) (Fig. 3). N-
Arachidonoylethanolamine (AEA) is also present in the pituitary (Gonzales et al.
1999).

No cannabinoid receptors have been found in pituitary corticotrope cells (Wen-
ger at al. 1999).

3.1
Cannabinoids and Appetite and Feeding

Leptin, the 16-kDa product of the obese gene, has been implicated in the main-
tenance of feeding behaviour and energy balance (Campfield et al. 1995). Leptin
is regarded as an “appetite-reducing” protein, and as the primary signal through
which the hypothalamus regulates food intake and energy balance (Friedman and
Halaas 1998). It is known that neurons in the ventromedial hypothalamic nucleus
(VMH) and in the lateral hypothalamus (LHY) play a central role in the regulation
of feeding and energy homeostasis (Oomura et al. 1969). The leptin receptor (LR)
was first demonstrated in the choroid plexus and hypothalamus (Tartaglia 1995).
Strong LR immunoreactivity was described in the hypothalamic arcuate nucleus
(ARC), VMH and dorsomedial nucleus (DMN), and moderate immunoreactivity
in the LHY (Maruta et al. 1999; Funahashi et al. 1999) (Fig. 4). It is interesting
that leptin does not only regulate appetite and feeding, but also takes part in
hypothalamic neuroendocrine regulation (Takashi et al. 2002).
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Fig. 4. Schematic drawing of two different forebrain areas to show the presence of CB1 receptors (right side)
and leptin receptors (left side). The structures are labelled as in Fig. 2. Note that there are sites such as the zona
incerta, anterior hypothalamic area, ventromedial nucleus, and dorsomedial nucleus where both receptors
are present. (Drawings concerning leptin were made using the data of Maruta et al. 1999)

On the other hand, studies confirmed that THC and AEA might cause overeating
(Williams et al. 1998; Williams and Kirkham 1999). Administration of AEA caused
hyperphagia and overeating in rats. Attenuation of this effect by the CB1 receptor
antagonist SR 141716A was dose dependent (Williams and Kirkham 1999). Di
Marzo et al. (2001) reported that hypothalamic endocannabinoid signalling is
constitutively stimulated in obese mice and Zucker rats. They also observed that
food intake is lower in CB1 receptor knockout (KO) mice than in their wild-type
littermates. Hypothalamic endocannabinoids appear to be under negative control
by leptin. AEA content is reduced in the hypothalamus after leptin treatment (Di
Marzo et al. 2001), and AEA-hydrolase (fatty acid amide hydrolase, FAAH) activity
is enhanced by leptin in human T cells (Maccarrone et al. 2003a).
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It can be concluded that endocannabinoids contribute to the stimulation of
appetite by activating the CB1 receptors present in the hypothalamus (the presence
of both leptin and CB1 receptors in the hypothalamus is shown on Fig. 4) and
that the CB1 receptor antagonist SR 141716A can be considered to be an appetite-
suppressing drug.

3.2
Cannabinoids and Thermoregulation

One of the characteristic pharmacological properties of CB1 receptor agonists is an
ability to induce hypothermia (Pertwee 1985). The changes of body temperature
caused by cannabinoids are dose dependent. According to Pertwee, higher doses of
THC cause hypothermia by lowering the thermoregulatory “set point”, while lower
doses are hyperthermic. It has been postulated that differential Gs and Gi protein
activation by CB1 receptors could explain these findings (Sulcova et al. 1998).

Cannabinoid-induced hypothermia is mediated by dopaminergic pathways
(Pertwee 1992). It was proposed that AEA might not produce all of its effect on
thermoregulation by a direct interaction on CB1 receptors present in hypothalamic
thermoregulatory centres. SR 141716A did not block hypothermia caused by AEA
(Adams et al. 1998), although this CB1 receptor antagonist reversed the hypother-
mia caused by WIN 55,212-2. The endocannabinoids N-arachidonoyl-dopamine
and 2-arachidonoylglycerol (2-AG)-ether both caused hypothermia (Bisogno et
al. 2000; Hanus et al. 2001), supporting the involvement of CB1 receptors in this
process.

On the other hand, N-vanillyl-arachidonyl-amide (arvanil), a VR1 receptor
agonist, was 100 times more potent than AEA in producing hypothermia (Di
Marzo et al. 2000), which indicates that hypothermia caused by cannabimimetic
compounds may not (only) be due to the activation of CB1 receptors.

It is possible that the endocannabinoid system is taking part in thermoregula-
tion, too.However, it is still questionablewhether this effect occursby theactivation
of cannabinoid receptors and/or vanilloid receptor, or by other mechanisms.

3.3
Cannabinoids and Regulation
of the Hypothalamo-Pituitary-Adrenal Cortical Axis

Both exogenous and endogenous CB1 receptor agonists stimulate adrenocorti-
cotrophic hormone (ACTH) and corticosterone secretion (Dewey 1986; Weiden-
field et al. 1994; Wenger et al. 1997; Manzanares et al. 1999).

Chronic administration of THC increased corticotropin-releasing hormone
(CRH)andproopiomelanocortin (POMC)geneexpression in the rathypothalamus
(Corchero et al. 2001). Circulating gonadal steroids facilitate the latter effect.

AEA activates the CRH-producing neurons in the hypothalamic paraventricular
nucleus (Wenger et al. 1997). This effect of AEA may be mediated by a different
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and as-yet-uncharacterized G protein-coupled cannabinoid receptor (CBX), the
presence of which in the CNS has been proposed (Wenger et al. 1997; Di Marzo et
al. 2002; Wenger et al. 2003).

4
Cannabinoids and Reproduction

In the 1980s a great number of papers dealt with the effects of THC on repro-
duction and on neuroendocrine function. THC increased gonadotropin-releasing
hormone (GnRH) (Collu 1976). Kumar et al. (1983) found that hypothalamic GnRH
content was increased in ovariectomized rats after a single dose of THC. An ac-
cumulation of GnRH in dense-core vesicles was observed in the hypothalamic
median eminence after THC treatment, (Doms et al. 1981). Ayalon et al. (1977) and
Tyrey (1984) postulated that THC acted primarily through central neuroendocrine
mechanisms, since its effects could be reversed by administration of exogenous
GnRH. In contrast, Wenger et al. (1987) found no changes in GnRH content in the
(anterior) hypothalamus after THC administration, and in in vitro studies it was
demonstrated that THC did not alter the release or storage of gonadotropins and
did not modify the responsiveness of cultured anterior pituitary cells to GnRH.

Since the early studies by Marks (1973) on the inhibitory effects of THC on
pituitary luteinizing hormone (LH) secretion, a number of papers reported similar
effects (Smith et al. 1980; Steger et al. 1980; Wenger et al. 1987). THC suppresses
the tonic circulating level of LH in male rats (Chakravarty et al. 1982) and episodic
LH secretion in female animals (Tyrey 1980).

Studies by Chakravarty et al. (1975) in intact female rats, by Kramer (1974) in
male rats, by Dalterio et al. (1981) in male mice, and by Rettori et al. (1988) in male
rats in vitro, have shown that administration of THC can lower prolactin (PRL)
release.

AEA has similar effects on reproductive hormones as THC. AEA temporar-
ily decreases serum LH level, and this effect lasts up to 2–3 h (Gonzales et al.
2000; Wenger et al. 1999). PRL levels can also be decreased by endocannabinoid
treatment (Wenger et al. 1999). Sexual differences in CB1 receptor density have
been detected in the medial basal hypothalamus (MBH) (Rodriguez de Fonseca
1994). The density was higher in diestrus and decreased in oestrus. Gonzales et
al. (2000) reported that AEA content in both the hypothalamus and anterior pi-
tuitary might be controlled by circulating sex steroids. AEA effects on the control
of the regulation of reproduction are mediated by CB1 receptors located in the
hypothalamus and in the anterior pituitary (Fernandez-Ruiz et al. 1997; Romero et
al. 1998; Wenger et al. 1997). Recently it has been demonstrated that AEA changes
dopaminergic turnover, thus altering inhibitory dopaminergic effects on PRL se-
cretion (Scorticati et al. 2003).

CB1 receptor inactivation suppresses reproductive hormone secretion (Wenger
et al. 2001). Serum LH and testosterone (T) levels significantly decreased in mu-
tant (CB1

–/–) mice (Table 1). Results from this investigation also indicated that
cannabinoids regulate neuroendocrine function through the activation of CB1



Effects of Cannabinoids on Hypothalamic and Reproductive Function 563

Table1. Luteinizinghormone (LH) and testosterone (T) content in central cannabinoid receptor (CB1 receptor)
knockout mice (data from Wenger et al. 2001)

LH mg/pituitary LH ng/ml serum T nmol/testis

CB1
+/+ 0.71±0.24 5.15±0.8 39.57±4.23

CB1
–/– 0.76±0.3 2.6±0.24* 19.89±3.2**

+/+, Wild-type mice; –/–, CB1 receptor knockout mice.
n=8–10 in all groups.
*p<0.01 vs +/+ (±SEM).
**pLT0.001 vs +/+ (±SEM).

Table 2. Anterior pituitary hormone content changes after AEA administration1

LH FSH PRL ACTH

↓↓ – ↓↓ ↑↑
↓↓, Significant decrease (p<0.01 or higher); ↑↑, significant increase (p<0.01 or higher); ACTH, adrenocor-
ticotrophic hormone; AEA, anandamide; LH, luteinizing hormone; FSH, follicle-stimulating hormone; PRL,
prolactin.
1 One dose (0.1 mg/kg), i.p. administration.

receptors. This regulation seems to be mainly through inhibition of hormone re-
lease at the pituitary level and may or may not also involve the hypothalamus.
Table 2 summarizes the effects of endocannabinoids on anterior pituitary hor-
mone content. Interestingly, cannabinoids do not affect the secretion/release of
follicle-stimulating hormone (FSH), and it remains to be ascertained whether or
not they may modulate the purported FSH-releasing factor (Samson et al. 1980).

A direct regulatory role for endocannabinoids in normal human anterior pitu-
itary gland and pituitary adenomas has also been postulated (Pagotto et al. 2001).
Pituitary adenomas had higher AEA and 2-AG concentrations, pointing to a role
for endocannabinoids in the development of pituitary adenomas too.

4.1
The Endocannabinoid System and Female Reproductive Function

Adverse effects of cannabinoids, and in particular of THC, on reproductive func-
tions include retarded embryo development, foetal loss and pregnancy failure.
They have been known for a long time (Geber and Schramm 1969; Kolodney et al.
1974; Das et al. 1995; Ness et al. 1999), and were recently reviewed (Paria and Dey
2000; Maccarrone et al. 2002).

THC has been reported to account for the majority of the reproductive hazards
of marijuana use, and in males it leads to impotence by suppressing spermato-
genesis, reducing the weight of reproductive organs, and decreasing the plasma
concentration of circulating hormones like testosterone (Kolodney et al. 1974). In
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females, THC inhibits ovulation by prolonging the oestrous cycle and decreasing
the pro-oestrous surge of luteinizing hormone. In addition, exposure to natural
cannabis extracts during pregnancy has been linked to embryotoxicity and to the
production of specific teratological malformations in rats, hamsters and rabbits
(Geber and Schramm 1969).

Also, AEA has been shown to impair pregnancy and embryo development in
mice (Paria et al. 1996), suggesting that endocannabinoids might regulate fertility
in mammals. Consistently, down-regulation of AEA levels in mouse uterus has
been associated with increased uterine receptivity, which instead decreased when
AEA was up-regulated (Yang et al. 1996; Schmid et al. 1997). The higher level of
AEA in the nonreceptive uterus correlates well with the embryotoxic effect of the
nonreceptive uterine environment, and also with the in vitro observation that AEA
inhibits embryo development and zona-hatching of blastocysts (Paria et al. 1996;
Yang et al. 1996; Schmid et al. 1997). In the mouse, mRNAs of AEA-binding CB1

and CB2 receptors are expressed in the preimplantation embryos, and the levels
of CB1 receptors are much higher than those found in brain (Das et al. 1995; Yang
et al. 1996; Schmid et al. 1997). A recent study has also shown cross-talk between
cannabinoid receptors and progesterone receptors in THC-induced modulation
of sexual receptivity (Mani et al. 2001), further demonstrating that dysregulation
of cannabinoid signalling disrupts uterine receptivity for embryo implantation
(Paria et al. 2001).

4.2
The Endocannabinoid System and Male Reproductive Function

Despite the knowledge that chronic administration of THC to animals lowers
testosterone secretion and reduces the production, motility and viability of sperm
(Hall and Solowij 1998), it is not yet known whether the endocannabinoid system
has any role in the control of male fertility in mammals. The binding of AEA to
a cannabinoid receptor present on spermatozoa of sea urchin (Strongylocentro-
tus purpuratus) has been shown to reduce their fertilizing capacity (Chang et al.
1993; Schuel et al. 1994), and evidence that AEA regulates human sperm functions
required for fertilization has been recently reviewed (Schuel et al. 2002a). In ad-
dition, a recent in vitro study has demonstrated that N-palmitoylethanolamine,
a homologue of AEA, may affect the time-course of capacitation of human sper-
matozoa by modulating the properties of their membranes (Ambrosini et al. 2003).
On the other hand, rat testis is able to synthesize AEA (Sugiura et al. 1996), and
this compound has been detected in human seminal plasma at nanomolar ( 10 nM)
concentrations (Schuel et al. 2002b). More recently, the presence of CB1 receptors
in Leydig cells and their involvement in testosterone secretion have been demon-
strated in mice (Wenger et al. 2001). Also, the function of Sertoli cells has been
shown to be altered by THC, though the molecular basis for this alteration has
not been established (Newton et al. 1993). As Sertoli cells of the mammalian sem-
iniferous epithelium are involved in the regulation of germ cell development by
providing nutrients and hormonal signals needed for spermatogenesis (Griswold



Effects of Cannabinoids on Hypothalamic and Reproductive Function 565

1995), we recently sought to investigate whether Sertoli cells were able to bind
and degrade AEA, and whether this endocannabinoid might induce apoptosis in
these cells. In this context, the effect of FSH was also checked, because it dramat-
ically impacts fetal and early neonatal Sertoli cell proliferation and is critical in
determining spermatogenic capacity in the adult mammal (Orth et al. 1998).

We found that Sertoli cells have the biochemical machinery to degrade AEA
and express functional CB2 receptors on their surface (Maccarrone et al. 2003b). In
addition, FSH dose-dependently inhibited apoptosis induced by AEA in these cells
through a remarkable (four- to fivefold) increase in FAAH activity (Maccarrone
et al. 2003b). Taken together, these data extend to male fertility the potential for
FAAH to regulate the activity of AEA. Additionally, the finding that Sertoli cells
belong to the peripheral endocannabinoid system opens new perspectives to the
understanding and treatment of male fertility problems.

4.3
Sex Hormones, Th1/Th2 Cytokines,
Leukaemia Inhibiting Factor and Endocannabinoids

Human reproductive fluids, such as seminal plasma, mid-cycle oviductal fluid, fol-
licular fluid, amniotic fluid, as well as human amniotic fluid and human milk
have been reported to contain AEA, N-palmitoylethanolamine (PEA) and N-
oleoylethanolamine (OEA) in the low nanomolar range, i.e. from 3 nM of AEA
in the follicular fluid to 67 nM of OEA in human milk (Schuel et al. 2002b). This
suggests that endocannabinoids might regulate multiple physiological and patho-
logical reproductive functions in humans, implying that exogenous cannabinoids
delivered by marijuana smoke could impact these processes. Consistent with the
hypothesis that endocannabinoids adversely affect human fertility, we have re-
cently found a fall in FAAH activity and expression in the T lymphocytes of women
experiencing miscarriage (Maccarrone et al. 2000) and a rise ( 4-fold) in blood AEA
levels of the same subjects, compared to women with normal gestation (Maccar-
rone et al. 2002). The other components of the endocannabinoid system, like the
AEA membrane transporter (AMT) and CB1 receptors, were not affected (Table 3).

Table 3. FAAH activity, AMT activity and CB1 receptor binding in women who miscarried and those who did
not (data from Maccarrone et al. 2001)

Parameter Pregnant women Miscarrying women

FAAH activitya 133 ± 9 (100%) 48 ± 5 ( 36%)*
AMT activityb 50 ± 4 (100%) 49 ± 4 (100%)
CB1 bindingc 20,380 ± 1,930 (100%) 20,400 ± 1,795 (100%)

AMT, anandamide membrane transporter; FAAH, fatty acid amide hydrolase.
aExpressed as pmol.min-1.mg protein-1.
bExpressed as pmol.min-1.mg protein-1.
cExpressed as cpm.mg protein-1.
*p<0.0001 vs pregnant women (p>0.05 in all other cases).



566 M. Maccarrone and T. Wenger

Peripheral T lymphocytes regulate fertility at the feto-maternal interface, by
producing type 1 T helper (Th1) and type 2 T helper (Th2) cytokines (Piccinni et
al. 1998). Th2 cytokines, suchas interleukin (IL)-3, IL-4 and IL-10, favourblastocyst
implantation and successful pregnancy by promoting trophoblast growth either
directly or indirectly through the inhibition of natural killer (NK) cell activity and
the stimulation of natural suppressor cells. Conversely, Th1 cytokines, such as IL-2,
IL-12 and interferon-γ (INF-γ), impair gestation by causing direct damage to the
trophoblast, by stimulating NK cells and by enhancing tumour necrosis factor-α
(TNF-α) secretion by macrophages. Also, trophoblasts

stimulate release of pro-fertility Th2 cytokines from T lymphocytes (so-called
“Th2 bias”), while suppressing the anti-fertility Th1 bias. Progesterone (P) favours
the Th2 bias, thus stimulating the release from T lymphocytes of LIF, which in turn
favours fetal implantation and survival (Szekenes-Bartho and Wegmann 1996;
Stewart and Cullinan 1997; Duval et al. 2000).

P also stimulates FAAH activity and expression in human T lymphocytes (Mac-
carrone et al. 2001) by enhancing the promoter activity of the FAAH gene (Mac-
carrone et al. 2003c). Regulation of FAAH expression was observed also upon
lymphocyte treatment with Th1/Th2 cytokines: IL-4 and IL-10 enhanced FAAH,
while IL-2 and INF-γ reduced it (Maccarrone et al. 2001). Unlike FAAH, the other
proteins of the endocannabinoid system were not affected by P or by any of the
cytokines tested (Maccarrone et al. 2001), pointing to FAAH as the “check point”
for AEA degradation during pregnancy.

4.4
Perspectives

The reported findings clearly show that in mammals ligand-receptor signalling
with endocannabinoids is intimately associated with embryo–uterine interactions
during implantation, and that in humans low FAAH in lymphocytes correlates with
spontaneous abortion. This calls for attention to AEA-hydrolase as a key point in
the control of the endocannabinoid system during pregnancy. Moreover, the results
seem to add the endocannabinoids to the hormone-cytokine networks responsible
for embryo–uterine interactions, and might represent a useful framework for the
interpretation of novel interactions between progesterone, FSH, leptin, Th1/Th2

cytokines and (endo)cannabinoids, which appear to regulate both female sexual
receptivity and male reproduction.

An interesting possibility raised by the data is that quantitation of FAAH protein
in lymphocytes, which is easy to measure in routine analyses, might become an
accurate marker of spontaneous abortion in humans. Such markers have long been
sought, because of their potential diagnostic value, but they are not yet available
or are still restricted to specific clinical situations.
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5
General Conclusions

The endocannabinoid system contributes to the control of hypothalamic regula-
tory mechanisms. We do not know (yet) in which part of the hypothalamus the
endocannabinoids are synthesized, but it is possible that cannabinoid receptors,
present in the hypothalamus, are activated by AEA or other endocannabinoids
released/synthesized quite far away. There is also the possibility that endocannabi-
noids act on presynaptic membranes to modulate the release of various neuro-
transmitters. Also of interest is the hypothesis that endocannabinoids may partic-
ipate in hormone-cytokine networks that regulate reproduction, as this opens new
perspectives for the development of novel medicines for human infertility.

Acknowledgements.
M.M. wishes to thank Prof. A. Finazzi-Agrò (Department of Experimental Medicine and
Biochemical Sciences, University of Rome “Tor Vergata”) for continuing interest and sup-
port, and all colleagues who have contributed to the research on endocannabinoids and
fertility performed in his laboratory. This investigation was partly supported by Minis-
tero dell’Istruzione, dell’Università e della Ricerca (Cofin 2002 and 2003 to M.M.), Rome.
The research grants of Medical Research Council of Hungary (ETT) 003/03 and Hungarian
Research Foundation (OTKA) No. T-034365 to T.W. are gratefully acknowledged.

References

Adams IB, Compton DR, Martin BR (1998) Assessment of anandamide interaction with
the cannabinoid brain receptor: SR 141716A antagonism studies in mice and autora-
diographic analysis of receptor binding in rat brain. J Pharmacol Exp Ther 284:1209–
1217

Ambrosini A, Zolese G, Wozniak M, Genga D, Boscaro M, Mantero F, Balercia G (2003) Idio-
pathic infertility: susceptibility of spermatozoa to in-vitro capacitation, in the presence
and the absence of palmitylethanolamide (a homologue of anandamide), is strongly
correlated with membrane polarity studied by Laurdan fluorescence. Mol Hum Reprod
9:381–388

Ayalon D, Nir L, Cordova T, Bauminger S, Puder M, Naor Z, Kashi B, Zor U, Harrell
A, Lindner HR (1977) Acute effects of ∆9-tetrahydrocannabinol on the hypothalamo-
pituitary-ovarian axis in rat. Neuroendocrinology 23:31–42

Bisogno T, Melck D, Bobrov Myu, Grestaya NM, Bezuglov VV, De Petrocellis L, Di Marzo
(2000) N-acyl-dopamines: novel synthetic CB1-receptor ligands and inhibitors of anan-
damide inactivation with cannabimimetic activity in vitro and in vivo. Biochem J
351:817–824

Butrica JL (2002) The medical use of cannabis among the Greek and Romans. J Cannabis
Ther 2:51–70

Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P (1995) Recombinant mouse OB protein:
evidence for a peripheral signal linking adiposity and central neural networks. Science
269:546–549

Chakravarty I, Sheth AR, Ghosh JJ (1975) Effects of acute ∆9-tetrahydrocannabinol treat-
ment of serum luteinizing hormone and prolactin levels in adult female rats. Fertil Steril
26:947–948

Chakravarty I, Sheth PR, Sheth AR, Ghosh JJ (1982) Delta-9-tetrahydrocannabinol: its effect
on hypothalamo-pituitary system in male rats. Arch Androl 8:25–27



568 M. Maccarrone and T. Wenger

Chang MC, Berkery D, Schuel R, Laychock SG, Zimmerman AM, Zimmerman S, Schuel H
(1993) Evidence for a cannabinoid receptor in sea urchin sperm and its role in blockade
of the acrosome reaction. Mol Reprod Dev 36:507–516

Collu R (1976) Endocrine effects of chronic intraventricular administration of ∆9-tetra-
hydrocannabinol to prepuberal and adult male rats. Life Sci 18:223–230

Corchero J, Manzanares J, Fuentes JA (2001) Role of gonadal steroids in the corticotropin-
releasing hormone and proopiomelanocortin gene expression response to ∆9-tetra-
hydrocannabinol in the hypothalamus of the rat. Neuroendocrinology 74:185–192

Crawford V (2002) A homelie herbe: medicinal cannabis in early England. J Cannabis Ther
2:71–80

Dalterio SL, Michael SD, Macmillan BT, Bartke A (1981) Differential effects of cannabinoid
exposure and stress on plasma prolactin, growth hormone and corticosterone levels in
male mice. Life Sci 28:761–766

Das SK, Paria BC, Chakraborty I, Dey SK (1995) Cannabinoid ligand-receptor signaling in
the mouse uterus. Proc Natl Acad Sci USA 92:4332–4336

Dewey WI (1986) Cannabinoid pharmacology. Pharmacol Rev 38:151–178
Di Marzo V, Breivogel C, Bisogno T, Melck D, Patrick G, Tao Q, Szallasi A, Razdan RK,

Martin BR (2000) Neurobehavioral activity in mice of N-vanillyl-arachidonoyl-amide.
Eur J Pharmacol 406:363–374

Di Marzo V, Goparaju SK, Wang L, Liu J, Bátkai S, Járai Z, Fezza F, Miura GI, Palmiter
RD, Sugiura T, Kunos G (2001) Leptin-regulated endocannabinoids are involved in
maintaining food intake. Nature 410:822–825

Di Marzo V, De Petrocellis L, Fezza F, Ligresti A, Bisogno T (2002) Anandamide receptors.
Prostaglandins Leukot Essent Fatty Acids 66:377–391

Doms RW Jr, Nichols SF, Harclerode J (1981) The effects of ∆9-tetrahydrocannabinol and
phencyclidine hydrochloride on gonadotrophs in rat anterior pituitary. Fed Proc 40:279

Duval D, Reinhardt B, Kedinger C, Boeuf H (2000) Role of suppressors of cytokine signaling
(Socs) in leukemia inhibitory factor (LIF)-dependent embryonic stem cell survival.
FASEB J 14:1577–1584

Fernandez-Ruiz JJ, Munoz RM, Romero J, Villanua MA, Makryannis A, Ramos JA (1997)
Time course of the effects of different cannabimimetics on prolactin and gonadotrophin
secretion: evidence for the presence of CB1 receptors in hypothalamic structures and
their involvement in the effects of cannabimimetics. Biochem Pharmacol 53:1919–1927

Friedman JM, Halaas JL (1998) Leptin and regulation of body weight in mammals. Nature
395:763–770

Funahashi H, Yada T, Muroya S, Takigawa M, Ryushi T, Horie S, Nakai Y, Shioda S (1999)
The effect of leptin on feeding-regulating neurones in the rat hypothalamus. Neurosci
Lett 264:117–120

Geber WF, Schramm LC (1969) Effect of marihuana extract on fetal hamsters and rabbits.
Toxicol Appl Pharmacol 14:276

Gonzales S, Bisogno T, Wenger T, Manzanares J, Milone A, Berrendero F, Di Marzo V,
Ramos JA, Fernandez-Ruiz JJ (2000) Sex steroid influence on cannabinoid CB1 receptor
mRNA and endocannabinoid levels in the anterior pituitary gland. Biochem Biophys
Res Commun 270:260–266

Gonzalez S, Manzanares J, Berrendero F, Wenger T, Corchero J, Bisogno T, Romero J, Fuentes
JA, Di Marzo V, Ramos JA, Fernandez-Ruiz J (1999) Identification of endocannabinoids
and CB1 receptor mRNA in the pituitary gland. Neuroendocrinology 70:137–145

Griswold MD (1995) Interactions between germ cells and Sertoli cells in the testis. Biol
Reprod 52:211–216

Hall W, Solowij N (1998) Adverse effects of cannabis. Lancet 352:1611–1616
Hanus L, Abu-Lafi S, Friede E, Breuer A, Vogel Z, Shalev DE, Kustanovich I, Mechoulam R

(2001) 2-Arachidonyl glyceryl ether, an endogenous agonist of the CB1 receptor. Proc
Natl Acad Sci USA 98:3662–3665

Herkenham M (1995) Localisation of cannabinoid receptors in brain and periphery. In:
Pertwee RG (ed) Cannabinoid receptors. Academic Press, London, San Diego, p 145



Effects of Cannabinoids on Hypothalamic and Reproductive Function 569

Kolodney RC, Masters WH, Kolodner RM, Toro G (1974) Depression of plasma testosterone
levels after chronic intensive marihuana use. N Engl J Med 290:872–874

Kramer J, Ben David M (1974) Suppression of prolactin secretion by acute administration
of ∆9-THC in rats. Proc Soc Exp Biol Med 147:482–484

Kumar MSA, Chen CL (1983) Naloxone blocks the effects of ∆9-tetrahydrocannabinol on
serum luteinizing hormone and prolactin in rats. Subst Alcohol Actions Misuse 4:347–
353

Levine JE (2000) The hypothalamus as a major integrative center. In: Conn PM, Freeman ME
(eds) Neuroendocrinology in physiology and medicine. Humana Press, Totowa, p 75

Lozano I (2001) The therapeutic use of Cannabis sativa (L.) in Arabic medicine. J Cannabis
Ther 1:63–70

Maccarrone M, Valensise H, Bari M, Lazzarin N, Romanini C, Finazzi-Agrò A (2000) Relation
between decreased anandamide hydrolase concentrations in human lymphocytes and
miscarriage. Lancet 355:1326–1329

Maccarrone M, Valensise H, Bari M, Lazzarin N, Romanini C, Finazzi-Agrò A (2001) Pro-
gesterone up-regulates anandamide hydrolase in human lymphocytes: role of cytokines
and implications for fertility. J Immunol 166:7183–7189

MaccarroneM,FalcigliaK,DiRienzoM,Finazzi-AgròA(2002)Endocannabinoids,hormone-
cytokinenetworksandhumanfertility.ProstaglandinsLeukotEssentFattyAcids66:309–
317

Maccarrone M, Di Rienzo M, Finazzi-Agrò A, Rossi A (2003a) Leptin activates the anan-
damide hydrolase promoter in human T lymphocytes through STAT3. J Biol Chem
278:13318–13324

Maccarrone M, Cecconi S, Rossi G, Battista N, Pauselli R, Finazzi-Agrò A (2003b) Anan-
damide activity and degradation are regulated by early postnatal ageing and follicle-
stimulating hormone in mouse Sertoli cells. Endocrinology 144:20–28

Maccarrone M, Bari M, Di Rienzo M, Finazzi-Agrò A, Rossi A (2003c) Progesterone activates
fatty acid amide hydrolase (FAAH) promoter in human T lymphocytes through the
transcription factor Ikaros. Evidence for a synergistic effect of leptin. J Biol Chem
278:32726–32732

Mani SK, Mitchell A, O’Malley BW (2001) Progesterone receptor and dopamine receptors
are required in ∆9-tetrahydrocannabinol modulation of sexual receptivity in female
rats. Proc Natl Acad Sci USA 98:1249–1254

Manzanares J, Corchero J, Fuentes JA (1999) Opioid and cannabinoid receptor-mediated
regulation of the increase in adrenocorticotropin hormone and corticosterone plasma
concentrations induced by central administration of ∆9-tetrahydrocannabinol in rats.
Brain Res 839:173–179

Marks BH (1973) ∆9-TetraHydroCannabinol and luteinizing hormone secretion. Prog Brain
Res 39:331–338

Maruta O, Shioda S, Funahashi H, Nakai Y (1999) Immunocytochemical localisation of
leptin receptor in rat hypothalamus. Showa Univ J Med Sci 11:75–82

Mechoulam R, Gaoni Y (1965) A total synthesis of dl-delta-tetrahydrocannabinol, the active
constituent of hashish. J Am Chem Soc 87:3273–3275

Moldrich G, Wenger T (2000) Localization of the CB1 cannabinoid receptor in the rat brain.
An immunohistochemical study. Peptides 21:1735–1742

Moreau JJ (1845) De hachish et de l’alienation mentale: etudes psychologiques. Fortin
Masson, Paris

Ness RB, Grisso JA, Hirschinger N, Markovic N, Shaw LM, Day NL, Kline J (1999) Cocaine
and tobacco use and the risk of spontaneous abortion. N Engl J Med 340:333–339

NewtonSC,MurphyLL,BartkeA(1993) Invitroeffectsofpsychoactiveandnon-psychoactive
cannabinoids on immature rat Sertoli cell function. Life Sci 53:1429–1434

Oomura Y, Ono T, Ooyama H, Wayner MJ (1969) Glucose and osmosensitive neurones of
the rat hypothalamus. Nature 222:282–284

Orth JM, McGuinness MP, Qiu J, Jester WF Jr, Li LH (1998) Use of in vitro systems to study
male germ cell development in neonatal rats. Theriogenology 49:431–439



570 M. Maccarrone and T. Wenger

Pagotto U, Marsicano G, Fezza F, Theodoropoulou M, Grubler Y Arzberger T, Milone A,
Losa M, Di Marzo V, Lutz B, Stalla GK (2001) Normal human pituitary gland and
pituitary adenomas express cannabinoid receptor type 1 and synthesise endogenous
cannabinoids: first evidence for a direct role of cannabinoids on hormone modulation
at the human pituitary level. J Clin Endocrinol Metab 86:2687–2696

Paria BC, Dey SK (2000) Ligand-receptor signaling with endocannabinoids in preimplan-
tation embryo development and implantation. Chem Phys Lipids 108:211–220

Paria BC, Deutsch DD, Dey SK (1996) The uterus is a potential site for anandamide synthesis
and hydrolysis: differential profiles of anandamide synthase and hydrolase activities in
the mouse uterus during the periimplantation period. Mol Reprod Dev 45:183–192

Paria BC, Song H, Wang X, Schmid PC, Krebsbach RJ, Schmid HH, Bonner TI, Zimmer
A, Dey SK (2001) Dysregulated cannabinoid signaling disrupts uterine receptivity for
embryo implantation. J Biol Chem 276:20523–20528

Paxinos G, Watson C (1997) The rat brain in steretaxic coordinates. Academic Press, San
Diego

Pertwee RG (1985) Effects of cannabinoids on thermoregulation: a brief review. In: Harvey
DJ (ed) Marihuana ’84. IRL Press, London, p 263

Pertwee RG (1992) In vivo interactions between psychotropic cannabinoids and other drugs
involving central and peripheral neurochemical mediators. In: Murphy L, Bartke A (eds)
Marijuana/cannabinoids. Neurobiology and neurophysiology. CRC Press, Boca Raton,
p 165

Peters H, Nahas G (1999) A brief history of four millennia (B.C. 2000-A.D. 1974). In: Nahas
GG, Sutin KM, Harvey DJ, Agurell S (eds) Marihuana and medicine. Humana Press,
Totowa, p 3

Piccinni MP, Beloni L, Livi C, Maggi E, Scarselli G, Romagnani S (1998) Defective production
of both leukemia inhibitory factor and type 2 T-helper cytokines by decidual T cells in
unexplained recurrent abortions. Nat Med 4:1020–1024

Rettori V, Wenger T, Snyder G, Dalterio S, McCann SM (1988) Hypothalamic action of
delta9-tetrahydrocannabinol to inhibit the release of prolactin and growth hormone in
the rat. Neuroendocrinology 47:498–503

Rodriguez de Fonseca F, Cebeira M, Ramos JA, Martin M, Fernandez-Ruiz JJ (1994) Cannabi-
noid receptors in the rat brain areas: sexual differences, fluctuations during estrous cycle
and changes after gonadectomy and sex steroid replacement. Life Sci 54:159–170

Romero J, Wenger T, deMiguel R, Ramos JA, Fernández-Ruiz JJ (1998) Cannabinoid receptor
binding did not vary in several hypothalamic nuclei after hypothalamic deafferentation.
Life Sci 63:351–356

Samson WK, Snyder G, Fawcett CP, McCann SM (1980) Chromatographic and biological
analysis of ME and OVLT LHRH. Peptides 1:97–102

Schmid PC, Paria BC, Krebsbach RJ, Schmid HHO, Dey SK (1997) Changes in anandamide
levels in mouse uterus are associated with uterine receptivity for embryo implantation.
Proc Natl Acad Sci USA 94:4188–4192

Schuel H, Goldstein E, Mechoulam R, Zimmerman AM, Zimmerman S (1994) Anandamide
(arachidonylethanolamide), a brain cannabinoid receptor agonist, reduces sperm fer-
tilizing capacity in sea urchins by inhibiting the acrosome reaction. Proc Natl Acad Sci
USA 91:7678–7682

Schuel H, Burkman LJ, Lippes J, Crickard K, Forester E, Piomelli D, Giuffrida A (2002a)
N-acylethanolamines in human reproductive fluids. Chem Phys Lipids 121:211–227

Schuel H, Burkman LJ, Lippes J, Crickard K, Mahony MC, Giuffrida A, Picone RP, Makriyan-
nis A (2002b) Evidence that anandamide-signaling regulates human sperm functions
required for fertilization. Mol Reprod Dev 63:376–387

Scorticati C, Mohn C, De Laurentiis A, Vissio P, Fernandez-Solari C, Seilicovich A, McCann
SM, Rettori V (2003) The effect of anandamide on prolactin secretion is modulated by
estrogen. Proc Natl Acad Sci USA 100:2134–2139



Effects of Cannabinoids on Hypothalamic and Reproductive Function 571

Smith CG, Besch NF, Asch RH (1980) Effects of marihuana on reproductive system. In:
Thomas JA (ed) Advances in sex hormone research, vol. 4. Urban and Swarzenberg,
Baltimore, p 273

Steger RW, Silverman AY, Siler-Khodr TM, Asch RH (1980) The effects of ∆9-tetrahydro-
cannabinolon the positive and negative feedback control of luteinizing hormone release.
Life Sci 27:1911–1916

Stewart CL, Cullinan EB (1997) Preimplantation development of the mammalian embryo
and its regulation by growth factors. Dev Genet 21:91–101

Sugiura T, Kondo S, Sukagawa A, Tonegawa T, Nakane S, Yamashita A, Waku K (1996) En-
zymatic synthesis of anandamide an endogenous cannabinoid receptor ligand through
N-acylphosphatidylethanolamine pathway in testis: involvement of Ca2+-dependent
transacylase and phosphodiesterase activities. Biochem Biophys Res Commun 218:113–
117

Sulcova E, Mechoulam R, Friede E (1998) Biphasic effects of anandamide. Pharmacol
Biochem Behav 59:347–352

Szekenes-Bartho J, Wegmann TG (1996) A progesterone-dependent immunomodulatory
protein alters the Th1/Th2 balance. J Reprod Immunol 31:81–95

Takahashi N, Patel HR, Qi Y, Dushay J, Ahima RS (2002) Divergent effects of leptin in mice
susceptible or resistant to obesity. Horm Metab Res 34:691–697

Tartaglia LA, Devos R, Richard GJ, Campfield LA, Clark FT, Deeds J, Muir C, Sanker S,
Monarty A, Moore KJ, Smutko JS, Mays GG, Woof EA, Monroe CA, Tepper RI (1995)
Identification and expression cloning of a leptin receptor, OB-R. Cell 83:1263–1271

Tyrey C (1980) ∆9-tetrahydrocannabinol: a potent inhibitor of episodic luteinizing hormone
secretion. J Pharmacol Exp Ther 213:306–308

Tyrey C (1984) Endocrine aspects of cannabinoid action in female subprimates: search for
site of action. In: Braude MC, Ludford JP (eds) Marijuana effects on the endocrine and
reproductive systems. NIDA Research Monograph Ser 44, Rockville, p 65

Weidenfeld J, Feldman S, Mechoulam R (1994) Effect of the brain constituent anandamide,
a cannabinoid receptor agonist, on the hypothalamo-pituitary-adrenal axis in the rat.
Neuroendocrinology 59:110–112

Wenger T, Rettori V, Snyder G, Dalterio S, McCann S (1987) Effects of ∆9-tetrahydro-
cannabinol (THC) on the hypothalamic-pituitary control of LH and FSH secretion in
adult male rats. Neuroendocrinology 46:488–493

Wenger T, Jamali KA, Juaneda C, Leonardelli J, Tramu G (1997) Arachidonoyl ethanolamide
(anandamide) activates the parvocellular part of hypothalamic paraventricular nucleus.
Biochem Biophys Res Commun 237:724–728

Wenger T, Fernandez-Ruiz J, Ramos J (1999) Immunohistochemical demonstration of CB1
receptors in the anterior lobe of the pituitary gland. J Neuroendocrinol 11:873–878

Wenger T, Ledent C, Csernus V, Gerendai I (2001) The central cannabinoid receptor inac-
tivation suppresses endocrine reproductive functions. Biochem Biophys Res Commun
284:363–368

Williams CM, Kirkham TC (1999) Anandamide induces overeating meditation by central
(CB1) receptors. Psychopharmacology (Berl) 143:315–317

Williams CM, Rogers PJ, Kirkham TC (1998) Hyperphagia in prefeed rats following oral
∆9-THC. Physiol Biol Behav 65:343–346

Yang Z-M, Paria BC, Dey SK (1996) Activation of brain-type cannabinoid receptors interferes
with preimplantation mouse embryo development. Biol Reprod 55:756–761



HEP (2005) 168:573–598
c© Springer-Verlag 2005

Cannabinoids and the Digestive Tract

A.A. Izzo1 · A.A. Coutts2 (�)

1Department of Experimental Pharmacology, University of Naples Federico II,
via D Montesano 49, 80131 Naples, Italy
2School of Medical Sciences, College of Life Sciences and Medicine, University
of Aberdeen, Institute of Medical Sciences, Foresterhill, Aberdeen AB25 2ZD, UK
a.a.coutts@abdn.ac.uk

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 574

2 The Endogenous Cannabinoid System in the Gut . . . . . . . . . . . . . . . . 575

3 Gastrointestinal Motility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 577
3.1 In Vitro Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 578
3.1.1 Effects on Excitatory Neuronal Pathways . . . . . . . . . . . . . . . . . . . . . 578
3.1.2 Effects on Inhibitory Neurotransmission . . . . . . . . . . . . . . . . . . . . . 579
3.2 In Vivo Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580
3.2.1 Lower Oesophageal Sphincter . . . . . . . . . . . . . . . . . . . . . . . . . . . 580
3.2.2 Gastric Motility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 581
3.2.3 Upper Intestinal Motility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 581
3.2.4 Motility in the Colon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 582

4 Intestinal Secretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583

5 Gastrointestinal Signs of Tolerance and Dependence . . . . . . . . . . . . . . 583

6 Cannabinoids in Pathological States . . . . . . . . . . . . . . . . . . . . . . . 585
6.1 Emesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 585
6.2 Gastric Ulcer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 586
6.3 Intestinal Inflammation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 587
6.4 Paralytic Ileus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
6.5 Diarrhoea (Cholera Toxin) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
6.6 Colorectal Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589

7 Anandamide as an Endovanilloid . . . . . . . . . . . . . . . . . . . . . . . . 589

8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 591

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 592

Abstract In the digestive tract there is evidence for the presence of high lev-
els of endocannabinoids (anandamide and 2-arachidonoylglycerol) and enzymes
involved in the synthesis and metabolism of endocannabinoids. Immunohisto-
chemical studies have shown the presence of CB1 receptors on myenteric and
submucosal nerve plexuses along the alimentary tract. Pharmacological studies
have shown that activation of CB1 receptors produces relaxation of the lower oe-
sophageal sphincter, inhibition of gastric motility and acid secretion, as well as
intestinal motility and secretion. In general, CB1-induced inhibition of intesti-
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nal motility and secretion is due to reduced acetylcholine release from enteric
nerves. Conversely, endocannabinoids stimulate intestinal primary sensory neu-
rons via the vanilloid VR1 receptor, resulting in enteritis and enhanced motility.
The endogenous cannabinoid system has been found to be involved in the physi-
ological control of colonic motility and in some pathophysiological states, includ-
ing paralytic ileus, intestinal inflammation and cholera toxin-induced diarrhoea.
Cannabinoids also possess antiemetic effects mediated by activation of central
and peripheral CB1 receptors. Pharmacological modulation of the endogenous
cannabinoid system could provide a new therapeutic target for the treatment of
a number of gastrointestinal diseases, including nausea and vomiting, gastric ul-
cers, secretory diarrhoea, paralytic ileus, inflammatory bowel disease, colon cancer
and gastro-oesophageal reflux conditions.

Keywords Cannabinoid receptors · Intestinal motility · Intestinal secretion ·
Emesis · Intestinal inflammation · Feeding

1
Introduction

Preparations of Cannabis sativa (Indian hemp) have been used medicinally for the
treatment of a variety of gastrointestinal disorders, including gastrointestinal pain,
flatulence, gastroenteritis, Crohn’s disease, diarrhoea and diabetic gastroparesis
(Di Carlo and Izzo 2003). The main psychotropic constituent of Cannabis sativa is
∆9-tetrahydrocannabinol (∆9-THC), which exerts its biological effects mainly by
activating two G protein-coupled cannabinoid receptors (Pertwee and Ross 2002).
These are CB1 receptors, present in central and peripheral nerves, including the
enteric nervous system, and CB2 receptors, expressed mainly in immune cells.
A general feature of CB1 activation is the reduction of the release of a variety
of neurotransmitters (e.g. acetylcholine from enteric nerves), whereas there is
currently no evidence for a role for CB2 receptors in the gastrointestinal (GI) tract
(Di Carlo and Izzo 2003). Endogenous ligands for the cannabinoid receptors have
been identified, the best-known being anandamide, 2-arachidonoyl glycerol (2-
AG) (non-selective cannabinoid receptor agonists), noladin ether (CB1 receptor
agonist) and virodhamine (CB1 receptor antagonist/CB2 receptor agonist) (De
Petrocellis et al. 2004). When released, anandamide and 2-AG are removed from
extracellular compartments by a carrier-mediated re-uptake process. Once within
thecell, endocannabinoidsarehydrolysedby theenzymefattyacidamidehydrolase
(FAAH, also named anandamide amidohydrolase) (Sugiura et al. 2002). Also, 2-
AG has been shown to be degraded by monoglyceride lipase (monoacyl glycerol
lipase). Both FAAH and monoglyceride lipase have been demonstrated in the
intestine (Oleinik 1995; Katayama et al. 1997). In addition to the two cannabinoid
receptors, anandamide and 2-AG can also activate transient receptor potential
vanilloid subtype 1 (VR1, also known as TRPV1) receptors, the molecular target
for the pungent plant compound capsaicin (Zygmunt et al. 1999). Cannabinoid
receptors, their endogenous ligands (endocannabinoids) and the proteins involved
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in endocannabinoid inactivation (cellular reuptake and enzymatic degradation)
are collectively referred to as the endogenous cannabinoid system (ECS).

Although cannabinoids have a wide variety of biological actions, this article will
summarise the main studies dealing with the role of the ECS in the gut, including
the effects of cannabinoids on emesis.

2
The Endogenous Cannabinoid System in the Gut

There are several lines of evidence for a functional ECS in the GI tract. The enteric
responses to exogenous cannabinoid drugs show all the hallmarks of a receptor-
mediated mechanism, namely, high potency, chemical and stereo-selectivity and
structure–activity relationships (Coutts et al. 2000; Coutts and Pertwee 1997; Per-
twee 2001). This is coupled with the identification of high-affinity specific binding
sites that are saturable at low ligand concentrations and whose characteristics
resemble those in the brain (Casu et al. 2003; Ross et al. 1998). The presence of
CB1 receptors in rat intestine was demonstrated by radioligand autoradiography
with [3H]-CP 55,940 (Lynn and Herkenham 1994) and, more recently, in other
species by immunohistochemistry with selective antibodies raised against the N-
or C-terminus of the receptor (Casu et al. 2003; Coutts et al. 2002; Kulkarni-Narla
and Brown 2000; MacNaughton et al. 2003, 2004; Pinto et al. 2002b; Storr et al.
2004). CB1 receptor protein was found to be associated with cholinergic neurons
in both the submucous and myenteric plexuses in the pig, guinea-pig, rat and
mouse (Casu et al. 2003; Pinto et al. 2002b). Cholinergic neurons are identified by
the presence of cholinacetyl transferase (ChAT), the enzyme responsible for the
synthesis of acetylcholine (ACh). The GI tract of the pig, an omnivorous animal,
shares many similarities with that of humans. In cross-sections of the porcine
gut, colocalisation experiments indicated that CB1 receptors were not expressed
by nitrergic nor vasoactive intestinal peptide (VIP)-immunoreactive inhibitory
neurons (Kulkarni-Narla and Brown 2000). This was also true in guinea-pig tissue,
where all CB1 receptor immunoreactivity was associated with excitatory neurons
(Coutts et al. 2002; Kulkarni-Narla and Brown 2000). In primary culture, porcine
myenteric CB1-positive cells also expressed κ- or ∂-opioid receptor-like immunore-
activity, in line with their functional sensitivity to opioid ligands (Poonyachoti et
al. 2002). Unlike those from the guinea-pig, pig myenteric neurons do not appear
to express µ-opioid receptors (Brown et al. 1998). Analysis of the CB1 receptor im-
munoreactivity of myenteric ganglionic neurons in whole mounts of the guinea-pig
myenteric plexus-longitudinal muscle preparation (MP-LMP) allowed visualisa-
tion of the cellular morphology, unavailable in cross sections. Images showed CB1

receptor expression in the somata of both Dogiel cell types I and II and punc-
tate expression on neurites of sensory neurons, interneurons and motoneurons,
as identified by colocalisation with selective neuronal markers, e.g. calbindin,
neurofilament proteins and calretinin (Coutts et al. 2002). There was also a close
association with the synaptic protein, synapsin 1, although the limited resolu-
tion of the confocal microscope proscribed analysis of the synaptic distribution
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of these receptors. Similar results were found in guinea-pig colon and rat ileum
preparations, though the quantitative distribution of cholinergic subpopulations
varied between tissue types (Coutts 2004; Coutts et al. 2002). In mouse intestine,
CB1 receptor labelling was found throughout the GI tract but was most intense in
the ileum. In the stomach, the receptors occurred in submucosal ganglia adjacent
to the gastric epithelium and also between the smooth muscle layers (Casu et al.
2003; Storr et al. 2004).

CB1 receptor mRNA was detected in the GI tract of the rat, mouse and guinea-pig
(Izzo et al. 2003; Storr et al. 2002). In whole gut homogenates from the guinea-
pig, CB1 receptor and CB2 receptor-like mRNA transcripts were detected, whereas
only CB1 receptor mRNA was found in the myenteric plexus (Griffin et al. 1997).
CB1 receptor mRNA was also detected in human colon (Shire et al. 1995). Reverse
transcription-polymerase chain reaction (RT-PCR) found both CB1 receptor and
CB2 receptor mRNA in the rat stomach and mouse small intestine (Izzo et al. 2003;
Storr et al. 2002). The expression level of CB1 receptor mRNA in the latter was
upregulated after treatment with cholera toxin (Izzo et al. 2003).

Burdyga and colleagues have recently reported that vagal afferent neurons pro-
jecting to the rat stomach and duodenum co-express cholecystokinin (CCK)-1 and
CB1 receptors and that the expression of CB1 receptors was increased by withdrawal
of food and decreased after refeeding (Burdyga et al. 2004). Changes in CB1 expres-
sion were blocked by administration of the CCK-1 receptor antagonist lorglumide
(i.p.) and mimicked by administration of CCK (a satiety factor). Rat intestinal
anandamide levels also increased after food deprivation (with normalisation after
refeeding) and peripheral (but not central) administration of the CB1 antagonist
SR141716A-suppressed food intake (Gomez et al. 2002). This is consistent with the
observation of an anorexic action of SR141716A in obese humans (Heshmati et al.
2001), suggesting a role for peripheral CB1 receptors in the regulation of feeding.

Of the endogenous ligands mentioned in the introduction, to date the effects of
anandamide and its analogues, 2-AG, which was first isolated from canine ileum,
and noladin ether, have been investigated in the GI tract. Noladin ether (i.p.)
significantly reduces the defaecation rate in mice (Hanus et al. 2001). Interest-
ingly, intestinal anandamide levels increase after food deprivation (Gomez et al.
2002) or in some pathophysiological states, including experimental ileus (Mas-
colo et al. 2002), cholera toxin-induced diarrhoea (Izzo et al. 2003) and cancer
(patients with adenomatous polyps and carcinomas) (Ligresti et al. 2003). Unlike
most hydrophilic neurotransmitters, lipophilic endocannabinoids are not stored in
synaptic vesicles, but appear to be synthesised and released on demand. Both anan-
damide and 2-AG are metabolised by the microsomal enzyme FAAH (Katayama
et al. 1997; Ueda and Yamamoto 2000) following uptake by selective membrane
uptake processes (Izzo et al. 2001c). This uptake carrier mechanism can be inhib-
ited by AM404 (Pertwee 2001) or VDM11 (Izzo et al. 2003; Mascolo et al. 2002),
thus preventing metabolism and potentiating any agonist effect. Although FAAH
can catalyse both the synthase and hydrolase reactions, the synthase/hydrolase
ratio (5.0) is particularly high in the rat small intestine compared with other rat
tissues (Katayama et al. 1997). In the same study, FAAH mRNA was confirmed by
Northern blots. This enzyme is thought to exert tonic control of local anandamide
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levels, and its activity can be reduced by exogenous phenylmethylsulphonyl fluo-
ride (PMSF) (Pertwee et al. 1995) and thus can potentiate the weak agonist activity
of anandamide observed in vitro. The presence of specific receptors and endoge-
nous ligands together with their synthetic and catabolic enzymes is strong support
for a functional endocannabinoid system in the GI tract.

However,morepersuasive evidence forongoingactivity in this systemcanbede-
rived from the responses to selective CB1 receptor antagonists, mainly SR141716A,
but also AM281 or AM630, in the absence of any exogenous agonist. The direc-
tion of these responses is invariably opposite to that which would be expected
of a cannabinoid receptor agonist and a useful summary is provided by Pinto et
al. (2002a). In mice and rats, SR141716A increased motility, transit, defaecation,
fluid accumulation and peristaltic contractions (Casu et al. 2003; Colombo et al.
1998; Izzo et al. 1999b, 2003, 2000a,b; Mancinelli et al. 2001; Pinto et al. 2002b).
In the rat stomach, SR141716A increased the occurrence of transient lower oe-
sophageal sphincter relaxations (Lehmann et al. 2002), and AM630 potentiated
nonadrenergic–noncholinergic (NANC)-evoked relaxations of the fundus (Storr
et al. 2002). SR141716A was first shown to increase neurotransmission and ACh
release in the guinea-pig MP-LMP (Coutts et al. 2000; Coutts and Pertwee 1997;
Pertwee et al. 1996). SR141716A increased maximal ejection pressure during the
emptying phase of peristalsis in the guinea pig ileum (Izzo et al. 2000a) and both
tonic and phasic motor activity in the colonic longitudinal smooth muscle in the
isolated colon of mouse subjected to electrically evoked peristalsis (Mancinelli et
al. 2001). These data suggest that peristaltic activity may be tonically inhibited
by the endocannabinoid system. Interestingly, the facilitation of peristalsis in the
guinea-pig was not observed by Heinemann (1999), suggesting a possible vari-
ability of endocannabinoid tone. Facilitatory effects of SR141716A have also been
found on the cholinergic and NANC-mediated contractions of the circular muscle
(Izzo et al. 1998). However, in view of the reported inverse agonist properties of
SR141716A, it is not possible to determine, conclusively, whether its GI actions are
due to antagonism of endocannabinoids or to the presence of CB1 receptors that
are precoupled to their effector mechanisms (inverse agonism). When tested on
human innervated longitudinal muscle strips, SR141716A alone appeared to have
no discernable effects (Croci et al. 1998; Manara et al. 2002).

3
Gastrointestinal Motility

The predominant action of cannabinoid receptor agonists on the GI tract is an
inhibitory effect on gastrointestinal motility, reminiscent of the neuromodulatory
response to presynaptic µ-opioid receptor or α2-adrenoceptor activation of cholin-
ergic, postganglionic parasympathetic neurons. The mechanisms underlying this
effect have been studied chiefly in the GI tract of small rodents, but also in man and
the pig. Here we shall review the findings of studies carried out in vitro (Sect. 3.1,
below) and in vivo (Sect. 3.2).
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3.1
In Vitro Studies

3.1.1
Effects on Excitatory Neuronal Pathways

Thedepressant effectsof cannabinoid receptoractivationongastrointestinalmotil-
ity, as observed in vitro are, principally, the inhibition of evoked cholinergic and
NANC contractile responses. Studies have focussed on the inhibition of the peri-
staltic reflex in segments of whole intestine, on the inhibition of evoked contrac-
tions of longitudinal or circular smooth muscle preparations or on the reduction
of excitatory neurotransmitter release. Early experiments with ∆9-THC and some
of the more non-polar organic fractions of tincture of Cannabis (British Phar-
maceutical Codex) indicated the ability of putative cannabinoid receptor agonists
to inhibit the contractile responses of the guinea-pig ileum without affecting re-
sponses to exogenous ACh (see review by Pertwee 2001). The peristaltic reflex can
be reproduced in intestinal segments maintained in vitro. The synthetic cannabi-
noid receptor agonists WIN 55,212-2 (0.3–300 nM) significantly decreased lon-
gitudinal muscle reflex contraction, compliance and maximal ejection pressure,
while increasing the threshold pressure and volume required to elicit peristalsis
in guinea-pigs (Izzo et al. 2000a). At maximal agonist concentrations, peristalsis
was completely prevented. These effects were insensitive to the opioid antagonist
naloxone, the α2-adrenoceptor antagonist, phentolamine or the CB2 receptor se-
lective antagonist SR144528 (0.1 µM). However, blockade was achieved with the
CB1 receptor-selective antagonist SR141716A (0.1 µM), thus indicating selective
activation of cannabinoid CB1 receptors. Methanandamide, a more stable analogue
of anandamide, similarly increased the peristaltic pressure threshold and inhibited
the ascending circular muscle contraction (Heinemann et al. 1999). The methanan-
damide response was antagonised by SR141716A and also by apamin and reduced
by the NO synthase inhibitor, N-nitro-l-arginine methyl ester (l-NAME) implying
a possible involvement of apamin-sensitive Ca2+-activated K+ channels and nitric
oxide (Heinemann et al. 1999). Thus, inhibition by cannabinoids may affect exci-
tatory or inhibitory components of the reflex. These data are consistent with the
ability of apamin to reduce cannabinoid CB1-mediated inhibition of cholinergic
transmission in the guinea-pig ileum (Izzo et al. 1998).

Paton and Zar (1968) described the dissection of the MP-LMP of the guinea-pig
small intestine. This preparation has been invaluable in the study of neurotrans-
mission from the myenteric plexus to the longitudinal smooth muscle, particularly
by opioids and cannabinoids, without the confounding effects of the peristaltic re-
flex. A similar preparation has been used to study neuromuscular transmission to
the circular smooth muscle (Izzo et al. 1998). Contractions of MP-LMP induced
by electrical field stimulation (EFS) were potently inhibited in a concentration-
dependent fashion by the cannabinoid receptor agonists CP 55,940, CP 50,556,
WIN 55,212-2, nabilone, CP 56,667, ∆9-THC and cannabinol (Coutts and Pertwee
1997; Pertwee 2001). This inhibition was competitively and reversibly antagonised
by SR141716A, without any effect on the inhibitory responses to normorphine
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(µ-opioid receptor agonist) or clonidine (α2-adrenoceptor agonist) and indicated
an involvement of CB1 receptors. Therefore, electrically stimulated isolated prepa-
rations from the guinea-pig ileum have been used to demonstrate the high potency
and stereoselectivity of CB1 receptor agonists (Nye et al. 1985; Pertwee 2001; Per-
twee et al. 1992, 1995, 1996). The rank order of potency of agonists correlates well
with their affinities for CB1 receptor binding sites in brain tissue and their known
psychotropic effects (Pertwee 1997; Pertwee et al. 1992, 1996). The findings that
the cannabinoid-induced inhibition of the guinea-pig MP-LMP was augmented by
lowering the extracellular calcium concentration or attenuated by incubating the
tissue with forskolin, 8-bromo-cyclic adenosine monophosphate (8-bromo-cAMP)
or with the phosphodiesterase inhibitor 3-isobutyl-1-methyl xanthine supports
the known signal transduction mechanisms for CB1 receptors (Coutts and Per-
twee 1998). Similar cannabinoid inhibitory effects on evoked responses have been
reported for longitudinal strips of human tissue (Croci et al. 1998).

In a single electrophysiological analysis of intracellular recordings from myen-
teric neurons of the guinea-pig MP-LMP, WIN 55,212-2 or CP 55,940 were found
to inhibit fast and slow excitatory synaptic transmission. In a subset of the neu-
rons tested, this effect was reversed by SR141716A (López-Redondo et al. 1997).
Both cholinergic and NANC responses of circular smooth muscle due to EFS
were presynaptically inhibited by cannabinoids by a mechanism that was sen-
sitive to SR141716A but not l-NAME or naloxone (Izzo et al. 1998). Only the
cholinergic component of this response was sensitive to attenuation by apamin,
suggesting the involvement of Ca2+-activated K+ channels. The contractile re-
sponses to γ-aminobutyric acid or 5-hydroxytryptamine, agents that release ACh
in the intestine, have been shown to be reduced by ∆9-THC or its analogues (Rosell
and Agurell 1975; Rosell et al. 1976). There is some evidence that the release of
adenosine, which also inhibits cholinergic neuromuscular transmission in this
preparation, is susceptible to modulation via CB1 receptor activation (Begg et al.
2002a).

3.1.2
Effects on Inhibitory Neurotransmission

There is evidence that cannabinoids affect enteric inhibitory transmission in ro-
dents. Storr and colleagues used standard intracellular recording techniques to
study the effect of cannabinoid drugs on enteric transmission (Storr et al. 2004).
Focal electrical stimulation of intrinsic neurons of isolated strips of the mouse
proximal colon induced a transient excitatory junction potential (EJP, abolished
by atropine) followed by a fast (transient) inhibitory junction potential (fIJP,
which represents the apamin-sensitive component of inhibitory transmission) and
a slow (sustained) inhibitory junction potential (sIJP, which represents the nitric
oxide-dependent component of inhibitory transmission). WIN 55,212-2 signifi-
cantly reduced EJP and the fIJP (an effect sensitive to the CB1 receptor antagonist
SR141716A), but not sIJP; given alone, SR141716A significantly increased EJP,
while fIJP and sIJP remained unchanged (Storr et al. 2004). These data suggest that
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cannabinoids, via CB1 receptor activation, might reduce the apamin component
(which is mediated by ATP or related purines) of the inhibitory transmission in
the mouse colon. Other indirect evidence was provided by Heinemann and col-
leagues, which showed that methanandamide depressed intestinal peristalsis with
a mechanism involving, at least in part, facilitation of inhibitory pathways operat-
ing via apamin-sensitive K+ channels and nitric oxide (Heinemann et al. 1999) as
mentioned above (Sect. 3.1.1). The effects of cannabinoids on the smooth muscle
relaxation of the isolated gastric fundus in response to EFS of NANC innervation
are not clear. In rat preparations (Storr et al. 2002), both excitatory cholinergic and
NANC transmission were reduced by WIN 55,212-2 and anandamide. Only the
anandamide responses were antagonised by the cannabinoid receptor antagonist
AM630. By itself, AM630 had no effect on the contractile responses but facilitated
the relaxation. This latter effect implied the presence of an ongoing endocannabi-
noid tone that reduced the NANC neurotransmission. In contrast, Todorov et al.
(2003) found no response to anandamide (0.1–10 µM) in the isolated gastric fundus
of the guinea-pig. Whether this is due to a species difference or whether the anan-
damide was metabolised before it could produce a measurable response is unclear.
No other, more potent cannabinoid receptor agonist was tested in this study, in
which evidence suggested that the NANC response was mediated by nitric oxide
and cyclic guanosine monophosphate (cGMP).

3.2
In Vivo Studies

3.2.1
Lower Oesophageal Sphincter

Lower oesophageal sphincter (LOS) relaxation is the chief mechanism for gastro-
oesophageal reflux, and thus represents a potential target in the treatment of
gastro-oesophageal reflux disease. The principal anatomical components of LOS
relaxation are afferent gastric pathways, brainstem integrative centre, and efferent
inhibitory pathways to the lower oesophageal sphincter. Functional studies have
shown that i.v. administration of the cannabinoid receptor agonists WIN 55,212-
2 and ∆9-THC inhibited (via CB1 receptor activation) LOS relaxation in dogs
(Lehmann et al. 2002) and ferrets (Partosoedarso et al. 2003), the effect being asso-
ciated, at least in the dog, with the inhibition of gastro-oesophageal reflux (Lehman
et al. 2002). The CB1 receptor antagonist SR141716A, administered alone, stimu-
lated the LOS relaxation incidence and increased the number of reflux episodes
and swallowing rate, suggesting an involvement of endocannabinoids in ongoing
suppression of LOS relaxation. The most likely site of action is via the CB1 receptor
within the central pattern generator thought to control LOS relaxation. Indeed
(1) direct application of ∆9-THC to the dorsal hindbrain surface attenuated LOS
relaxation in ferrets (Partosoedarso et al. 2003) and (2) WIN 55,212-2 reduced
the rate of LOS relaxation without altering other characteristics of simultaneous
oesophageal contraction in dogs (Lehmann et al. 2002). This is in agreement with
the observation that CB1 receptor staining is present in cell bodies within the area
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postrema, nucleus tractus solitarius and nodose ganglion (Partosoedarso et al.
2003).

3.2.2
Gastric Motility

Experimental studies performed in the rat have shown that CB1 receptors modulate
gastric motility. A number of cannabinoid receptor agonists, including ∆9-THC,
WIN 55,212-2, CP 55,940 and cannabinol reduced gastric motility, and this effect
was antagonised by the CB1 receptor antagonist SR141716A, but not by the CB2

receptor antagonist SR144528 (Izzo et al. 1999a; Krowicki et al. 1999; Landi et
al. 2002). However, in contrast to the small intestine and the colon, SR141716A,
administered alone to the stomach, does not produce any inverse cannabimimetic
effects. Most notably, intravenous ∆9-THC inhibited gastric motility and decreased
intragastric pressure in anaesthetised rats. Also, the application of ∆9-THC directly
to the dorsal surface of the medulla evoked very slight changes in gastric motor
activity. Both ganglionic blockade and vagotomy, but not spinal cord transection,
abolished the gastric motor effects of peripherally administered ∆9-THC (Krowichi
et al. 1999). Taken together, these data indicated that the gastric effects of system-
ically administered ∆9-THC depend on intact vagal circuitry.

In agreement with animal data, a double-blind randomised placebo-controlled
study performed on 13 healthy volunteers showed that oral ∆9-THC, at a dose
used for preventing chemotherapy-induced nausea and vomiting (10 mg/m2),
significantly delays gastric emptying of solid food in all subjects (McCallum et
al. 1999). In contrast, Bateman (1983) found that, in humans, gastric emptying
(monitored by a real real-time ultrasound technique) of liquids was unaffected by
∆9-THC (0.5 and 1 mg/kg i.v., a dose that produced cannabis-like psychomotor
and psychological effects). Apart from the different doses and techniques used to
measure motility in the two studies, it should be noted that gastric emptying of
liquids is mediated by a different mechanism from emptying of solids.

3.2.3
Upper Intestinal Motility

The effect of cannabinoid drugs on upper intestinal motility has been generally
studied by evaluating the distance travelled by a non-absorbable marker (e.g. char-
coal) from the pylorus to the caecum. Since the marker was given intragastrically,
this method does not distinguish between an effect on stomach emptying and
transit through the small intestine. Exceptions are the studies by Shook and Burks
(1989) and Landi and colleagues (2002) in which the marker was given intraduo-
denally and motility measured along the small intestine only.

Dewey et al. (1972) first reported that ∆9-THC delayed gastrointestinal transit
in mice. These results were confirmed by Chesher and colleagues (1973) who
also showed that ∆8-THC and three different Cannabis extracts dose-dependently



582 A.A. Izzo and A.A. Coutts

reduced the passage of a charcoal meal in mice. ∆8-THC and ∆9-THC were shown
to be equipotent, while cannabidiol was inactive (Chesher et al. 1973). In a more
complete study, Shook and Burks (1989) showed that ∆9-THC and cannabinol
slowed small intestinal transit when injected intravenously in mice and rats, with
∆9-THC being equipotent to morphine.

More recently, the ability of cannabinoids to reduce intestinal motility has
been related to their ability to activate cannabinoid CB1 receptors. Studies have
shown that the endogenous ligand anandamide, the natural agonist cannabinol
and the synthetic agonists WIN 55,212-2 and CP 55,940 inhibited gastrointestinal
transit motility in mice (Calignano et al. 1997; Colombo et al. 1998b; Izzo et al.
1999b, 2000b, 2001b) an effect counteracted by SR141716A, but not by SR144528.
Notably, the inhibitory effect of anandamide was not reduced by the VR1 receptor
antagonist capsazepineorbyachronic treatmentwith capsaicin (a treatmentwhich
ablates capsaicin-sensitive afferent neurons) (Izzo et al. 2001a), thus implying that
the effect of anandamide on intestinal transit is independent of VR1 receptor
activation. SR141716A, but not SR144528, administered alone, increased upper
gastrointestinal transit, implying the existence of ongoing background activity of
CB1 receptors due to either tonic release of endocannabinoids or precoupled CB1

receptors.
WIN 55,212-2 and cannabinol were significantly more effective when adminis-

tered intracerebroventricularly (i.c.v.) than when administered intraperitoneally
(Izzoet al. 2000b), suggestingacentral siteof action.However, centralCB1 receptors
probably contribute little to the effect of peripherally administered cannabinoids,
as the effect of i.p.-injected cannabinoid receptor agonists was not modified by
the ganglion blocker hexamethonium (Izzo et al. 2000b). The primary role of pe-
ripheral CB1 receptors was emphasised by the observation that i.c.v.-administered
SR141716A did not significantly reduce the effect of i.p. WIN 55,212-2 (Landi et al.
2002).

Palmitoylethanolamide (PEA) is an endogenous fatty acid ethanolamide that
shares somepharmacological actionswith∆9-THCandwith theendocannabinoids
anandamide and 2-AG (Lambert et al. 2002). However PEA does not bind to CB1

and CB2 receptors. Capasso and colleagues (2002) reported that i.p.-injected PEA
inhibited upper gastrointestinal transit, both in control and in intestine-inflamed
mice, and this effect was not antagonised by the cannabinoid receptor antagonists
SR141716A or SR144528; moreover, the PEA effect was unaffected by the NO
synthase inhibitor l-NAME, the α2-adrenoceptor antagonist yohimbine, the opioid
receptor antagonist naloxone or the nicotinic receptor antagonist hexamethonium.

3.2.4
Motility in the Colon

Pinto and colleagues provided immunohistochemical and pharmacological evi-
dence supporting a role for the endocannabinoids and myenteric CB1 receptors
in regulating colonic motility in vivo in mice (Pinto et al. 2002b). Motility was
assessed by measuring the time required for expulsion of a glass bead inserted
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2 cm into the distal colon. It was found that the non-selective cannabinoid recep-
tor agonists cannabinol, anandamide and WIN 55,212-2, as well as the selective
CB1 receptor agonist arachidonyl-2-chloroethylamide (ACEA) decreased motility
in an SR141716A-sensitive manner. The hypothesis for a local endocannabinoid
tone controlling propulsion was strengthened by the following findings: (1) un-
usually high amounts of endocannabinoids were present in the mouse colon; (2)
a stimulatory action on colonic propulsion occurred after selective blockade of the
CB1 receptor with SR141716A; and (3) an inhibitory effect on colonic propulsion
occurred after inhibition of endocannabinoid re-uptake with VDM11. Consis-
tent with these in vivo results, CB1 receptors mediate the antiperistaltic effects of
WIN 55,212-2 in the mouse isolated colon (Mancinelli et al. 2001).

4
Intestinal Secretion

Taking short circuit current (Isc) as an indicator of net electrogenic ion transport in
Ussing chambers, itwas shown that the cannabinoid receptor agonist WIN55,212-2
reduced (via CB1 receptor activation) the secretory response to EFS (which is me-
diated mainly by acetylcholine release from submucosal secretomotor neurons)
and capsaicin (which evokes neurotransmitter release such as acetylcholine by
activating extrinsic primary afferents) in the rat (Tyler et al. 2000) and guinea-pig
ileum (MacNaughton et al. 2004). The inhibitory effect of WIN 55,212-2 was on the
enteric nerves, and not on the epithelial cells, since the Isc response to forskolin and
carbachol, which act directly on the epithelium to elicit secretion, were unaffected
by WIN 55,212-2 pretreatment. Moreover, in extrinsically denervated segments
of guinea-pig ileum, the inhibitory effect of WIN 55,212-2 on the response to
EFS was completely lost, suggesting a predominant role for capsaicin-sensitive
extrinsic primary afferent nerves that innervate submucosal secretomotor neu-
rons (MacNaughton et al. 2004). In agreement, immunohistochemical studies have
shown that CB1 receptors are present on submucosal neurons and extrinsic pri-
mary afferent nerves in the submucosa of the small intestine (MacNaughton et al.
2004).

5
Gastrointestinal Signs of Tolerance and Dependence

Chronic treatment with cannabinoids can induce a state of tolerance to their in-
hibitory effects in the gastrointestinal tract. Studies of this phenomenon have been
performed predominantly with pieces of tissue excised from chronically treated
animals (ex vivo) or on isolated tissues pretreated in vitro with a cannabinoid
receptor agonist. These investigations were comprehensively reviewed by Pertwee
(2001) and will be summarised here.

In mice, the inhibition of transit by daily oral ∆9-THC was reduced for up
to 19 days post-treatment (Anderson et al. 1975). Similarly, ∆9-THC (s.c.) for
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3 days reduced the sensitivity of mouse MP-LMP to CP 55,940 compared with
vehicle-pretreated littermates, when tested 24–28 h after the final injection (Per-
twee et al. 1998). In addition, tolerance to ∆9-THC and CP 55,940 could be demon-
strated in the MP-LMP of guinea-pigs receiving ∆9-THC (10 mg.kg–1) i.p. daily for
2 days. In tolerant animals, a reduction was observed in the maxima of agonist log
concentration–response curves. This was thought to indicate a down-regulation of
receptor expression and/or coupling efficiency (Pertwee et al. 1998).

A form of tolerance was induced in guinea-pig ileal segments in vitro by in-
cubation with WIN 55,212-2 (50 nM) for 5 h. At the end of incubation, the size
of electrically evoked contractions was not significantly different from untreated
preparations (Basilico et al. 1999). MP-LMP from human ileum or distal jejunum,
pretreated for 48 h with (+)- or (–)-WIN 55,212 (10 µM), or vehicle alone at 18°C
were tested for their sensitivity to subsequent doses of the active isomer, (+)-
WIN 55,212 or to SR141716A (Guanini et al. 2000). Those preparations pretreated
with (+)-WIN 55,212 but not (–) WIN 55,212 were insensitive to the inhibitory ef-
fects of (+)-WIN 55,212 on the evoked contractions. In addition, SR141716A (1 µM)
significantly enhanced the contractile responses in (+)-WIN 55,212-pretreated
preparations but not those treated with the (–) isomer or the vehicle, dimethylsul-
foxide (DMSO). Earlier reports had shown SR141716A not to have inverse agonist
effects on human fresh innervated preparations (Croci et al. 1998). This in vitro
inverse response to SR141716A supports the “withdrawal” diarrhoea observed on
treatment of ∆9-THC-tolerant dogs with SR141716A. Work in non-GI tissues sug-
gests that selective kinases may be involved in the development of cannabinoid
tolerance (Lee et al. 2003).

Opioids and cannabinoids are among the most widely consumed drugs of abuse
in humans; therefore, cross-tolerance or interactivity have been investigated with
the two drugs in the GI tract. Basilico et al. (1999) found dextral shifts in the log
concentration-response curves for the inhibition of electrically evoked contrac-
tions for both (+)-WIN 55,212 and morphine in guinea-pig MP-LMP’s that had
been preincubated for 5 h with either drug. However, in ex vivo preparations from
∆9-THC-tolerant guinea-pigs (Pertwee et al. 1998), tolerance was not found to the
inhibitory responses to normorphine or clonidine (presynaptic α2-adrenoceptor
agonist). Early in vivo studies showed that increases in GI activity (diarrhoea
and increased defaecation) and other abstinence signs precipitated by naloxone in
morphine-dependent rats could be reduced in a dose-related fashion by ∆9-THC
but not cannabidiol (Hine et al. 1975). Such observations led to hopes for poten-
tial treatment of opiate addicts with cannabinoids. An interesting phenomenon
observed in the absence of electrical stimulation of morphine-tolerant guinea-pig
MP-LMP in vitro is a fast withdrawal contracture in response to naloxone; this is
not mimicked by exposure of cannabinoid-tolerant tissues to SR141716A (personal
communication). However, the in vitro naloxone “withdrawal” contraction can be
significantly reduced by (–)- but not (+)-∆9-THC (95 nM) by a presynaptic mech-
anism (Frederickson et al. 1976). This cross tolerance was confirmed by Morrone
et al. (1993) with cannabis extract (equivalent to 5.2 µM ∆9-THC) in segments of
guinea-pig ileum and rabbit jejunum that had been exposed for 5 min to either
morphine or the κ-opioid receptor agonist, U-50,488H. The induction of opioid
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and cannabinoid tolerance by incubation of guinea-pig MP-LMP for 5 h with mor-
phine could be prevented by the addition of (+)-WIN 55,212 (50 nM), as shown by
loss of the naloxone-precipitated withdrawal response, which is evident as a slow,
sustained contraction. The mechanism responsible for this contraction is thought
to be a cannabinoid-sensitive release of endogenous ACh, 5-hydroxytryptamine
and/or substanceP frommyenteric neurons into theneuromuscular space (Basilico
et al. 1999; Frederickson et al. 1976).

In the CNS, recent work suggests that the endocannabinoid system is involved in
the development of opioid tolerance. In morphine-tolerant rats, autoradiographic
binding showed a slight but significant reduction in cannabinoid receptor level in
the cerebellum and hippocampus, whereas in the limbic area there was a strong
decrease (40%) in receptor/G protein coupling (CP 55,940-stimulated [35S]GTPγS
binding).Chronicmorphineexposureproducedastrongreduction in2-AGcontent
without changes inanandamide levels in several brain regions (i.e. striatum, cortex,
hippocampus, limbic area and hypothalamus) (Vigano et al. 2003).

6
Cannabinoids in Pathological States

6.1
Emesis

Although the antiemetic potential has been recognised for decades, and cannabi-
noids such as the natural ∆9-THC or the synthetic cannabinoid nabilone are ef-
fectively used in humans (Tramer et al. 2001), the molecular mechanism by which
cannabinoids prevent vomiting was only recently ascertained. Immunohistochem-
istry identified CB1 receptors and FAAH in areas involved in emesis, including the
dorsal vagal complex (DVC) (area postrema and nucleus of the solitary tract,
NTS) and the dorsal motor nucleus of the vagus (DMN) (Van Sickle et al. 2001).
Functional studies aimed at investigating the role of the endogenous cannabinoid
system in nausea and emesis have been performed in both vomiting (i.e. least
shrews, ferrets) and non-vomiting (i.e. rats) species. Emesis has been induced
mainly by cisplatin or opioids in vomiting species, while conditioned rejection re-
actions, which may reflect a sensation of nausea, have been elicited in rats mostly
by lithium chloride.

A number of cannabinoid receptor agonists (given i.p.), including CP 55,940, ∆9-
THC, WIN 55,212-2 and (–)-11-OH-∆8-THC dimethylheptyl (HU-210) prevented
cisplatin-induced emesis in the least shrew (Darmani 2001a,b; Darmani et al.
2003b), opioid-induced emesis in ferrets (Simoneau et al. 2001; Van Sickle et
al. 2001) or lithium-induced conditioned rejection reactions in rats (Parker and
Mechoulam 2003; Parker et al. 2003). These effects were mediated by CB1 receptors,
since they were counteracted by selective receptor antagonists such as SR141716A
or AM251. Furthermore, the order of potency for reducing both the frequency of
emesis and the percentage of shrews vomiting was CP 55,940>WIN 55,212-2>∆9-
THC, which is consistent with an action on the CB1 receptor (Darmani 2001a,b).
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However, in the least shrew, unlike ∆9-THC and WIN 55,212-2, the antiemetic
activity of CP 55,940 occurs at motor-suppressant doses (Darmani et al. 2003b).

The site of action of cannabinoid receptor agonists has been investigated in
ferrets by comparing the effect of ∆9-THC applied locally to the surface of the
brain stem against the emesis induced by intragastric hypertonic saline and, most
importantly, by measuring Fos expression induced by cisplatin (Van Sickle et al.
2003). It was found that the anti-emetic effects of cannabinoids are mediated by
CB1 receptors on pathways related to vagal gastric function either centrally, in the
area postrema and DVC, or at the peripheral endings of abdominal vagal efferents.
Specifically, CB1 receptors may be involved at three sites: (1) CB1 receptors on the
terminals of primary afferent fibres from the stomach and duodenum could reduce
the input indicating intestinal distress and reduce the resulting episodes of emesis,
(2) CB1 receptors on the terminals of interneurons within the NTS could reduce
the input to the DMN and therefore reduce emesis, and (3) CB1 receptors on the
terminals of NTS projection neurons could modulate input from the area postrema
or directly reduce excitatory transmission to the DMN. Since the chemosensors of
the area postrema are located outside the blood–brain barrier, cannabinoids which
do not cross this barrier may have antiemetic actions devoid of psychotropic side-
effects.

Experimental evidence suggests that an ECS may be present in the brain stem
centres that modulate emesis. Indeed, CB1 receptor antagonists caused emesis
when given alone to the least shrews (Darmani 2001a) and also potentiated the
emetic response to opioids in the ferret (Van Sickle et al. 2001) as well as lithium-
induced nausea in a rat model of nausea (Parker et al. 2003). In the least shrews,
the emetic effect of SR141716A was associated with increased forebrain levels of
5-hydroxytryptamine and dopamine (Darmani et al. 2003a). Inconsistent with the
putativeantiemetic actionof theendogenouscannabinoid systemis thepotent abil-
ity of the endocannabinoid 2-AG (but not anandamide) to induce emesis in shrews.
This effect is blocked by a non-emetic dose of SR141716A, by the cannabinoid re-
ceptor agonist CP 55,940, WIN 55,212-2 or ∆9-THC and by the cyclo-oxygenase
inhibitor indomethacin (Darmani 2002). It has been hypothesised that exogenous
2-AG may elicit its emetic response by acting in brain areas involved in emesis
to reduce anti-emetic tone through the displacement from CB1 receptors of an
endogenous CB1 receptor agonist with greater efficacy.

Finally, it should be noted that cannabidiol, a natural cannabinoid that does not
activate cannabinoid receptors, suppresses lithium-induced conditioned rejection
reactions in a rat model of nausea (Parker et al. 2002) and also potentiates the
antiemetic effect of ondansetron and ∆9-THC in the musk shrew (Kwiatkowska et
al. 2004).

6.2
Gastric Ulcer

The gastric antisecretory and antiulcer activity of cannabinoids was first observed
in the late 1970s, when it was found that ∆9-THC reduced gastric juice volume and
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ulcer formation after ligation of the pylorus (Shay rat test) (Sofia et al. 1978). More
recently, it has been shown that the cannabinoid receptor agonist WIN 55,212-
2 reduced, in an SR141716A-sensitive manner, stress-induced gastric ulcers in
rats (Germanò et al. 2001). The antiulcerative effect of WIN 55,212-2 may well be
related to its antisecretory effect (Adami et al. 2002; Coruzzi et al. 1999). Indeed, the
non-selective cannabinoid receptor agonists WIN 55,212-2 and HU-210 decreased
(via CB1 activation) the acid secretion induced by indirectly acting secretagogues,
such as 2-deoxy-d-glucose (which stimulated acid secretion by increasing the
efferent activity of the vagus nerve) and pentagastrin (which acts partly through
a cholinergic pathway). These observations were made in anaesthetised rats in
which the secretion induced by the activation of parietal cell H2 receptors by
histamine was unaffected, which is consistent with the absence of CB1 receptors
on parietal cells (Adami et al. 2002). Bilateral cervical vagotomy and ganglionic
blockade, but not atropine treatment, significantly reduced, but did not abolish,
the inhibitory effect of HU-210. These results indicate that gastric antisecretory
effects of cannabinoids are mediated by suppression of vagal drive to the stomach
through activation of CB1 receptors, located on pre- and postganglionic cholinergic
pathways. In addition, the ineffectiveness of atropine suggests CB1 receptors may
regulate the release of non-cholinergic secretory neurotransmitters.

6.3
Intestinal Inflammation

Many patients with inflammatory bowel disease anecdotally report that they expe-
rience relief by smoking marijuana (Di Carlo and Izzo 2003). Furthermore, some
cannabinoid-basedpreparationsarealreadybeingevaluated inclinical trials for the
treatment of inflammatory bowel disease (Di Carlo and Izzo 2003). Experimental
evidence indicates that the ECS, via CB1 activation, mediates protective pathophys-
iological signals counteracting intestinal inflammatory responses. Enhancement
of the cannabinoid signalling, as revealed by the increased expression of enteric
CB1 receptors, has been observed following intestinal inflammation induced by
a number of irritants, including intra-colonic dinitrobenzene sulfonic acid (DNBS)
(Massa et al. 2004), oral croton oil (Izzo et al. 2001b) and intraperitoneal acetic
acid (Mascolo et al. 2002). Massa et al. (2004) showed that colitis induced by
intra-colonic DNBS was more severe in CB1-deficient mice than in wild-types lit-
termates, while FAAH-deficient mice (which are expected to have higher levels
of anandamide) showed significant protection against intestinal inflammation.
Consistent with experimental results obtained with genetically modified mice, the
cannabinoid receptor agonist HU-210 inhibited, while the CB1 receptor antagonist
SR141716A exacerbated, DNBS-induced colonic inflammation (Massa et al. 2004).

The possible involvement of CB2 receptors in inflammatory bowel disease has
been hypothesised on the basis of recent in vitro studies; indeed, cannabinoids
exert an inhibitory effect on the expression of tumour necrosis factor (TNF)-α-
induced interleukin-release from a human colonic epithelial cell line HT-29, and
this effect was reversed by the CB2 receptor antagonist SR144528 (Ihenetu et al.
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2003). Furthermore, Western immunoblotting revealed an immunoreactive pro-
tein in this cell line at a region with a size consistent with that of CB2 receptors
(Ihenetu et al. 2003). In contrast with a beneficial role of endocannabinoids, Croci
and colleagues (2003) reported that the CB1 receptor antagonist SR141716A pre-
vented the intestinal ulcers and the rise in TNF-α and myeloperoxidase activity
(a marker of inflammation) induced by indomethacin in rats, while the CB2 recep-
tor antagonist SR144528 reduced the ulcers only (Croci et al. 2003).

Finally, it should be noted that anandamide and 2-AG have been shown to
stimulate intestinal primary sensory neurons via the VR1 receptor to release sub-
stance P, resulting in ileitis in rats (McVey et al. 2003) and that endocannabinoids
may mediate the inflammatory effects of toxin A. Thus, in the intestinal mucosa,
endocannabinoids may have both a protective role (via CB1 receptor activation)
and produce deleterious effects (via VR1 receptor activation, presumably at higher
concentrations).

6.4
Paralytic Ileus

Paralytic ileus (i.e. a “non-mechanical” bowel obstruction observed in response
to nociception initiated at the abdominal level) is a common complication whose
pathogenesis is still under debate. Mascolo and colleagues (2002) provided evi-
dence that alterations in the enteric endocannabinoid system contribute to the
onset of experimental paralytic ileus induced by peritoneal irritation. Reduced
gastrointestinal motility associated with intraperitoneal acetic acid in mice was
restored by the CB1 receptor antagonist SR141716A, while it was worsened by the
anandamide cellular re-uptake inhibitor VDM11. Ileus was characterised by in-
creased intestinal levels of anandamide (but not 2-AG) and by an increase in the
number and density of CB1 receptors on acetylcholine- and substance P-containing
neurons. Because CB1 receptor activation reduced excitatory transmission, it was
hypothesised that, following peritonitis-induced ileus, overactivity of CB1 recep-
tors on the enteric cholinergic/substance P neurons lead to a reduced release of
both neurotransmitters, with subsequent delayed motility.

6.5
Diarrhoea (Cholera Toxin)

Extracts of Cannabis were indicated for the treatment of diarrhoea a century ago
in the United States, and there are a number of anecdotal accounts of the effective
use of Cannabis against dysentery and cholera (Di Carlo and Izzo 2003). Cholera
toxin (CT) is the most recognisable enterotoxin causing secretory diarrhoea. The
profound dehydrating secretory diarrhoea associated with CT may involve several
intestinal secretory mechanisms, including activation of enteric neurons and re-
lease and/or synthesis of endogenous secretagogues such as 5-hydroxytryptamine,
prostaglandins, tachykinins, vasoactive intestinal peptide, and platelet activating
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factor (Lundgren 2002). Oral administration of CT to mice increased fluid accumu-
lation in the small intestine, raised anandamide levels and led to overexpression
of CB1 receptor mRNA (Izzo et al. 2003). The non-selective cannabinoid recep-
tor agonist CP 55,940 and the CB1 selective agonist, ACEA inhibited CT-induced
fluid accumulation, and this effect was counteracted by SR141716A (but not by
SR144528 or by the vanilloid receptor antagonist capsazepine). The antisecretory
effect of cannabinoids may involve peripheral mechanisms, since CP 55,940 still
inhibited CT-induced fluid accumulation after ganglionic blockade. Furthermore
SR141716A enhanced, while the inhibitor of anandamide uptake VDM11 pre-
vented, CT-induced fluid accumulation. These results indicate that CT, as well as
enhancing intestinal secretion, causes overstimulation of endocannabinoid sig-
nalling with an antisecretory role in the small intestine.

6.6
Colorectal Cancer

Endocannabinoids are known to inhibit the proliferation of breast cancer cells,
prostate cancer cells, and rat thyroid cancer cells (Bifulco and Di Marzo 2002).
Ligresti and colleagues (2003) showed that the levels of anandamide and 2-AG were
increased relative to controls in adenomatous polyps and carcinomas, but there
appeared to be no differences in the expression of CB1 and CB2 receptors or FAAH
levels among the tissues. To determine if cannabinoids affect colorectal cancer
cell growth, the authors used CaCo-2 (which express CB1 receptor) and DLD-1
cells (which express both CB1 and CB2 receptors, with CB1 receptor less expressed
than in CaCo-2 cells). Anandamide, 2-AG and HU-210, as well as an inhibitor
of anandamide inactivation, potently inhibited CaCo2 cell proliferation (relative
potencies: HU-210>>anandamide≥2-AG), while DLD-1 cells were less responsive
to cannabimimetics than CaCo-2 cells (Ligresti et al. 2003). Such data suggest that
CB1 receptors are more important than CB2 receptors in reducing the proliferation
of colorectal carcinoma cells. Consistent with this, in a study performed on SW 480
colon carcinoma cells, Joseph and colleagues (2004) reported that anandamide (via
CB1 activation) inhibited tumourcellmigration,which isofparamount importance
in metastasis development (Joseph et al. 2004).

7
Anandamide as an Endovanilloid

The unexpected revelation that anandamide is also an agonist at VR1 receptors
(Zygmunt et al. 1999) has important implications for the physiological roles of
endocannabinoid and VR1 receptor systems. Capsaicin has long been known
to affect GI motility (Feher and Vajda 1982; Holzer 2001, 2003). VR1 receptor
expression has been associated not only with the oesophagus and GI tract and
their related ganglia, but also with areas of the CNS concerned with GI activity.
In the rat brain, varicose fibres in the commissural, dorsomedial and gelatinosus
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subnuclei of the medial solitary tract and lateral area postrema expressed VR1
immunoreactivity that was reduced after vagotomy above the nodose ganglion
(Rumessen et al. 2001). A proportion of nodose ganglionic neurons with afferent
terminals in the gastric mucosa and vagal afferents from the GI tract overall
were found to express VR1 receptors (Rumessen et al. 2001). These fibres were
found to traverse both submucous and myenteric plexuses (Akiba et al. 2001)
and many individual fibres coexpressed calcitonin gene-related protein (CGRP)
(Rumessen et al. 2001). In the pig ileum, some myenteric VR1-positive neurons
also expressed δ-opioid and κ-opioid receptors (Poonyachoti et al. 2002); also, in
primary cultures of porcine myenteric ileal neurons, some cholinergic cells with δ-
opioid-like immunoreactivitywere also immunopositive for κ-opioid, cannabinoid
or vanilloid receptors (Kulkarni-Narla and Brown 2001).

Anavi-Goffer et al. (2002) identified VR1 immunoreactivity in whole mounts
of myenteric plexus preparations from the guinea-pig ileum and colon and rat
ileum (Anavi-Goffer and Coutts 2003; Anavi-Goffer et al. 2002). They found VR1
immunoreactivity in a subpopulation (47%) of cholinergic myenteric neurons and
fibres in the ganglia, the secondary bundles and tertiary plexus. In guinea-pig
myenteric ganglia, intrinsic primary afferent neurons (IPAN’s) had the chemical
signature ChAT/calbindin/CB1 receptor/VR1 receptor. In contrast, in rat and hu-
man preparations, VR1-immunoreactivity was confined to fibres only, and was
increased by inflammation in human tissue (Anavi-Goffer and Coutts 2003; Yian-
gou et al. 2001).

In a study of hypo- and aganglionic regions of the large bowel in Hirschsprung’s
disease, hypertrophic extrinsic nerve bundles showed intense VR1 immunore-
activity compared with normoganglionic regions, which were similar to control
large intestine (Facer et al. 2001). Aganglionic tissue was also associated with weak
purine P2X(3)-receptor immunoreactivity compared with normal specimens. It
has been proposed that ATP can lower the threshold for activation of VR1 receptors
(Tominaga et al. 2001). It is possible that the relative down-regulation of purinergic
receptors in Hirschsprung’s disease may be associated with an increased release
of ATP and sensitisation of the sensory nerves. Ileitis due to Clostridium difficile
toxin A could be mimicked by the intraluminal administration of anandamide and
2-AG in rats (McVey et al. 2003): this effect was reduced by pretreatment with the
selective VR1 receptor antagonist capsazepine but not the cannabinoid receptor
antagonists SR141716A or SR144528. Indeed, toxin A resulted in increased tissue
levels of anandamide and 2-AG in the ileum that were further enhanced when
their metabolism was reduced by FAAH inhibitors. Responses to both toxin A and
anandamide were associated with capsazepine-sensitive substance P release and
activation of specific natural killer (NK)-1 receptors and antagonised by the NK-1
antagonist L-733060 (McVey et al. 2003). These results suggest that enteritis due
to toxin A involves the release of endocannabinoids that activate VR1 receptors
on enteric primary afferent sensory neurons, resulting in the release of inflam-
matory mediators such as substance P. Clearly, the relevance of vanilloid receptor
activation involvement in this field needs further investigation.

It may be of interest that VR1-immunoreactive cells in the rat dorsal root
ganglia coexpress CB1 receptors (Ahluwalia et al. 2000). VR1 mRNA detected by
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RT-PCR from rat ileal tissue showed a protein band corresponding to that for
VR1 mRNA from rat brain (Anavi-Goffer et al. 2002). Cholinergic VR1 receptor-
positivefibres in the tertiaryplexuswere foundtoco-expresscalretinin, substanceP
and synapsin 1. These findings support results from functional studies indicating
that VR1 activation is related to ACh release from motoneurons (Mang et al.
2001). Mang et al. showed that anandamide facilitates spontaneous ACh release
from the myenteric plexus by a capsazepine-sensitive mechanism as measured
by the release of [3H]-choline. In the same report, Mang et al. demonstrated
that SR141716A caused dextral shifts in the log concentration–response curves to
CP 55,940 or anandamide for their inhibitory effects on cholinergic transmission.
The relative activities of anandamide at CB1 and VR1 receptors in this tissue are
concentration dependent (Begg et al. 2002b). Begg’s group found that VR1 receptor
activationpredominatedathigher concentrations,whereasManget al. foundpEC50

values for cannabinoid receptor activation to be less than for vanilloid receptor
activation. There is also some controversy as to whether anandamide inhibits
ACh release via a CB1 or a non-CB1cannabinoid receptor mechanism, since the
KB values differ for the antagonism by SR141716A of CP 55,940 and anandamide
(Mang et al. 2001). Whether this difference can be explained by the concomitant
effects on ACh release via a VR1-mediated process and/or is due to anandamide
metabolism remains to be resolved. There is evidence that VR1 receptor activation
by anandamide increases ethylene diamine-induced γ-aminobutyric acid (GABA)
release from guinea-pig myenteric plexus by a capsazepine-sensitive mechanism
(Begg et al. 2002b). However, it should be noted that no evidence for an activation
of capsaicin-sensitive receptors by anandamide has been observed in the human
sigmoid colon (Bartho et al. 2002).

Finally, 2-AG has been found to induce contractions in the longitudinal smooth
muscle from the guinea-pig distal colon in vitro in a tetrodotoxin-sensitive man-
ner. This response was mimicked by anandamide, but not by the cannabinoid
receptor agonist WIN 55,212-2 or the vanilloid receptor agonist AM404 and was
not inhibited by antagonists of cannabinoid or vanilloid receptors (Kojima et al.
2002). Since the response to 2-AG was partially reduced by the lipoxygenase in-
hibitor nordihydroguaiaretic acid, it is possible that leukotrienes may contribute
to the neurogenic contractile action of 2-AG.

8
Conclusion

There is now substantial evidence for the presence of endocannabinoid and en-
dovanilloid systems in the GI tract. The anti-inflammatory, anticancer, antiulcero-
genic and antiemetic responses to CB1 receptor activation holds promise for the
future management of gastrointestinal diseases. Thus, exploitation of the endo-
cannabinoid system by facilitation at sites of endocannabinoid activity by pre-
venting cellular re-uptake or reducing EC degradation may enhance beneficial en-
docannabinoid effects without the psychotropic side-effects found with systemic
administration of exogenous cannabinoids. Manipulation of the endocannabinoid
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system, rather than the administration of exogenous cannabinoids, would also
lessen the possibility of adverse pharmacokinetic effects or the development of
tolerance to or dependence on exogenous cannabinoids. The upregulation of VR1
receptor expression and increased tissue levels of endocannabinoids in inflam-
matory conditions may have implications for possible therapeutic applications of
endovanilloid modulation in a variety of inflammatory gastric (ulceration and oe-
sophageal reflux) and bowel conditions in the future. Clearly, further exploration
of the gastrointestinal EC system is likely to produce worthwhile results.
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Abstract Cannabinoids and their synthetic and endogenous analogs affect a broad
range of physiological functions, including cardiovascular variables, the most im-
portant component of their effect being profound hypotension. The mechanisms
of the cardiovascular effects of cannabinoids in vivo are complex and may involve
modulation of autonomic outflow in both the central and peripheral nervous sys-
tems as well as direct effects on the myocardium and vasculature. Although several
lines of evidence indicate that the cardiovascular depressive effects of cannabi-
noids are mediated by peripherally localized CB1 receptors, recent studies provide
strong support for the existence of as-yet-undefined endothelial and cardiac re-
ceptor(s) that mediate certain endocannabinoid-induced cardiovascular effects.
The endogenous cannabinoid system has been recently implicated in the mech-
anism of hypotension associated with hemorrhagic, endotoxic, and cardiogenic
shock, and advanced liver cirrhosis. Furthermore, cannabinoids have been con-
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sidered as novel antihypertensive agents. A protective role of endocannabinoids
in myocardial ischemia has also been documented. In this chapter, we summarize
current information on the cardiovascular effects of cannabinoids and highlight
the importance of these effects in a variety of pathophysiological conditions.

Keywords Cannabinoid · Anandamide · CB1 receptor · Blood pressure · Cardiac
function · Vascular · Ischemia

1
Introduction

The biological effects of marijuana and its main psychoactive ingredient, ∆9-
tetrahydrocannabinol (THC), are mediated by specific, G protein-coupled recep-
tors (GPCRs) (Howlett et al. 1990). To date, two cannabinoid (CB) receptors have
been identified by molecular cloning: the CB1 receptor, which is by far the most
abundant of all neurotransmitter receptors in the brain (Matsuda et al. 1990), but
is also present in various peripheral tissues including the heart and vasculature
(Gebremedhin et al. 1999; Liu et al. 2000; Bonz et al. 2003), and the CB2 receptor,
expressed primarily by immune (Munro et al. 1993) and hematopoietic cells (Valk
and Delwel 1998). The natural ligands of these receptors are endogenous, lipid-like
substances called endocannabinoids, which include arachidonoyl ethanolamide or
anandamide and 2-arachidonoylglycerol (2-AG), as the two most widely studied
members of this group (reviewed by Mechoulam et al. 1998).

Cannabinoids and their synthetic and endogenous analogs are best known for
their prominent psychoactive properties, but their cardiovascular effects were also
recognized as early as the 1960s. The most important component of these effects is
a profound decrease in arterial blood pressure, cardiac contractility, and heart rate
(Lake et al. 1997a,b; Hillard 2000; Kunos et al. 2000, 2002; Randall et al. 2002; Ralevic
et al. 2002; Hiley and Ford 2004). Although several lines of evidence indicate that
the cardiovascular depressive effects of cannabinoids are mediated by peripherally
localized CB1 receptors, cannabinoids can also elicit vascular and cardiac effects,
which are independent of CB1 and CB2 receptors, as discussed in detail later in this
chapter.

Recent findings implicate the endogenous cannabinoid system in the patho-
mechanism of hypotension associated with various forms of shock, including
hemorrhagic (Wagner et al. 1997), endotoxic (Varga et al. 1998; Wang et al. 2001;
Liu et al. 2003; Bátkai et al. 2004a), and cardiogenic shock (Wagner et al. 2001a,
2003), as well as the hypotension associated with advanced liver cirrhosis (Bátkai
et al. 2001; Ros et al. 2002). Furthermore, the possible use of cannabinoids as novel
antihypertensive agents has been entertained (Birmingham 1973; Archer 1974;
Varma et al. 1975; Crawford and Merritt 1979; Zaugg and Kynel 1983; Lake et al.
1997b; Bátkai et al. 2003 and 2004; Li et al. 2003). In addition, a protective role of
endocannabinoids has been described in myocardial ischemia (reviewed in Hiley
and Ford 2003, 2004).
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The goal of this chapter is to summarize the cardiovascular effects of cannabi-
noids and to highlight the unique therapeutic potential of the pharmacological
manipulation of the endocannabinergic system in a variety of pathological condi-
tions.

2
Cardiovascular Effects of Cannabinoids In Vivo

The in vivo cardiovascular effects of cannabinoids are complex and may involve
modulation of the autonomic outflow in both the central and peripheral nervous
systems as well as direct effects on the myocardium and vasculature. However,
their peripheral actions appear to play the dominant role, at least upon systemic
administration at the doses used by most investigators. Moreover, the effects of
endocannabinoids are complicated by their rapid metabolism, which may liberate
other vasoactive substances and their precursors (reviewed in Mechoulam et al.
1998; Kunos et al. 2002; Randall et al. 2002; Ralevic et al. 2002).

In humans, the acute effect of smoking cannabis usually manifests as an increase
in heart rate with no significant change in blood pressure (Kanakis et al. 1976).
However, chronic use of cannabis in man, as well as both acute and prolonged
administration of THC to experimental animals, elicit a long-lasting decrease in
blood pressure and heart rate (Rosenkratz 1974; Benowitz and Jones 1975). Because
of the well-known effects of cannabinoids on central nervous system function,
early studies of their cardiovascular actions concentrated on the ability of these
compounds to inhibit sympathetic tone as the underlying mechanism. Indeed,
cross-perfusion experiments in dogs have provided some evidence for a centrally
mediated sympatho-inhibitory effect of THC, although additional peripheral sites
of action could not be ruled out (Vollmer et al. 1974). Already at this early stage,
the potential use of these compounds as antihypertensive agents was considered
(Archer 1974), in the hope that their neurobehavioral and cardiovascular effects
would turn out to be separable. That this may be possible to achieve was first
suggested by a 1977 publication of the biological effects of abnormal cannabidiol,
a synthetic analog of the neurobehaviorally inactive, plant-derived cannabinoid,
cannabidiol (Adams et al. 1977). However, more than two decades have elapsed
before this promising observation was followed up and extended (see below).

2.1
Role of CB1 Receptors in the Cardiovascular Effects of Cannabinoids

The discovery of anandamide, the first endocannabinoid (Devane et al. 1992), has
raised the obvious question whether it possesses cardiovascular activity similar to
THC. Upon its intravenous bolus injection into anesthetized rats and mice, anan-
damide was found to elicit a triphasic blood pressure response and bradycardia
(Varga et al. 1995; Pacher et al. 2004; Bátkai et al. 2004b; see Fig. 1) similar to that
reported earlier for THC (Siqueira et al. 1979). The first phase of the response
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Fig. 1. Hemodynamic effects of anandamide in anesthetized mice. Representative recordings of the effects of anandamide [20 mg/kg i.v., N-arachidonoyl-ethanolamine (AEA)]
on mean arterial pressure (MAP, top panel), cardiac contractility (left ventricular systolic pressure (LVSP) and dP/dt (dPdt); middle panel) and pressure-volume relations (bottom
panel) in a pentobarbital-anesthetized C57BL6 mouse. The five parts of the middle and bottom panels represent baseline conditions (Bl), phase I (I), phase II (II), and phase III (III)
of the anandamide response, and recovery 10 min following the injection. The arrow indicates the injection of the drug. The decrease of the amplitude of PV loops and shift to
the right indicate decrease of cardiac contractile performance
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consists of a precipitous drop in heart rate and blood pressure that lasts for a few
seconds only. These effects are vagally mediated, as they are absent in animals after
bilateral transection of the cervical vagus nerve, or after pretreatment with methy-
latropine (Varga et al. 1995). This vagal component is followed by a brief pressor
response, which persists in the presence of α-adrenergic blockade and also in rats
in which sympathetic tone is abolished by pithing, and is thus not sympathetically
mediated (Varga et al. 1995). This pressor component is also unaffected by CB1

receptor antagonists and it persists in CB1 knockout mice (Járai et al. 1999; Pacher
et al. 2004), indicating the lack of involvement of CB1 receptors. Recent observa-
tions using the radiolabeled microsphere technique in rats suggest that this pressor
component may be due to vasoconstriction in certain vascular beds, such as the
spleen (Wagner et al. 2001b). The third, and most prominent, phase in the effect of
anandamide is hypotension associated with moderate bradycardia that last about
2–10 min. Interestingly, this third phase is absent in conscious normotensive rats
(Stein et al. 1996; Lake et al. 1997a), but is present and more prolonged in con-
scious, spontaneously hypertensive rats (Lake et al. 1997b; Bátkai et al. 2004b).
Since sympathetic tone is known to be low in conscious, undisturbed normoten-
sive rats (Carruba et al. 1987), these observations appear to be compatible with
a sympatho-inhibitory mechanism underlying anandamide-induced hypotension
and bradycardia, as further discussed below. The finding that R-methanandamide,
a metabolically stable analog of anandamide (Abadji et al. 1994), causes similar
but more prolonged hypotension and bradycardia (Kunos et al. 2000) eliminates
the possibility that the hypotensive and bradycardic effects of anandamide are
mediated indirectly by a metabolite.

Several lines of evidence indicate that cannabinoid-induced hypotension is
mediated by CB1 receptors. First, the hypotension is effectively antagonized by
the CB1-selective antagonist SR141716 (Varga et al. 1995, 1996; Calignano et al.
1997). SR141716 can block hypotension induced by plant-derived and synthetic
cannabinoids as well as anandamide (Lake et al. 1997a). However, when tested in
anesthetized mice, the hypotensive effect of 2-AG was unexpectedly resistant to
inhibition by SR141716, but could be antagonized by indomethacin, suggesting
the involvement of a cyclo-oxygenase metabolite (Járai et al. 2000). Indeed, 2-AG
was found to be rapidly (<30 s) degraded in mouse blood to generate arachidonic
acid. Accordingly, when the metabolically stable analog 2-AG ether was tested,
its hypotensive effect was antagonized by SR141716 and it was absent in CB1-
deficient mice indicating that, similar to anandamide, it is an effective agonist
of hypotensive CB1 receptors (Járai et al. 2000). 2-AG ether has been recently
identified as an endogenous brain constituent (Hanus et al. 2001), thus it may also
be involved in cardiovascular regulation.

The second line of evidence for CB1 receptor involvement is the strong, positive
correlation between the concentrations of various cannabinoid agonists producing
half-maximal hypotensive and bradycardic responses (EC50) and their affinity
constants for binding to CB1 receptors in the brain (Lake et al. 1997a). The strongest
evidence, however, is the total absence of cannabinoid-induced hypotension and
bradycardia in mice lacking the CB1 receptor (Járai et al. 1999; Ledent et al. 1999).
Interestingly, the isolated tachycardia in response to the acute intake of THC by
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Fig. 2. Hemodynamic effects ofHU-210 in anesthetized rat. Representative recordings of the effects ofHU-210
(30 µg/kg i.v.) on mean arterial pressure (MAP, top panel), cardiac contractility (LVSP and dP/dt;middle panel),
and pressure-volume (PV) relations (bottom panel) in a pentobarbital-anesthetized rat. The arrow indicates
the injection of the drug. The decrease of the amplitude of PV loops and their shift to the right are indicative
of decreased cardiac contractile performance

human volunteers who are not chronic marijuana users is similarly inhibited by
SR141716 (Huestis et al. 2001). In healthy young adults, the heart is under dominant
vagal tone, and the tachycardic effect of THC is most likely due to inhibition of
acetylcholine release from cardiac vagal efferents via presynaptic CB1 receptors
(Szabo et al. 2001).

Acute drug effects on blood pressure are the result of changes in peripheral vas-
cular resistance, cardiac output, or both. Recent unpublished results in the authors’
laboratory, using the pressure-volume conductance system (Pacher et al. 2003 and
2004; Fig. 2) in pentobarbital-anesthetized mice in vivo, indicate that the hypoten-
sive effect of (–)-11-OH-∆9-THC dimethylheptyl (HU-210) results primarily from
a decrease in cardiac contractility (Fig. 2). In contrast, anandamide reduces both
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cardiac contractility (Fig. 1) and total peripheral resistance (TPR) (Pacher et al.
2004; Bátkai et al. 2004b), which is in agreement with the cardiodepressant ef-
fects of HU-210 and anandamide observed in isolated Langendorff rat hearts and
in isolated, electrically stimulated human atrial appendages in vitro (Bonz et al.
2003; Ford et al. 2002; Nahas and Trouve 1985; see below). These cardiodepressor
effects may underlie the ability of anandamide and HU-210 to decrease cardiac
output observed in studies using the radiolabeled microsphere technique (Wagner
et al. 2001b). Wagner et al. also demonstrated that both HU-210 and anandamide
produce major vasodilation in the coronary and cerebral circulation, which could
be antagonized by SR141716 (Wagner et al. 2001b). Collectively, these findings
suggest that cannabinoids cause cardiodepressor effects as well as coronary and
cerebral vasodilation via SR141716-sensitive CB1 receptors.

Despite strong evidence for the exclusive role of CB1 receptors in the hypoten-
sive effect of cannabinoids, there is growing evidence over the last few years that
anandamide-induced vasodilation in the mesenteric, and possibly some other
vascular beds, is independent of CB1 or CB2 receptors (see below, Sect. 3). This
apparent paradox may be resolved by the observation that in anesthetized rats,
abnormal cannabidiol (abn-cbd), a non-psychoactive cannabinoid with vasodila-
tor activity (Adams et al. 1977; Járai et al. 1999), can elicit a significant increase in
mesenteric blood flow in vivo as measured by Doppler sonography, without having
a significant effect on blood pressure (S. Bátkai, P. Pacher, G. Kunos, unpublished
observations). It is possible that the vasodilation elicited through local release of
endocannabinoids in certain vascular beds is compensated by sympathetic vaso-
constriction in others, resulting in no net effect on blood pressure.

2.2
Role of Central Versus Peripheral Mechanisms in the Cardiovascular Effects
of Cannabinoids

Early work with THC suggested that cannabinoids lower blood pressure through
a centrally mediated sympatho-inhibitory mechanism (Vollmer et al. 1974). How-
ever, the hypotension elicited by anandamide in urethane-anesthetized rats is
not associated with any change in the activity of sympathetic premotor neurons
in the medullary vasomotor center or in the activity of sympathetic postgan-
glionic nerves (Varga et al. 1996), which ruled out centrally mediated sympatho-
inhibition or ganglionic blockade as possible underlying mechanisms, at least
for anandamide. Intra-cerebroventricular administration in rabbits of the potent
synthetic cannabinoid WIN55,212-2 was found to increase rather than decrease
sympathetic tone, which also argues against a central mechanism for the hypoten-
sive effect (Niederhoffer and Szabo 2000). Yet, the pressor response triggered by
electrical stimulation of the vasomotor center was reversibly inhibited by anan-
damide, whereas the effect of exogenous phenylephrine was unaffected, suggesting
a presynaptic-inhibitory effect of norepinephrine release from peripheral sympa-
thetic nerve terminals (Varga et al. 1996). Indeed, stimulation of presynaptic CB1

receptors inhibits norepinephrine release both in vitro (Ishac et al. 1996; Deutsch
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et al. 1997; Schlicker et al. 1997; Christopoulos et al. 2001; Vizi et al. 2001) and in
vivo (Malinowska et al. 1997; Niederhoffer and Szabo 2000). However, when sym-
pathetic tone is eliminated by ganglionic blockade and vascular tone is restored
by vasopressin infusion, the hypotensive response to the potent synthetic cannabi-
noid HU-210 remains unchanged, although its bradycardic effect is lost (Wagner
et al. 2001b). This suggests that cannabinoid-induced bradycardia may be due to
inhibition of sympathetic tone to the heart, but the hypotensive response is due
to direct vasodilation, as also indicated by its presence in rats following chemical
sympathetic denervation (Vidrio et al. 1996).

3
Cardiovascular Effects of Cannabinoids In Vitro

3.1
Direct Vasorelaxant Effects of Cannabinoids

An early report on the effect of anandamide on cerebral blood flow indicated that
the observed vasodilator response could be inhibited by indomethacin (Ellis et al.
1995). The obvious implication of this finding was that anandamide causes vasore-
laxation indirectly through the generation of arachidonic acid and its subsequent
metabolism by cyclooxygenase. Although THC also produced an indomethacin-
sensitive response, subsequent studies could not document an effect of cyclooxy-
genase inhibition on anandamide-induced vasorelaxation in other blood vessels,
including the mesenteric and coronary vasculature (Randall et al. 1996; Randall
and Kendall 1997; Plane et al. 1996; White and Hiley 1997), ruling out increased
prostanoid formation as a major mechanism for the vasodilatory effect.

The vasorelaxant effect of anandamide displays tissue and interspecies differ-
ences. Anandamide has been found to relax rat hepatic and guinea pig basilar
arteries (Zygmunt et al. 1999), bovine coronary arteries (Pratt et al. 1998), but
not rat carotid arteries (Holland et al. 1999) or the rat aorta (Darker et al. 1998).
Anandamide has been reported to mediate vasodilation in kidney afferent arte-
rioles through the endothelial release of nitric oxide (NO) (Deutsch et al. 1997).
Anandamide was also found to release NO in a variety of human blood vessels
as well as the right atrium (Bilfinger et al. 1998). In contrast, in other studies the
anandamide-induced vasorelaxation was insensitive to inhibition of NO synthase
(Randall et al. 1996; White and Hiley 1997; Járai et al. 1999). Both anandamide and
the CB agonist HU-210 caused up-regulation of the expression and activity of the
inducible NO synthase in human umbilical vein endothelial cells (HUVEC), which
is unlikely to contribute to the acute vasodilatory effect, but may play an important
role in terminating the action of endogenous anandamide by affecting its cellular
uptake (Maccarrone et al. 2000).

The interest in the vasodilator action of endocannabinoids was further stim-
ulated by a report in 1996 that the mesenteric vasodilation attributable to an
endothelium-derived hyperpolarizing factor (EDHF) is sensitive to inhibition by
SR141716 (Randall et al. 1996). The corollary of this finding was that EDHF might
be an endocannabinoid released from the vascular endothelium and acting at
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SR141716-sensitive CB receptors on vascular smooth muscle cells, which it would
hyperpolarize and relax (Randall et al. 1996). Interestingly, carbachol was found to
induce 2-AG production by the rat aortic endothelium (Mechoulam et al. 1998b),
which is compatible with 2-AG being an EDHF.

InhibitionofEDHF-inducedvasorelaxationbySR141716was confirmed in some
(White and Hiley 1997) but not other (Chataigneau et al. 1998; Fulton and Quilley
1998; Niederhoffer and Szabo 1999a; Pratt et al. 1998) studies. A possible source
of these discrepancies may be the different species and vascular preparations
tested. Additionally, the finding that the vasodilator action of anandamide has
both an endothelium-dependent and an endothelium-independent component,
and only the former is sensitive to inhibition by SR141716 (Chaytor et al. 1999;
Mukhopadhyay et al. 2002; Wagner et al. 1999), also argues against anandamide
itself being EDHF, although it leaves open the possibility that anandamide or
another endocannabinoid acting at an SR141716-sensitive receptor on vascular
endothelial cells may release an EDHF (Járai et al. 1999). This latter possibility is
compatible with findings that anandamide triggers calcium transients in cultured
vascular endothelial cells (Fimiani et al. 1999; Mombouli et al. 1999), and that the
anandamide-induced hyperpolarization of the rat hepatic artery is endothelium
dependent (Zygmunt et al. 1997). Interestingly, the mesenteric vasodilation caused
by the non-psychotropic cannabinoid abn-cbd is inhibited by the same combina-
tion of calcium-activated potassium channel toxins (apamin+charybdotoxin; Járai
et al. 1999; Ho and Hiley, 2003) that were reported to inhibit EDHF-induced va-
sodilation (Randall and Kendall 1998), although no such inhibition was observed
in rat hepatic arteries (Zygmunt et al. 1997), and in some other preparations the
effect of anandamide was inhibited by iberiotoxin, which blocks a different (large
conductance) calcium-activated potassium channel (Ishioka et al. 1999; Begg et al.
2001; White et al. 2001). The findings with abn-cbd would suggest that cannabi-
noids might release EDHF via activation of an endothelial site distinct from CB1

receptors (which recognizes abn-cbd, see below). Indeed, activation of bona fide
CB1 receptors may have an opposite effect, i.e., inhibition of the release of EDHF,
as indicated by the findings of Fleming et al. (1999) in porcine coronary and rabbit
carotid and mesenteric arteries.

Another mechanism by which anandamide elicits SR141716-sensitive, endot-
helium-dependent vasodilation may be through an intracellular site of action at
gap junctions. Evidence for this mechanism is the ability of various gap junction
inhibitors as well as the anandamide transport inhibitor AM404 to antagonize
anandamide-inducedmesentericvasodilationandtheabilityofSR141716 to inhibit
dye transfer through gap junctions (Chaytor et al. 1999). Together, these findings
form the basis of the hypothesis that anandamide induces vasodilation at an
intracellular site in endothelial cells where it would facilitate the gap junctional
transfer of an EDHF to vascular smooth muscle (Chaytor et al. 1999). However, in
other studies the vasodilator effect of anandamide was inhibited by some but not
othergap junction inhibitors, and theones thatwere inhibitory (18α-glycyrrhetinic
acid,ouabain)alsoblockedNa+,K+-ATPasesat theconcentrationsused, suggesting
a mechanism of action unrelated to gap junction inhibition (Harris et al. 2002). In
rabbit aortic rings, which are relaxed by anandamide in a partially endothelium-
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dependent manner, the anandamide response was unaffected by gap junction
inhibitors (Mukhopadhyay et al. 2002), and similar findings were reported for rat
isolated coronary arteries (White et al. 2001).

Finally, Zygmunt et al. (1999) described an unusual indirect pathway. They
demonstrated that anandamide induces vasorelaxation in rat mesenteric and hep-
atic arteries, and in guinea pig basilary artery through the activation of TRPV1
receptors on sensory neurons, causing the release of the vasodilatory peptide cal-
citonin gene-related peptide (CGRP) (see also Sect. 4 below, “Role of Vanilloid
TRPV1 Receptors in the Cardiovascular Effects of Cannabinoids”).

3.2
Novel Endothelial Endocannabinoid Receptor

The possible existence of cannabinoid receptors distinct from CB1 or CB2 was first
suggested by findings that potent synthetic cannabinoids as well as THC do not
elicit vasodilation in the same rat mesenteric vascular bed preparations in which
anandamide and methanandamide have strong vasodilator activity (Wagner et al.
1999). In these experiments, the effects of anandamide and methanandamide could
be inhibited by SR141716, but the concentration required was somewhat higher
(1–10 µM) than required for inhibition of CB1 receptors (Járai et al. 1999; Chaytor et
al. 1999; Mukhopadhyay et al. 2002; Wagner et al. 2001; White et al. 2001). Also, the
ability of SR141716 to inhibit anandamide-induced vasodilation was lost following
endothelial denudation (Chaytor et al. 1999; Járai et al. 1999; Mukhopadhyay et al.
2002; Wagner et al. 2001). These findings led to the postulation of an endothelial
site, somewhat sensitive to inhibition by SR141716 but distinct from CB1 or CB2

receptors, that contributes to anandamide-induced vasodilation in the mesenteric
circulation (Járai et al. 1999) and, possibly, in other vascular beds, such as the
rat coronary circulation (Ford et al. 2002). In this latter study, a nonCB1/nonCB2

mechanism mediating the negative inotropic effect of anandamide has been also
identified.

More recently, a non-CB1/non-CB2 site was also postulated to exist on gluta-
matergic terminals in the mouse hippocampus, where its activation by cannabi-
noids inhibits glutamatergic transmission and excitatory postsynaptic potentials
(EPSPs) (Hájos et al. 2001). Similar to the endothelial site, the site in the hip-
pocampus is susceptible to inhibition by SR141716, but it can be activated by the
synthetic cannabinoid WIN55,212-2 (Hájos et al. 2001). A similarly WIN55,212-2-
sensitive, but SR141716-insensitive, non-CB1/non-CB2 site that can activate guano-
sine triphosphate (GTP)γS labeling in brain membranes has been identified in CB1

knockout mice (Breivogel et al. 2001) and in astrocytes, where its stimulation in-
hibits cyclic adenosine monophosphate (cAMP) production (Sagan et al. 1999).
Since the endothelial site is insensitive to WIN55,212-2 in the rat mesentery (Wag-
ner et al. 1999) or in the rabbit aorta (Mukhopadhyay et al. 2002), and abn-cbd
does not inhibit glutamatergic EPSPs in rat hippocampus (M. Begg, D.M. Lovinger,
G. Kunos, unpublished results), it is very likely distinct from the non-CB1 site de-
scribed in the rat CNS.
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Abn-cbd is a synthetic analogof thebehaviorally inactiveplant-derivedcannabi-
noid, cannabidiol. Several years ago, abn-cbd was reported to be inactive in two,
rather non-specific, behavioral paradigms used to screen cannabinoids in mice,
but to cause profound hypotension in dogs (Adams et al. 1977). This prompted us
to speculate that abn-cbd may be a selective agonist of the putative vascular en-
dothelial cannabinoid receptor. A detailed study of the pharmacology of abn-cbd
supported thispossibility (Járai et al. 1999).Abn-cbddoesnotbind toCB1 receptors
in the rat brain or to the human CB2 receptor at concentrations up to 100 µM (Of-
fertáler et al. 2003), and is inactive in the Martin behavioral tetrad in mice at doses
up to 60 mg/kg (Járai et al. 1999). Yet, abn-cbd (20 mg/kg i.v.) causes SR141716-
sensitive hypotension in both wild-type and CB1 receptor knockout mice. Further-
more, abn-cbd causes endothelium-dependent vasodilation in the buffer-perfused
mesenteric vascular bed isolated from rats or from wild-type as well as CB1 knock-
out mice, and these effects are also inhibited by 1–5 µM of SR141716 (Járai et al.
1999). The parent compound of abn-cbd, cannabidiol (10 µM), has no vasodilator
activity in the rat isolated, perfused mesenteric vascular bed preparation, but is
able to inhibit the vasodilation caused by abn-cbd or anandamide (Járai et al.
1999). This suggested that abn-cbd is an agonist and cannabidiol is an antagonist
of a novel endothelial cannabinoid receptor mediating vasodilation. Additional
experiments indicated that the vasodilator response to abn-cbd is not affected by
NG-nitro-l-arginine methylester (l-NAME)+indomethacin, suggesting that en-
dothelial NO and prostacyclin are not involved. However, a combination of apamin
(100 nM) and charybdotoxin (100 nM), inhibitors of calcium-activated potassium
channels, significantly attenuated the vasodilation caused by abn-cbd. As the same
combination of potassium channel blockers inhibits EDHF-induced mesenteric
vasodilation (Randall and Kendall 1998), these findings were compatible with the
possible release of EDHF through activation of this novel endothelial site (Járai et
al. 1999; also see above).

Capsazepine, an inhibitor of the vanilloid TRPV1 receptor, does not influence
the mesenteric vasodilator response to abn-cbd at a concentration that blocks
the vasodilator effect of capsaicin or the vasodilator response to anandamide in
endothelial-intact preparations (Járai et al. 1999). These observations distinguish
the endothelial cannabinoid receptor from TRPV1 receptors, but are compatible
with the involvement of the latter in the endothelium-independent, SR141716-
insensitive componentof theeffect of anandamide, as suggestedearlierbyZygmunt
et al. (1999).

Similar conclusions were reached by Howlett and coworkers, who investi-
gated the vasodilator action of anandamide in isolated aortic rings from rabbits
(Mukhopadhyay et al. 2002). In those experiments, the vasorelaxant effect of anan-
damide had a major (80%) endothelium-dependent and a minor endothelium-
independent component, thus making it an attractive model for further explo-
ration of the pharmacological properties of the endothelial site (Mukhopadhyay
et al. 2002). The endothelium-dependent component was found to be SR141716-
sensitive and also to involve pertussis toxin (PTX)-sensitive G proteins and NO
production, whereas the endothelium-independent minor component appeared
to be via a PTX-insensitive mechanism involving TRPV1 receptors, CGRP, and NO
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(Mukhopadhyay et al. 2002). These findings are in general good agreement with
the earlier findings in the rat and suggest, in addition, that the non-CB1 endothelial
receptor is coupled to Gi/Go.

The possibility that the endothelial cannabinoid receptor is a GPCR is sup-
ported by recent findings in rat-isolated mesenteric artery segments (representing
small conduit vessels approximately 200 µm in diameter) set up in a wire myograph
(Offertáler et al. 2003). The responses of these preparations were similar to those
observed using the perfused mesenteric vascular bed, where resistance changes
reflect the response of precapillary arterioles (20-30 µm in diameter), in that the
vasorelaxant effect of abn-cbd was NO-independent (resistant to inhibition by l-
NAME) but sensitive to inhibition by apamin plus charybdotoxin. The observed
insensitivity to NO, also observed in the case of anandamide in the same prepara-
tion (Harris et al. 2002), is different fromthe situation in the rabbit aorta (seeabove)
or in the rat renal artery (Deutsch et al. 1997), and may reflect species- and/or vas-
cular region-specific differences. Importantly, the vasorelaxation by abn-cbd was
not inhibited by the vanilloid TRPV1 receptor antagonist capsazepine, and the
inhibitory effects of the toxin combination implicate calcium-activated potassium
channels. However, in agreement with the observations of Mukhopadhyay et al.
(2002) with anandamide, mesenteric vasorelaxation by abn-cbd could be inhib-
ited by PTX in endothelium-intact but not in endothelium-denuded preparations,
which is compatible with the endothelial cannabinoid receptor being a GPCR cou-
pled to Gi/Go (Offertáler et al. 2003). Ho and Hiley (2003) reported, however, that
the mesenteric vasodilator effect of abn-cbd was unaffected by PTX, even though
its other properties, including its endothelium dependence and susceptibility to
inhibition by the compound O-1918 (see below) were similar to those reported by
Offertáler et al.

An endothelial site of action of abn-cbd is further documented by its ability to
activate p42/44 MAP kinase and Akt phosphorylation in cultured HUVEC (Offer-
táler et al. 2003). As in the earlier studies using the perfused mesenteric vascular
bed, in the myograph preparations abn-cbd is a full agonist, i.e., it completely re-
verses phenylephrine-induced contractions with an EC50 of 2–3 µM. Unexpectedly,
cannabidiol and SR141716, both of which antagonize abn-cbd-induced vasodila-
tion in the resistance vessels of the mesenteric arterial bed preparation, act as full
agonists in the small conduit vessels (EC50 of 0.82 µM for cannabidiol and 6.4 µM
for SR141716). Thus, these latter compounds are most likely partial agonists rather
than pure antagonists at the endothelial cannabinoid receptor. This prompted us
to develop structurally modified analogs of cannabidiol to search for a pure an-
tagonist. The compound O-1918 does not relax mesenteric arterial segments at
concentrations up to 30 µM, but competitively inhibits the vasodilator response
to abn-cbd without affecting vasodilation to carbachol or CGRP (Offertáler et al.
2003). The endothelial site of action of O-1918 is further supported by its ability
to antagonize the activation of p42/44 mitogen-activated protein (MAP) kinase
and Akt phosphorylation in HUVEC (Offertáler et al. 2003). The finding that
O-1918 also inhibits the mesenteric vasorelaxant effect of anandamide strongly
suggest that the same endothelial receptor is the site of action of anandamide.
Similar to abn-cbd, O-1918 does not bind to CB1 or CB2 receptors. Recent studies
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indicate that O-1918 inhibits the mesenteric vasorelaxant effect of two putative
novel endocannabinoids, N-arachidonoyl dopamine (O’Sullivan et al. 2004) and
virodhamine (C.R. Hiley, personal communication). These findings are important
because the relatively low potency of anandamide in eliciting mesenteric vasore-
laxation could suggest that the primary endogenous ligand at these receptors is
not anandamide.

Inhibition of the vasodilator effect of abn-cbd by charybdotoxin (Ho and Hi-
ley 2003; Offertáler et al. 2003; see also above) has suggested the involvement of
a calcium-activated K+ channel in this effect. In a recent study using the whole cell
patch-clamp technique, we have described a voltage-dependent outward current in
HUVEC that is carried by K+ ions and is blocked by charybdotoxin and iberiotoxin,
suggesting the involvement of the large conductance calcium-activated potassium
(BKCa) channel (Begg et al. 2003). Although abn-cbd did not elicit a current on
its own, it caused a concentration-dependent increase in the voltage-induced K+

current that was sensitive to PTX, suggesting the involvement of a Gi/Go-coupled
receptor. The increase in K+ current by abn-cbd was unaffected by relevant con-
centrations of SR141716 or SR144528, which argues against the involvement of
CB1 and CB2 receptors (Begg et al. 2003). This was further supported by the lack
of effect on K+ currents of HU-210, a potent CB1/CB2 receptor agonist, which is
devoid of mesenteric vasodilator activity. On the other hand, the abn-cbd-induced
increase in K+ current was antagonized by O-1918, which produced no effect by
itself (Begg et al. 2003). The finding that the iberiotoxin-sensitive current induced
by the selective BKCa opener NS-1619 was unaffected by O-1918 indicates that
blockade of the effect of abn-cbd by O-1918 occurs at a site proximal to the chan-
nel, most likely at the receptor (Begg et al. 2003). This compound as well as PTX
similarly inhibited the endothelium-dependent vasorelaxing effect of abn-cbd in
the rat isolated mesenteric artery (Offertáler et al. 2003). This raises the possi-
bility that activation of BKCa channels is involved in the mesenteric vasodilation
mediated by this novel endothelial receptor.

The endogenous cannabinoid anandamide also increased the K+ current evoked
byasinglevoltage step;however, its effectwasonlyobservedathighconcentrations.
The effect of anandamide was partially inhibited by O-1918 or PTX; thus, part of
the effect of anandamide may not be mediated by the same pathway as abn-cbd
(Begg et al. 2003). Anandamide acted as a full agonist in the rat isolated mesenteric
artery preparation with an EC50 comparable to that of abn-cbd (Offertáler et al.
2003), suggesting that there may be subtle differences between the rat and human
receptors. The low apparent efficacy of anandamide for the human endothelial
receptor could also suggest the existence of an endogenous ligand(s) other than
anandamide (see also above).

In HUVEC, intracellular cyclic guanosine monophosphate (cGMP) increased
the voltage-induced outward current, comparable with the effect of abn-cbd.
A similar increase in outward current was also produced by YC-1, an activator
of soluble guanylyl cyclase. The increases evoked by abn-cbd and cGMP were in-
hibited by a protein kinase G inhibitor KT-5823, and the effect of abn-cbd, but not of
cGMP, was also blocked by the guanylyl cyclase inhibitor 1H-(1,2,4)oxadiazolo[4,3-
a]quinozalin-1-one (ODQ). Furthermore, cGMP continued to increase the K+
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current under Ca2+-clamped conditions, indicating that its action is not due to
modulation of [Ca2+]i. The effects of abn-cbd, cGMP, and YC-1 on K+ currents
were not additive, suggesting that these compounds utilize a common intracellular
pathway (Begg et al. 2003). Finally, abn-cbd was found to increase cellular cGMP
levels, and this effect could be inhibited by O-1918 (Begg et al. 2003). Together,
these data suggest that the novel, Gi/Go-coupled receptor activated by abn-cbd is
positively coupled to guanylyl cyclase to raise intracellular cGMP, which activates
protein kinase G.

Recently, it has been proposed that TRPV4 Ca2+ entry channels in vascular en-
dothelial cells contribute to the vasorelaxant effect of anandamide via its enzymatic
degradation, yielding arachidonic acid and its subsequent P450 epoxygenase-
dependent metabolism (Watanabe et al. 2003). TRPV4 channels are unlikely to
be involved in the effects of abn-cbd on the outward current or on vascular
tone, because these effects are sensitive to PTX, whereas TRPV4-mediated cal-
cium entry is not. Furthermore, potentiation of the outward current by abn-cbd
persisted in the presence of clamped intracellular calcium (Begg et al. 2003). Also,
R-methanandamide, an anandamide analog resistant to enzymatic degradation
and therefore unlikely to give rise to P450 metabolites, has a mesenteric vasodila-
tor effect similar to that of anandamide (Wagner et al. 1999).

Extracellular calcium is known to have a potent vasodilator effect, particularly
in the mesenteric circulation, where it is thought to contribute to the postprandial
vasodilation associated with the intestinal absorption of nutrients. Bukoski and
coworkers found that SR141716 can inhibit Ca2+-induced mesenteric vasodilation
through a sensory nerve-dependent mechanism, which led them to suggest that
anandamide may be a sensory nerve-derived vasodilator mediator (Ishioka and
Bukoski 1999). Interestingly, O-1918 also inhibits calcium-induced mesenteric
vasorelaxation, which is similar in wild-type and CB1 receptor knockout mice
(Bukoski et al. 2002), suggesting that the vasodilation by extracellular calcium is
most likely mediated by the endothelial abn-cbd-sensitive receptor.

Collectively, the above-mentioned results indicate that the synthetic cannabi-
noid ligands abn-cbd and O-1918 act as a selective agonist and silent antagonist,
respectively, of a novel vascular endothelial receptor distinct from CB1 and CB2

that mediates mesenteric vasodilation, and is coupled to a phosphoinositide (PI)3-
kinase/Akt-dependent pathway through Gi/Go.

3.3
Direct Cardiodepressant Effects of Cannabinoids

In contrast to the growing knowledge on the vascular effects of cannabinoids, little
is known about cannabinoid-induced direct cardiac effects. The endocannabinoid
anandamide (Felder et al. 1996), anandamide amidohydrolase (Bilfinger et al.
1998), and traces of the message for the CB1 receptor (Galiegue et al. 1995) have
all been detected in the human heart. In a more recent study, the existence of
CB1 receptors was confirmed in human atrial myocytes by immunoblotting and
immunohistochemistry (Bonz et al. 2003). In the same study, it was demonstrated
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that anandamide, R-methanandamide, and HU-210 dose-dependently decrease
contractile performance in isolated, electrically paced human atrial muscle. A se-
lective and potent CB1 antagonist, AM251 (Gatley et al. 1997), blocked the negative
inotropic effect of all three drugs, and the involvement of CB2 receptor activation,
NO, or prostanoid release could all be excluded (Bonz et al. 2003). Consistently
with these in vitro results, HU-210 decreases cardiac output in rats in vivo in
a CB1 receptor-dependent manner (Wagner et al. 2001b). Previous studies have
also demonstrated that anandamide caused SR141716-sensitive coronary vasore-
laxation in isolated perfused rat hearts (Randall and Kendall 1997; Fulton and
Quilley 1998), implicating cannabinoid receptors. These effects of anandamide
were not mimicked by arachidonic acid, indicating that the vasodilator effect was
not mediated by arachidonic acid metabolites.

In isolated, perfused, rat Langendorff heart preparations, anandamide and R-
methanandamide, but not palmitoylethanolamide or the selective CB2 receptor
agonist JWH015, significantly reduced both left ventricular developed and coro-
nary perfusion pressures, indicating decreased myocardial contractile function
and coronary vasodilation (Ford et al. 2002). Interestingly, anandamide-mediated
vasodilatation and negative inotropy were both sensitive to inhibition by the CB1

antagonist SR141716 and the CB2 antagonist SR144528, but not to the TRPV1 an-
tagonist capsazepine, which led the authors to propose a novel site distinct from
classic CB1 and CB2 receptors (Ford et al. 2002).

In agreement with the observations on isolated cardiac preparations, our recent
unpublished results using the Millar pressure-volume conductance system (see
below and also Figs. 1 and 2) to directly measure cardiac performance in vivo
strongly suggest the crucial importance of the cardiac component in the hemo-
dynamic effects of cannabinoids. Taken together, the above-mentioned studies
suggest that CB1 receptors are present in cardiomyocytes, and cannabinoids may
decrease cardiac contractility through both CB1-dependent and CB1-independent
mechanisms.

4
Role of Vanilloid TRPV1 Receptors in the Cardiovascular Effects
of Cannabinoids

Structural similarities between anandamide and vanilloid compounds such as cap-
saicin (Di Marzo et al. 1998) raised the possibility of an interplay between these two
systems. Indeed,Zygmunt et al. (1999)demonstrated that in ratmesenteric arteries,
the endothelium-independent vasodilator effect of anandamide is inhibited by the
TRPV1 receptor antagonist capsazepine or by a CGRP receptor antagonist. They
further demonstrated that anandamide binds to the cloned TRPV1 receptor with
micromolar affinity, and at nanomolar concentrations it releases immunoreactive
CGRP from sensory nerve terminals located in the vascular adventitia (Zygmunt et
al. 1999). A similar involvement of TRPV1 receptors in the mesenteric vasodilator
action of methanandamide has also been suggested (Ralevic et al. 2000). These ob-
servations support the hypothesis that anandamide-induced vasodilation involves
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activation of TRPV1 receptors in sensory nerves and the subsequent release of the
potent vasodilator peptide CGRP.

The above observations do not implicate the endothelium in the vasodilator
response to anandamide. Other studies, which documented both endothelium-
dependent and endothelium-independent components for the vasodilator effect of
anandamide, confirmed the role of TRPV1 receptors but only for the endothelium-
independent component (Járai et al. 1999; Mukhopadhyay et al. 2002). The endot-
helium-dependent vasodilator effect of anandamide in the rabbit aorta or the
similar effect of abn-cbd in rat mesenteric arteries is unaffected by capsazepine
(Mukhopadhyay et al. 2002; Járai et al. 1999; Offertáler et al. 2003; Ho and Hiley
2003). Interestingly, sensory nerve terminals also appear to have CB1 receptors,
stimulation of which by very low doses of anandamide or by the synthetic cannabi-
noid HU-210, neither of which results in activation of TRPV1 receptors, inhibits
sensory neurotransmission (reviewed in Ralevic et al. 2002). Furthermore, a re-
cent study by Zygmunt et al. (2002) indicates that THC and cannabinol, but not
other psychotropic cannabinoids, can elicit CGRP release from periarterial sensory
nerves by a mechanism that is independent of not only CB1 and CB2 receptors, but
also of vanilloid TRPV1 receptors. Thus, the sensory nerve-dependent effects of
cannabinoids are complex, as interactions with CB1 and TRPV1 receptors appear
to have opposite functional consequences, and there may be additional actions
independent of both of these receptors. TRPV1 receptors are not involved in the
dilation of isolated coronary arteries by anandamide either in the sheep, where the
effect is endothelium dependent (Grainger and Boachie-Ansah 2001), or in the rat,
where it is endothelium independent (White et al. 2001). Furthermore, in the rat
mesenteric arterial bed, the role of sensory nerves and vanilloid receptors in the
dilator effect of anandamide was found to be conditional on the presence of NO
(Harris et al. 2002).

TRPV1-containing afferent nerve fibers are present on the epicardial surface of
the heart and the activation of these receptors by epicardially injected capsaicin
evokes a sympathoexcitatory response with a brief increase in blood pressure
(Zahner et al. 2003). Capsaicin infusion also induces a moderate pressor effect
in pigs (Kapoor et al. 2003). We have recently found (Pacher et al. 2004) that i.v.
injection of 10 µg/kg capsaicin evokes only a brief pressor response in wild-type
mice, while at the much higher dose of 100 µg/kg its effect has both a depressor
and a pressor component. In contrast, capsaicin elicited no change in blood pres-
sure in TRPV1–/– mice, suggesting that TRPV1 receptors mediate the cardiogenic
sympathetic or Bezold-Jarisch reflex in mice, which is in agreement with recent
reports in which the cardiovascular effects of capsaicin were inhibited by TRPV1
receptor antagonists (Smith and McQueen 2001; Zahner et al. 2003).

In the absence of anandamide-induced hypotension in CB1 knockout mice, the
physiological relevance of the interaction of anandamide with TRPV1 receptors
has been questioned (Szolcsányi 2000). We previously reported that anandamide
causes a triphasic blood pressure response where the predominant hypotensive
effect is preceded by a transient, vagally mediated drop in heart rate and blood
pressure followed by a brief pressor response (Varga et al. 1995, see also Sect. 2
and Fig. 1). This initial component is missing in TRPV1–/– mice (Pacher et al.
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2004) and is unaffected by the CB1 antagonist SR141716 in rats (Varga et al. 1995).
Bolus intravenous injections of anandamide may reach high enough plasma con-
centrations for a few seconds to activate TRPV1 receptors, which may explain
the above findings. Indeed, the phase I transient hypotension and bradycardia do
not appear when anandamide is injected slowly to limit its peak plasma concen-
tration (Z. Jarai, J.A. Wagner, G. Kunos, unpublished observations). In contrast,
the prolonged hypotensive phase of the anandamide response is characterized
by decreased cardiac contractility and total peripheral resistance (TPR), which
are similar in TRPV1+/+ and TRPV1–/– mice and were completely antagonized by
SR141716, implicating CB1 receptors (Pacher et al. 2004). In agreement with this
observation, the sustained hypotensive and bradycardic effects of cannabinoids
are totally absent in mice lacking the CB1 receptor (Ledent et al. 1999; Járai et
al. 1999). Thus, TRPV1 receptors are not involved in the sustained cardiovascu-
lar response to anandamide, but may become transiently activated in response to
pharmacological concentrations achieved after bolus i.v. injections. These findings
are in agreement with a recent report by Malinowska et al (2001) who found that in
rats the transient vagal activation to a bolus injection of anandamide was partially
blocked by the TRPV1 antagonists capsazepine or ruthenium red, whereas the
CB1-mediated prolonged hypotension remained unaffected.

Collectively, the above-mentioned studies show that the sustained hypotensive
effect of anandamide involves a marked cardiodepressor component in addition to
a decrease in TPR, and these effects are mediated by CB1 but not TRPV1 receptors.
The role of TRPV1 receptors is limited to the transient activation of the Bezold-
Jarisch reflex by very high plasma concentrations of anandamide.

5
Pathophysiological Role of the Endocannabinergic System
in Cardiovascular Disorders

Recent studies indicate that the endogenous cannabinergic system plays an impor-
tant role in cardiovascular regulationunder variouspathophysiological conditions,
and pharmacological manipulation of this system may offer novel therapeutic ap-
proaches in a variety of cardiovascular disorders.

5.1
Role of the Endocannabinergic System in Hemorrhagic, Endotoxic,
and Cardiogenic Shock and Liver Cirrhosis

The profound and long-lasting, yet reversible, hypotension elicited by potent syn-
thetic cannabinoids (Lake et al. 1997a) suggested that endocannabinoids may be
involved in pathological conditions associated with extreme hypotension such as
various forms of shock. Observations over the last decade have provided evidence
for a key role of endocannabinoids in the hypotension associated with hemor-
rhagic (Wagner et al. 1997), endotoxic (Varga et al. 1998; Liu et al. 2003; Bátkai et
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al. 2004a; Wang et al. 2001; Godlewski et al. 2004), and cardiogenic shock (Wagner
et al. 2001a, 2003). The vasodilated state associated with advanced liver cirrhosis
appears to be due to a similar mechanism (Bátkai et al. 2001; Ros et al. 2002),
which is most likely secondary to the endotoxemia commonly found in patients
with late-stage cirrhosis (Lumsden et al. 1988).

In many of these conditions, circulating macrophages and platelets were found
to contain elevated levels of endocannabinoids and to elicit SR141716-sensitive
hypotension when injected into normal rats, suggesting the involvement of CB1

receptors. In cirrhosis this was also suggested by the observed increase in CB1 re-
ceptor mRNA and binding sites in vascular endothelial cells from cirrhotic human
livers (Bátkai et al. 2001). However, SR141716 can also inhibit a receptor(s) distinct
from CB1 or CB2 (see above), so the relative role of such receptors versus CB1 re-
ceptors needed to be explored. In a recent study (Bátkai et al. 2004a), we reported
that the acute hypotensive response of anesthetized rats to lipopolysaccharide
(LPS) is inhibited by SR141716, but not by AM251, an antagonist equipotent with
SR141716 at CB1 receptors (Gatley et al. 1997), but devoid of inhibitory potency
at the SR141716-sensitive endothelial and myocardial receptors described above
(Ford et al. 2002; Ho and Hiley 2003; O’Sullivan et al. 2004). Furthermore, LPS
caused similar, SR141716-sensitive hypotension in wild-type mice and in mice
deficient in CB1 or both CB1 and CB2 receptors. Detailed hemodynamic analysis of
the effects of LPS also indicated that the hypotension is primarily due to decreased
cardiac contractility rather than decreased peripheral vascular resistance. These
findings therefore suggest that receptors distinct from CB1 or CB2 are primarily
responsible for the acute, SR141716-sensitive hypotensive response to LPS (Bátkai
et al. 2004a). Anandamide is a ligand for such receptors and LPS stimulates the
synthesis of anandamide in macrophages (Liu et al. 2003). Whether LPS may in-
duce the synthesis of additional endogenous ligands for such receptors remains
to be determined. Increased target organ sensitivity to anandamide may also play
a role in the hemodynamic effects of LPS, as suggested by the potentiation of the
vasodilator effect of anandamide in mesenteric beds isolated from endotoxemic
rats (Orliac et al. 2003).

Endocannabinoid-mediated cardiovascular effects appear to have survival
value, as indicated by the increased mortality, despite the increase in blood pres-
sure, following blockade of CB1 receptors in hemorrhagic (Wagner et al. 1997)
and cardiogenic shock (Wagner et al. 2001a, 2003). In contrast, treatment with
the cannabinoid agonists THC or HU-210 improved endothelial function and in-
creased survival in cardiogenic (Wagner et al. 2001a, 2003) and endotoxic shock
(Varga et al., 1998). Endocannabinoids may improve tissue oxygenation in these
conditions by counteracting the excessive sympathetic vasoconstriction triggered
by hemorrhage or myocardial infarction. In addition, endocannabinoids may me-
diate important protective mechanisms against hypoxic damage in the heart and
vasculature and also exert potent anti-inflammatory effects (reviewed in Hiley and
Ford 2003, 2004; Walter and Stella 2004, see also below).
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5.2
Role of the Endocannabinergic System in Myocardial Reperfusion Damage

Interest in the investigation of potential cardioprotective effects of cannabinoids
has recently been rekindled by a study of Lagneux and Lamontagne (2001) in
which they compared the effects of a period of 90 min of low-flow ischaemia,
followed by 60 min reperfusion at normal flow, in isolated hearts from rats pre-
treated with bacterial endotoxin or saline. Endotoxin pretreatment reduced in-
farct size and enhanced functional recovery on reperfusion relative to the saline
controls (preconditioning). The beneficial effects of endotoxin-induced precon-
ditioning were blocked by the CB2 receptor antagonist SR144528 but not by the
CB1 antagonist SR141716 (Lagneux and Lamontagne, 2001). Similarly, Joyeux et
al. (2002) found that the infarct-size-reducing effect of heat stress preconditioning
was also abolished by SR144528 but not by SR141716. In contrast, in an isolated
perfused rat heart model in which preconditioning was induced by a brief pe-
riod of ischemia (5 min), blockade of either CB1 receptors with SR141716 or
CB2 receptors with SR1445278 abolished the protective effect of precondition-
ing. Preconditioning (5 min) also preserved the endothelium-dependent vasodi-
lation evoked by serotonin (5-HT) in another study (Bouchard et al. 2003) in
which both CB1 and CB2 receptors were implicated. Lepicier et al. (2003) have
shown that the CB2 receptor-mediated cardioprotection by endocannabinoids and
synthetic cannabinoid ligands involves p38/ERK1/2 and protein kinase C (PKC)
activation.

In an anesthetized rat model of ischemia/reperfusion injury (I/R), induced
by coronary occlusion/reocclusion, Krylatov et al. have demonstrated that HU-
210 and anandamide reduced the infarct size and the incidence of ventricular
arrhythmias through activation of CB2 but not CB1 receptors (Krylatov et al.
2001; 2002a,b,c; Ugdyzhenkova et al. 2001; 2002). More recently, in an anesthetized
mouse model of myocardial I/R, the mixed CB1/CB2 receptor agonist WIN55,212-
2 significantly reduced the extent of leukocyte-dependent myocardial damage.
The protective effect of WIN55,212-2 was abolished by the selective CB2 receptor
antagonist AM630 and not affected by the selective CB1 receptor antagonist AM251
(DiFilippo C et al. 2004).

5.3
Role of Endocannabinergic System in Hypertension

As early as in the 1970s, the potential use of cannabinoid ligands as antihyperten-
sive agents had been considered (Archer 1974; Crawford and Merritt 1979; Varma
et al. 1975; Zaugg and Kyncl 1983), in the hope that their neurobehavioral and car-
diovascular effects could be separated. Although an early study in normotensive
rats indicated rapidly developing tolerance to the hypotensive and bradycardic
effects of THC (Adams et al. 1976), a subsequent study in spontaneously hyper-
tensive rats (SHR) found no evidence for tolerance for the same effects during
a similar, 10-day treatment period (Kosersky 1978).
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Following the introduction of selective CB receptor antagonists in the mid 1990s,
the finding that treatment of normotensive rats or mice with CB1 antagonists alone
does not affect blood pressure (Lake et al. 1997a; Varga et al. 1995), and that base-
line blood pressure is similar in CB1 knockout mice and their wild-type littermates
(Járai et al. 1999; Ledent et al. 1999), indicated the absence of an endocannabinergic
“tone” in the maintenance of normal levels of blood pressure. This is also suggested
by the lack of significant hypotension following inhibition of anandamide trans-
port (Calignano et al. 1997), in agreement with the relatively modest hypotensive
effect of anandamide in normotensive animals (Lake et al. 1997a; Varga et al.
1995). However, SHR respond with greater and longer-lasting hypotension than
normotensive rats to both THC (Kosersky 1978) and anandamide (Lake et al.
1997b; Bátkai et al. 2004b). THC inhalation evokes a greater and longer-lasting
decrease of arterial blood pressure in hypertensive as compared to normotensive
individuals (Crawford and Merritt 1979). Although the mechanism underlying
this increased sensitivity has not been explored, it could suggest a role for the
endocannabinoid system in regulating cardiovascular functions in hypertension.
In a recent study we used three different models of experimental hypertension to
explore this possibility (Bátkai et al. 2004b). The results document a significant en-
docannabinergic tone in hypertension that limits increases in blood pressure and
cardiac contractile performance through tonic activation of cardiac and vascular
CB1. They also indicate that upregulation of cardiac and vascular CB1 contributes
to this tone, the potentiation of which, by inhibiting the inactivation of endogenous
anandamide, can normalize blood pressure and cardiac contractile performance
in hypertension. These findings raise the interesting possibility of the therapeutic
use of inhibitors of fatty acid amide hydrolase in the treatment of hypertension.

6
Conclusions

Functional CB1 receptors are present in vascular tissue as well as the myocardium,
and cannabinoid agonists and endocannabinoids exert major hypotensive and
cardiodepressor effects in vivo through the stimulation of CB1 receptors. There is
evidence for the existence of an as-yet-undefined endothelial and cardiac receptor
or receptors that mediate certain endocannabinoid-induced cardiovascular effects.
Vanilloid TRPV1 receptors can be activated by anandamide, but the role of these
receptor in in vivo hemodynamic effects appears to be limited to the transient
activation of the Bezold-Jarisch reflex by very high initial plasma concentrations
of anandamide.

Endocannabinoidsplay important roles inavarietyofpathophysiological condi-
tions including hemorrhagic, endotoxic, and cardiogenic shock, and in the hemo-
dynamic sequelae of advanced liver cirrhosis. Furthermore, pharmacological ma-
nipulation of the endocannabinoid system may offer novel therapeutic approaches
in hypertension and ischemic heart disease.
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Abstract Cannabinoids are known to control the cell survival/death decision,
leading to different outcomes that depend on the nature of the target cell and
its proliferative or differentiation status. Cannabinoids induce growth arrest or
apoptosis in a number of transformed cells in culture. They do so by modulating
key cell signalling pathways involved in the control of tumour cell fate. The best-
characterised example is cannabinoid-induced apoptosis of glioma cells, which
occurs via sustained ceramide accumulation, extracellular signal-regulated kinase
activation and Akt inhibition. In addition, cannabinoid administration inhibits the
angiogenesis and slows the growth of different types of tumours in laboratory an-
imals. By contrast, most of the experimental evidence indicates that cannabinoids
protect normal neurons and glial cells from apoptosis as induced by toxic insults
such as glutamatergic overstimulation, ischaemia and oxidative damage. It is there-
fore very likely that cannabinoids regulate cell survival and cell death pathways
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differently in tumour and non-tumour cells. Regarding immune cells, cannabi-
noids affect proliferation and survival in a complex and still obscure manner that
depends on the experimental setting. The findings reviewed here might set the
basis for the use of cannabinoids in the treatment of cancer and neurodegenerative
diseases.

Keywords Cell death · Apoptosis · Cell proliferation · Cancer · Neuroprotection

1
Cannabinoid Signalling Pathways and Cell Viability

Cannabinoids, the active components of Cannabis sativa and their derivatives, act
inorganismsbymimicking endogenous substances—theendocannabinoids anan-
damide and 2-arachidonoylglycerol—that bind to and activate specific cannabi-
noid receptors. So far, two cannabinoid-specific Gi/o protein-coupled receptors,
CB1 (Matsuda et al. 1990) and CB2 (Munro et al. 1993), have been cloned and char-
acterised from mammalian tissues. Most of the effects of cannabinoids rely on CB1

receptor activation. This receptor is particularly abundant in discrete areas of the
brain, but is also expressed in peripheral nerve terminals and various extra-neural
sites such as testis, eye, vascular endothelium and spleen. In contrast, the CB2

receptor is almost exclusively present in the immune system (Howlett et al. 2002).
Before their specific receptorswere identified, itwasalreadyknownthat cannabi-

noids inhibit adenylyl cyclase (AC) with the consequent decrease in intracellular
cyclic adenosine monophosphate (cAMP) levels (Howlett 1984). The CB1 receptor
also exerts modulation of ion channels, inducing for example inhibition of N- and
P/Q-type voltage-sensitive Ca2+ channels (VSCC) and activation of rectifying K+

channels. These two effects may be responsible for the inhibition of the release of
glutamate and other neurotransmitters by blunting membrane depolarisation and
exocytosis (Piomelli 2003).

Besides these well-established cannabinoid receptor-coupled signalling events,
cannabinoid receptors also modulate several signalling pathways that are more
directly involved in the control of cell proliferation and survival (Table 1). Thus,
cannabinoid receptors are coupled to activation of extracellular signal-regulated
kinase (ERK) (Bouaboula et al. 1995, 1996), c-Jun N-terminal kinase (JNK) and
p38 mitogen-activated protein kinase (MAPK) (Liu et al. 2000; Rueda et al. 2000),
and phosphatidylinositol 3-kinase (PI-3-K)/Akt (Gómez del Pulgar et al. 2000).
Activated Akt can phosphorylate and inhibit nuclear translocation of Forkhead
transcription factors, thereby preventing the expression of pro-apoptotic proteins
(Samson et al. 2003). The negative coupling of cannabinoid receptors to ERK
(Rueda et al. 2002) and Akt (Gómez del Pulgar et al. 2002b) has also been reported.

Cannabinoids modulate sphingolipid-metabolising pathways by inducing sph-
ingomyelin breakdown and increasing acutely the levels of ceramide (Sánchez et al.
1998b; Galve-Roperh et al. 2000), a lipid second messenger that can induce apop-
tosis and cell cycle arrest. This effect is cannabinoid receptor-dependent but Gi/o

protein-independent, and seems to involve the participation of the adaptor pro-
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Table 1. Control by cannabinoids of intracellular signalling pathways that may affect cell proliferation and
survival

Signalling pathway Cannabinoid effect Effect on cell number

Ceramide generation Activation Decrease
ERK Activation (sustained) Decrease

Activation (acute) Increase?
PI-3-K/Akt Activation Increase

Inhibition Decrease
JNK and p38 MAPK Activation Decrease
cAMP/PKA Inhibition Decrease?

cAMP, cyclic adenosine monophosphate; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal
kinase; MAPK, mitogen-activated protein kinase; PI-3-K, phosphoinositide 3-kinase; PKA, protein kinase A.

tein FAN (factor associated with neutral sphingomyelinase activation) (Sánchez et
al. 2001b). Cannabinoid receptor activation can also generate a sustained peak of
ceramide accumulation via enhanced synthesis de novo that plays an important
role in the induction of apoptosis (Galve-Roperh et al. 2000; Gómez del Pulgar et
al. 2002b).

2
Tumour Cells

2.1
Antitumoural Effect

A number of plant-derived [for example, ∆9-tetrahydrocannabinol (THC) and
cannabidiol], synthetic (for example, WIN 55,212-2 and HU-210) and endogenous
cannabinoids (for example, anandamide and 2-arachidonoylglycerol) have been
shown to exert antiproliferative actions on a wide spectrum of tumour cells in
culture (Guzmán 2003; Jones and Howl 2003). More importantly, cannabinoid ad-
ministration to nude mice curbs the growth of various types of tumour xenografts,
including lung carcinoma (Munson et al. 1975), glioma (Galve-Roperh et al. 2000),
thyroid epithelioma (Bifulco et al. 2001), lymphoma (McKallip et al. 2002a) and
skin carcinoma (Casanova et al. 2003).

The antitumoural action of cannabinoids may be exemplified by gliomas. Initial
experiments in cultured glioma cells showed that incubation with cannabinoids in-
duces cell death by an apoptotic mechanism (Sánchez et al. 1998a). Further studies
with animal models showed that local administration of THC or WIN 55,212-2 re-
duced the size of tumours generated by intracranial inoculation of C6 glioma cells
in rats, leading to complete eradication of gliomas and subsequent survival in one
third of the treated rats (Galve-Roperh et al. 2000). Additional studies employed
tumour xenografts generated by subcutaneous injection of glioma cells in the flank
of immune-deficient mice. Local administration of THC, WIN 55,212-2, the selec-
tive CB2 agonist JWH-133 or cannabidiol decreased the growth of tumours derived
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from glioma cell lines (Galve-Roperh et al. 2000; Sánchez et al. 2001a; Massi et al.
2004), and in the case of JWH-133 also from cells of tumour biopsies of patients
with glioblastoma multiforme (Sánchez et al. 2001a).

2.2
Mechanism of Action

Although the downstream events by which cannabinoids exert their antitumoural
action are not completely unravelled, there is certain evidence for the implication
of at least three mechanisms: tumour cell apoptosis, tumour cell growth arrest,
and inhibition of tumour angiogenesis.

2.2.1
Apoptosis

Glioma cells (Sánchez et al. 1998a; Galve-Roperh et al. 2000) and other cancer cells
in culture (Guzmán 2003; Maccarrone and Finazzi-Agro 2003) undergo apopto-
sis upon long-term cannabinoid challenge. Activation of cannabinoid receptors
and accumulation of the proapoptotic sphingolipid ceramide seem necessary for
glioma cell apoptosis (Table 1). Of interest, following cannabinoid receptor acti-
vation, two peaks of ceramide generation are observed in glioma cells that have
different kinetics (minute- versus day-range), magnitude (two- versus fourfold),
mechanistic origin (sphingomyelin hydrolysis versus de novo ceramide synthesis)
and function (metabolic regulation versus induction of apoptosis) (Guzmán et al.
2001). Studies employing two subclones of C6 glioma cells—one sensitive and the
other resistant to THC—indicate that the apoptotic action of cannabinoids relies
on the second peak of ceramide generation (Galve-Roperh et al. 2000). It has been
suggested that cannabinoids enhance ceramide synthesis de novo via induction
of serine palmitoyltransferase, a regulatory enzyme of sphingolipid biosynthesis
(Gómez del Pulgar et al. 2002b). It is worth noting that ceramide content has
been inversely related with malignant progression and poor prognosis of human
astrocytomas. Thus, low-grade astrocytomas have higher ceramide content than
high-grade astrocytomas (Riboni et al. 2002). Pharmacological inhibition of de
novo ceramide synthesis also prevents cannabinoid-induced death of prostate tu-
mour cells (Mimeault et al. 2003).

The increased ceramide levels observed in glioma cells upon cannabinoid chal-
lenge leads to prolonged activation of the Raf-1/MEK/ERK signalling cascade
(Galve-Roperh et al. 2000). It is generally accepted that ERK activation leads to cell
proliferation. However, the relation between ERK activation and cell fate is com-
plex and depends on many factors, one of which is the duration of the stimulus, as
prolonged ERK activation may mediate cell cycle arrest and cell death. Sustained
Akt inhibition (Gómez del Pulgar et al. 2002b) and JNK and p38 MAPK induc-
tion (Galve-Roperh et al. 2000; Sarker et al. 2003) may also contribute to glioma
cell death (Table 1). Nevertheless, further investigation is necessary to clarify the
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specific downstream targets of these pathways involved in cannabinoid-induced
apoptosis of tumour cells and the relative contribution of the apoptotic mechanism
in vivo.

2.2.2
Cell Growth Arrest

Cannabinoids have been shown to induce cell cycle arrest in breast carcinoma
(De Petrocellis et al. 1998), prostate carcinoma (Melck et al. 2000) and thyroid
epithelioma cells (Bifulco et al. 2001). In breast carcinoma cells this has been
ascribed to the inhibition of adenylyl cyclase and the cAMP/protein kinase A (PKA)
pathway (Table1).PKAphosphorylates and inhibitsRaf-1, socannabinoidsprevent
the inhibition of Raf-1 and induce prolonged activation of the Raf-1/MEK/ERK
signalling cascade (Melck et al 1999). Cannabinoid-induced inhibition of thyroid
epithelioma cell proliferation has been attributed to the induction of the cyclin-
dependent kinase inhibitor p27kip1 (Portella et al. 2003).

It has been suggested that cannabinoids produce their growth-inhibiting effects
on skin and prostate cancer cells at least in part by attenuating epidermal growth
factor receptor tyrosine kinase activity (Casanova et al. 2003) and/or by lowering
epidermal growth factor receptor expression (Casanova et al. 2003; Mimeault et al.
2003). Furthermore, the antiproliferative action of cannabinoids in breast, prostate
and thyroid cancer cells might involve a decrease in the activity and/or expression
of prolactin (De Petrocellis et al. 1998), nerve growth factor (Melck et al. 2000)
or type 1 vascular endothelial growth factor (VEGF) tyrosine kinase receptors
(Portella et al. 2003). In addition, cannabinoids inhibit the type 2 VEGF tyrosine
kinase receptor in glioma cells (C. Blázquez and M. Guzmán, unpublished results).
Taken together, these observations indicate that attenuation of signalling through
tyrosine kinase receptors may constitute a common mechanism of cannabinoid
antiproliferative action.

2.2.3
Inhibition of Angiogenesis

To grow beyond minimal size, tumours must generate a new vascular supply (an-
giogenesis) for purposes of cell nutrition, gas exchange and waste disposal, and
therefore blocking the angiogenic process constitutes one of the most promising
antitumoural approaches currently available. Immunohistochemical and func-
tional analyses in mouse models of glioma (Blázquez et al. 2003) and skin carci-
noma (Casanova et al. 2003) have shown that cannabinoid administration turns
the vascular hyperplasia characteristic of actively growing tumours to a pattern of
blood vessels characterised by small, differentiated and impermeable capillaries.
This is associated with a reduced expression of VEGF and other proangiogenic
cytokines (Casanova et al. 2003; Blázquez et al. 2003; Portella et al. 2003), as well
as of VEGF receptors (Portella et al. 2003; C. Blázquez and M. Guzmán, unpub-
lished results). Interestingly, pharmacological inhibition of ceramide synthesis
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de novo abrogates the antitumoural effect of cannabinoids in vivo as well as the
cannabinoid-induced inhibition of VEGF production by glioma cells in vitro and
by gliomas in vivo (C. Blázquez and M. Guzmán, unpublished results), indicating
that ceramide may play a general role in cannabinoid antitumoural action. In addi-
tion, activation of cannabinoid receptors in vascular endothelial cells inhibits cell
migration and survival, which might contribute as well to the impaired tumour
vascularisation observed in cannabinoid-treated gliomas (Blázquez et al. 2003).

Cannabinoids have been recently shown to reduce the number of metastatic
nodes produced by paw injection of Lewis lung carcinoma cells in rats (Portella et
al. 2003). Moreover, cannabinoid administration to glioma-bearing mice also de-
creases the activity and expression of matrix metalloproteinase-2 (MMP2), a prote-
olytic enzyme that allows tissue breakdown and remodelling during angiogenesis
and metastasis (Blázquez et al. 2003). Hence it is conceivable that cannabinoids
may also control tumour invasiveness.

3
Neural Cells

3.1
Neuroprotective Effect

One of the most exciting aspects of current cannabinoid research is the possibility
that cannabinoids play a role as neuroprotective agents, both pharmacologically
and physiologically via the endocannabinoid system (Mechoulam et al. 2002; van
der Stelt et al. 2002). Thus, most of the experimental evidence indicates that
cannabinoids may protect neurons from insults such as ischaemia, glutamater-
gic excitotoxicity, mechanical trauma and oxidative damage. The neuroprotective
action of cannabinoids has been shown in vivo. The neurotoxicity induced by
global cerebral ischaemia in vivo following cerebral artery occlusion is reduced in
the CA1 region of the hippocampus by WIN 55,212-2 administration via the CB1

receptor (Nagayama et al. 1999). Cannabinoid treatment also reduces the infarct
volume caused by focal cerebral ischaemia, leading to enhanced neuronal survival
of penumbral cortical tissue (Nagayama et al. 1999). Likewise, THC exerts a CB1-
mediated reduction of the infarct volume in an in vivo model of ouabain-induced
excitotoxicity (van der Stelt et al. 2001). Moreover, the harmful consequences of
traumatic brain injury such as edema and neuronal cell death are blunted as a con-
sequence of increased 2-arachidonoylglycerol levels (Panikashvili et al. 2001). The
involvement of the CB1 receptor in endocannabinoid-mediated neuroprotection is
further supported by results from experiments with knock-out animals, as CB1-
defective mice are more susceptible to stroke-induced neuronal death (Parmentier-
Batteur et al. 2002) and kainate-induced excitotoxicity (Marsicano et al. 2003). The
use of CB1 knock-out mice in which receptor expression is abolished exclusively in
principal forebrain neurons, but not in GABAergic interneurons, indicate a direct
action of the CB1 receptor within the same neuronal cells susceptible for primary
excitotoxicity damage (Marsicano et al. 2003).
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Experiments conducted on cultured neurons have also provided evidence for
a cytoprotective action of cannabinoids, although variable results have been ob-
tained regarding the possible involvement of cannabinoid receptors. A neuropro-
tective action of some cannabinoid agonists in a model of glutamate excitotoxic
death was first reported by Skaper et al. (1996) using cerebellar granule neurons.
WIN 55,212-2 and CP 55,940 were later shown to protect hippocampal neurons
from presynaptically evoked glutamate excitotoxicity by a CB1-mediated process
(Shen and Tayer 1998). Since then, other reports have shown that cannabinoids
protect cultured neurons against glutamatergic excitotoxicity via CB1 receptor ac-
tivation (e.g. Abood et al. 2001; Hampson and Grimaldi 2001) or independently
of the CB1 receptor (e.g. Nagayama et al. 1999; Sinor et al. 2000). In this respect,
various cannabinoids with phenolic structure exert a CB1-independent neuropro-
tective effect owing to their intrinsic antioxidant properties (Hampson et al. 1998;
Chen and Buck 2000; Marsicano et al. 2002).

3.1.1
Mechanism of Action

Although the precise molecular mechanism for cannabinoid-mediated neuropro-
tection its not fully understood, probably the best-described mechanism is the
cannabinoid inhibitory action on glutamate release, which would protect cells
from excitotoxicity (Mechoulam et al. 2002; van der Stelt et al. 2002; Freund et
al. 2003). Glutamatergic transmission is regulated by cannabinoids basically at
the presynaptic level through inhibition of glutamate release as a consequence of
their inhibitory effect on Ca2+ influx through different types of voltage-sensitive
channels, including N- and P/Q-type channels (Howlett et al. 2002; Freund et al.
2003). Modulation of presynaptic K+ channels may also contribute to this cannabi-
noid action. Other cannabinoid effects that may contribute to neuroprotection
include, for example, inhibition of nitric oxide production and proinflammatory
cytokine release by activated microglial cells (Mechoulam et al. 2002), attenu-
ation of endothelin 1-induced brain vasoconstriction (Mechoulam et al. 2002),
and stimulation of brain-derived neurotrophic factor expression (Marsicano et al.
2003).

The observation that anandamide (Di Marzo et al. 1994) and 2-arachidonoyl-
glycerol (Stella et al. 1997) biosyntheses are activated by Ca2+ may constitute
a mechanism of feedback regulation, with the generated cannabinoids preventing
excessive Ca2+ influx by their inhibitory action on Ca2+ channels. Several brain
insults induce a selective increase in certain endocannabinoid species, further sug-
gesting a protective role for these molecules. For example, traumatic brain injury
enhances 2-arachidonoylglycerol levels (Panikashvili et al. 2001), glutamatergic
excitotoxicity increases anandamide levels (Hansen et al. 2001; Marsicano et al.
2003), and focal cerebral ischaemia raises palmitoylethanolamide levels (Franklin
et al. 2003). The biological meaning for this apparent endocannabinoid-species
selectivity is, however, unknown.
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3.2
Neurotoxic Effect

In contrast to the aforementioned cannabinoid neuroprotection, some studies
have reported a neurotoxic effect of THC. Thus, morphological changes in the
hippocampus, decreases in themeanvolume, synapticdensity anddendritic length
of CA3 pyramidal neurons, and reduced neuronal density in rat hippocampus
associated with chronic THC oral administration have been described (Scallet et
al. 1987).However,others couldnotfindanysignificanthistopathological alteration
in the brains of rats and mice treated orally with very high doses of THC for 2 years
(Chan et al. 1996). Likewise, direct intracranial administration of THC or WIN
55,212-2 to rats for 1 week did not induce neural cell apoptosis (Galve-Roperh et
al. 2000).

In vitro studies have also shown that THC induces apoptosis of primary hip-
pocampal (Chan et al. 1998) and cortical (Downer et al. 2003) neurons. In contrast,
in another report the viability of cortical neurons in culture did not decrease after
prolonged exposure to THC (Sánchez et al. 1998a).

3.2.1
Mechanism of Action

CB1-dependent apoptosis of primary neurons may involve phospholipase A2-
induced release of arachidonic acid, which promotes the activation of cyclooxy-
genases and lipoxygenases (Chan et al. 2003). This may generate free radicals and
lead to lipid peroxidation and cell death. Activation of the JNK cascade may also
contribute to this neurotoxic process (Downer et al. 2003) (Table 1).

3.3
Glioprotective Effect

Cannabinoids protect glial cells from death. Thus, cannabinoids prevent astrocyte
apoptosis as induced by ceramide both in vivo and in vitro (Gómez del Pulgar et
al. 2002a). Moreover, cannabinoids protect oligodendrocytes from growth factor
deprivation-induced cell death (Molina-Holgado et al. 2002), and furthermore
they prevent demyelination in vivo in a virus-induced model of multiple sclerosis
(Arévalo-Martín et al. 2003). The finding that cannabinoid-induced prevention of
neural cell death is not restricted to neurons may be relevant, as protection of
more than one type of cell within the brain could result in a synergistic action by
increasing the efficiency of the injured-brain response.
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3.3.1
Mechanism of Action

—It has been shown that cannabinoids activate two pivotal survival pathways in
glial cells: the PI-3-K/Akt pathway (Gómez del Pulgar et al. 2002a; Molina-Holgado
et al. 2002) and the ERK pathway (Sánchez et al. 1998b; Gómez del Pulgar 2002a)
(Table 1). Both signalling pathways appear to act in concert upon CB1 receptor acti-
vationandGi proteindissociation, asPI-3-Kactivation is required for cannabinoid-
induced ERK activation, which occurs in a Ras-independent and tyrosine kinase
receptor-independent manner (Galve-Roperh et al. 2002). Additionally, adenylyl
cyclase inhibition via the CB1 receptor might supress cAMP-dependent Raf-1 in-
hibition and cooperate in neural cell ERK activation (Derkinderen et al. 2003).
Altogether, these observations show that, most likely, cannabinoids regulate cell
survival and cell death pathways differently in transformed and non-transformed
neural cells (Fig. 1).

Fig. 1. Dual effect of cannabinoids on the viability of transformed versus non-transformedglial cells. In glioma
cells, cannabinoids activate CB1 and CB2 receptors, inducing sustained ceramide accumulation and inhibition
of the pro-survival kinase Akt, leading in turn to apoptosis. In normal astrocytes, cannabinoids activate CB1
receptors, preventing ceramide-induced Akt inhibition and leading in turn to cell survival

4
Immune Cells

4.1
Cell Death/Survival Effect

Many in vitro and in vivo studies have shown that cannabinoids are immunosup-
pressive agents (Roth et al. 2002; Klein et al. 2003). In this context, cannabinoids
induce apoptosis of human peripheral blood mononuclear cells (Schwarz et al.
1994) as well as of mouse macrophages and lymphocytes (Zhu et al. 1998). THC
also inhibits the proliferation and induces apoptosis of mouse thymocytes and
splenocytes in culture and in mice (McKallip et al. 2002b). Moreover, various
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cannabinoids induce apoptosis of leukaemic and lymphoid cells in vitro and—as
mentioned above—in mouse models (McKallip et al. 2002a).

By contrast, some observations indicate that cannabinoids either stimulate or
inhibit the function of immune cells. This variation in drug effects may depend on
experimental factors such as drug concentration, timing of drug delivery, and type
of cell function examined. Thus, Derocq et al. (1995) showed for the first time that
human B cell proliferation is stimulated by cannabinoids at nanomolar concen-
trations. Likewise, Valk et al. (1997b) showed that murine haematopoietic growth
factor-dependent cell lines require the presence of anandamide for optimal growth
in serum-free medium. The endocannabinoid also enhanced the number and size
of interleukin 3-induced myeloid colonies from mouse bone marrow. Moreover,
following retroviral insertional mutagenesis these authors have identified a virus
integration site, named Evi11, within the gene encoding the CB2 receptor, suggest-
ing that CB2 is a proto-oncogene involved in leukaemogenesis (Valk et al. 1997a).
This is also supported by the observation that, in certain murine leukaemia virus-
induced tumours, retroviral integrations occur in the CB2 receptor gene (Valk et
al. 1999).

The possibility that the CB2 receptor plays a role in the control of immune cell
fate is supported by studies on the gene expression profile of human promyelocytic
cells, which show that receptor activation up-regulates genes involved in the cell
differentiation program (Derocq et al. 2000). These data, together with reports of
CB2-induced blockade of neutrophilic differentiation (Alberich Jordà et al. 2003)
and changes in CB2 receptor expression during the differentiation and activation
of human B cells (Carayon et al. 1998) point to an involvement of the CB2 receptor
in the control of immune cell maturation.

4.2
Mechanism of Action

The transduction systems responsible for CB2 receptor signalling are as yet unclear.
It has been traditionally assumed that inhibition of the cAMP pathway may be
responsible for the immunosuppressive action of cannabinoids (Kaminski 1998)
(Table 1). However, plant-derived and endogenous cannabinoids may behave as
partial agonists or even antagonists in the CB2 receptor-mediated inhibition of
adenylyl cyclase (Bayewitch et al. 1996). It is possible therefore that theCB2 receptor
controls immune cell proliferation by coupling positively (Derocq et al. 2000;
Alberich Jordà et al. 2003; Samson et al. 2003) or negatively (Faubert Kaplan
and Kaminski 2003) to ERK, a process that is dependent on Gi/o proteins but
independent of cAMP (Bouaboula et al. 1996). Activation of Akt and concomitant
phosphorylation of kinase targets have also been shown in mast cells (Samson et
al. 2003).
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5
Potential Therapeutic Implications

Many studies have dealt with the antiproliferative effect of cannabinoids on differ-
ent transformed cells. The case of gliomas may be of particular interest because
they are one of the most malignant forms of cancer, resulting in the death of
affected patients within months after diagnosis. One of the alternative therapeu-
tic approaches for gliomas might be the use of cannabinoid agonists, since these
compounds induce apoptosis in vitro and inhibition of tumour angiogenesis and
growth without significant collateral effects in vivo (Galve-Roperh et al. 2000;
Sánchez et al. 2001a). Based on these observations, a phase I/II clinical trial is
currently investigating the effect of local administration of THC on the growth
of recurrent glioblastoma multiforme (Guzmán 2003). It would be desirable that
other trials on this and other types of tumours are initiated to determine whether
cannabinoids can be used as antitumoural agents.

Different neurological and neurodegenerative diseases are accompanied by ex-
citotoxicity, oxidative stress, Ca2+ imbalance and/or inflammatory responses, lead-
ing to progressive neuronal death. As discussed above, cannabinoids may interfere
with these processes, which sets the basis for a potential therapeutic utility of
these compounds. Laboratory research has shown that this may be the case with,
for example, Huntington’s disease (Lastres-Becker et al. 2003), multiple sclerosis
(Baker et al. 2000) and brain trauma (Panikashvili et al. 2001). In addition, the
existence of an inhibitory loop by which endocannabinoids blunt dopaminergic
control of movement (Giuffrida et al. 1999) point to the potential use of CB1 an-
tagonists for the management of Parkinson’s disease (Piomelli 2003) and of CB1

agonists as agents for preventing symptoms of Tourette’s disease (Muller-Vahl
2003). A recent large-scale phase III clinical trial has tested the effect of THC
alone or in combination with other cannabinoids for the treatment of spasticity
and other muscle-debilitating symptoms of multiple sclerosis, yielding conflict-
ing but encouraging results (Zajicek et al. 2003). Phase III clinical trials are also
being conducted with the non-psychoactive cannabinoid HU-211 (dexanabinol),
a non-competitive N-methyl-d-aspartate receptor antagonist (Feigenbaum et al.
1989), for the treatment of severe head trauma (Knoller et al. 2002). This compound
reduces the inflammatory response after closed-head injury or lipopolysaccharide-
induced septic shock both in vivo and in vitro, and prevents tremor, seizures and
lethality in laboratory animals (Gallily et al. 1997). Ongoing and future clinical
trials should determine the usefulness of cannabinoids as therapeutic agents for
the management of neurological and neurodegenerative diseases.

As reviewed here, cannabinoids may lead to opposite effects on the cell sur-
vival/death decision. For example, in the case of neural cells, cannabinoids may kill
tumour cells and protect their non-transformed counterparts from death (Guzmán
2003) (Fig. 1). It is conceivable that different experimental factors may account for
this “yin-yang” action, for example : (1) cannabinoid neuroprotection is usually
more evident in whole-animal than in cultured-neuron models, which may result
from their aforementioned impact on various brain cell types (neurons, astroglia,
oligodendroglia, microglia, vascular endothelium); (2) cannabinoids may exert



638 M. Guzmán

dual effects on neural cell viability depending on signal input (e.g. agonist dose
and time of exposure), high inputs usually exerting cell growth inhibition and
death; (3) endocannabinoids and exogenous cannabinoids may possess different
pharmacological properties (e.g. agonistic potency and stability); and (4) the ori-
gin of the neural cell and its stage of differentiation may affect sensitivity to death.
Modulation of cell viability by cannabinoids is therefore a complex and still ob-
scure issue that opens exciting biological and clinical issues but requires much
further research.
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Abstract This chapter will review the effects produced on neural development
by maternal consumption of cannabinoids during gestation and lactation, with
emphasis in the maturation of several neurotransmitter systems (dopamine, sero-
tonin, opioids, cannabinoids, etc.) and possible modifications in their functional
expression at the behavioral or neuroendocrine levels. In addition, we have an-
alyzed the possible existence of a sexual dimorphism in these ontogenic effects
of cannabinoids, as well as the possible molecular mechanism underlying such
effects. In general, the results discussed support the view that exposure to cannabi-
noids during critical periods of development produces marked modifications in
the functional expression of diverse neuronal systems in adulthood. Furthermore,
the functions of endocannabinoids in the brain are large not only in adulthood, but
also in the period of prenatal and postnatal development. Thus, endocannabinoids
have been reported to be present in early ages and to play a role in the process
of brain development: neural proliferation and migration, axonal elongation,
synaptogenesis and/or myelogenesis.

Keywords Cannabinoids · Cannabinoid receptor · Endogenous cannabinoids ·
Perinatal exposure · Brain development



644 J.A. Ramos et al.

1
Introduction

Marijuana is the most commonly used illicit drug among women of reproductive
age. Its use during pregnancy in developed nations is estimated to be approxi-
mately 10% (Park et al. 2004). However, reports dealing with the effects of prenatal
exposure to this substance of abuse on the length of gestation, fetal growth, and
offspring behavior are still controversial (Park et al. 2004).

In animal models, the consumption of marijuana or other Cannabis sativa
derivatives during pregnancy and/or lactation affects the neurobehavioral devel-
opment of their litters. The cannabinoids present in these preparations modify
the maturation of neurotransmitter systems, including dopamine, serotonin, and
opioids and their related-behaviors (Fernández-Ruiz et al. 1999, 2000).

The principal agent responsible for these effects is ∆9-tetrahydrocannabinol
(∆9-THC), the major psychoactive component of Cannabis sativa. ∆9-THC can
interfere, not only with the activity of classical neurotransmitters but also with
the activity of the endogenous cannabinoid system itself. Different studies support
a role for this system in brain development and maturation, and several of its com-
ponents have been characterized (receptors, endogenous ligands, and metabolism
pathways). The effects of ∆9-THC were caused by the activation of cannabinoid
receptors, which emerge early in the developing brain (Fernández-Ruiz et al. 1992,
1994, 1996, 1999, 2000).

With regard to the possible influence of cannabis use during human pregnancy,
CB1 receptor immunoreactive labeling has been identified in most major cell types
throughout all layers of the human placenta, as well as in the placental villous
(Park et al. 2003). Thus, it is not surprising that increased cannabinoid levels may
interfere with the materno-fetal process.

Clinical research has been limited to epidemiologic and retrospective studies. In
some reports, cannabis use has been correlated with low birth weight, prematurity,
intrauterine growth retardation, presence of congenital abnormalities, perinatal
death and delayed time for the onset of respiration (for a review see Park et al.
2004).

In some studies, carried out in rats subjected to prenatal exposure to cannabi-
noids, specific congenital malformations were not produced, even by high doses.
However, other studies have reported an increase in embryotoxicity and fetal tox-
icity at pharmacologically relevant concentrations, resembling the adverse effects
of ∆9-THC on human reproduction. Thus, in rhesus monkeys, ∆9-THC expo-
sure during early pregnancy produced miscarriage (Asch and Smith 1986). In
mice cannabinoids impaired pregnancy and embryo development (Harbison and
Mantilla-Plata 1972; Yang et al. 1996).

More complex and less understood are the data concerning the possible long-
term consequences of in utero exposure to cannabis derivatives. Some data suggest
that prenatal exposure to marijuana could result in a certain impairment of human
fetal development (Fried and Smith 2001), albeit restricted to a few executive
functions. Thus, a longitudinal cohort study in Ottawa to examine the effects of
marijuana consumption during pregnancy upon offspring in the areas of growth,
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cognitive development, and behavior showed that the consequences of prenatal
exposure to marijuana are subtle. Before the age of 3 years, there is little evidence
for a prenatal effect either upon growth or behavior. However, beyond this age,
there are several findings suggestive of an association between prenatal marijuana
exposure and aspects of frontal lobe functioning, including cognitive behavior.
Attention/impulsivity and problem-solving situations requiring integration and
manipulation of basic visuo-perceptual skills appear to be particularly affected
(Fried and Smith 2001).

These results were replicated in a longitudinal cohort study conducted in Pitts-
burgh to investigate the consequences of prenatal marijuana in offspring beyond
early school age. Prenatal marijuana exposure was also found to affect attention
and impulsivity, and, thereby, to decrease the ability to plan and execute tasks
(Leech et al. 1999). These data are in agreement with the results obtained in an-
imals. In these models, it has been reported that deficits of cognitive functions
induced by marijuana use during adulthood could be mainly attributable to the
activation of CB1 receptors located in the hippocampus, a brain region crucial for
certain forms of learning and memory. Prenatal exposure to a cannabinoid ago-
nist produced memory deficits linked to dysfunction in hippocampal long-term
potentiation and glutamate release (Mereu et al. 2003).

2
Ontogeny of the Endogenous Cannabinoid System

The existence of several components of the endogenous cannabinoid system has
been demonstrated in the fetal and neonatal rat brain. The system is active in this
period of life and shows significant differences in the expression and/or activity of
its components during the consecutive steps of early stages of development.

Most of the studies carried out on the presence and/or the activity of the com-
ponents of this system during development have focused on the cannabinoid CB1

receptor (Mailleux and Vanderhaeghen 1992a; Romero et al. 1997; Berrendero et
al. 1998; Buckley et al. 1998; Mato et al. 2003). There is also some information about
the cannabinoid receptor ligands anandamide (AEA) and 2-arachidonoylglycerol
(2-AG) (Berrendero et al. 1999).

2.1
Cannabinoid Receptors

Cannabinoid CB1 receptor binding and mRNA levels could be detected around ges-
tational day (GD)11–14 in rats, coinciding with the time of phenotypic expression
of most of the neurotransmitters (for review see Insel 1995). At these fetal ages,
cannabinoid receptors appear to be functional, since they are already coupled to
signal transduction mechanisms that involve activation of guanosine triphosphate
(GTP)-binding proteins (Berrendero et al. 1998). Pharmacological activation of
cannabinoid receptors during the developmental period has been associated with
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several effects such as induction of key genes, activation of energy metabolism,
arachidonic acid mobilization, and other responses potentially related to events of
neural development (for review see Ramos et al. 2002).

The levels of these receptors are substantially higher than those seen in the adult
rat brain (Berrendero et al. 1999). Moreover, in the fetal and early neonatal brain,
there is an atypical distribution of CB1 receptors compared to the adult brain,
particularly with regard to the location of receptor binding in white matter areas
(Romero et al. 1997) and mRNA expression in subventricular zones of the forebrain
(Berrendero et al. 1998, 1999), areas in which these receptors are scarce or unde-
tectable in the adult brain (Herkenham et al. 1991; Mailleux and Vanderhaeghen
1992b). This atypical location of CB1 receptors is a transient phenomenon, since
during the course of late postnatal development these receptors progressively ac-
quire the classic pattern of distribution observed in the adult brain (Romero et al.
1997; Berrendero et al. 1998).

With regard to humans, data about the appearance and location of CB1 receptors
in the developing brain are still very limited (Mailleux and Vanderhaeghen 1992a;
Glass et al. 1997; Biegon and Kerman 2001; Mato et al. 2003). There is a significant
population of cannabinoid receptors at week 19 of gestation that is functionally
coupled to signal transduction mechanisms. These receptors are present in the
same areas as in the adult human brain and seem to increase progressively in
number from early prenatal stages to adulthood (Mato et al. 2003).

As in animal models, high densities of cannabinoid receptors have also been
detected during human prenatal development in fiber-enriched areas that are
practically devoid of these receptors in the adult brain. This atypical distribution
of CB1 receptors, which is similar to that observed in rats, has been interpreted,
for both species, as indicating a possible involvement of CB1 receptors in specific
events relating to brain development during fetal and early postnatal periods. As
has been suggested for other neurotransmitter receptors (del Olmo and Pazos
2001), the early and transient presence of these receptors could indicate a specific
role for the endocannabinoid system in several developmental events, such as
metabolic support, cell proliferation and migration, axonal elongation, and later,
synaptogenesis and myelogenesis (for review see Fernández-Ruiz et al. 2000).

This hypothesis is supported by the demonstration of a role for CB1 receptors
in neurite remodeling in vitro (Zhou and Song 2001). Support also comes from
the findings that endocannabinoids inhibit both cortical neuron differentiation to
mature neurons using in vitro cellular models and adult hippocampal neurogenesis
in vivo (Rueda et al. 2002). The endocannabinoids interfere with nerve growth
factor (NGF) signaling that is responsible for the activation of the differentiation
program by acting via CB1 receptors to inhibit NGF-induced signaling events that
ultimately result in inhibition of neural generation (Rueda et al. 2002). Therefore,
inhibition of neurogenesis in adult hippocampus, triggered by cannabinoids either
during development or in the adult, might help to explain cannabinoid-related
disruption of cognitive processes such as learning and short-term memory.
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2.2
Cannabinoid Ligands

Both endocannabinoids, AEA and 2-AG, are present in the whole brains of rat
fetuses at GD21 (Berrendero et al. 1999). The presence of these cannabinoids in
the brain in trace amounts limits how much can be learned about the distribution
of these compounds in the different regions of the developing brain and the extent
to which this parallels the distribution of the CB1 receptors that are present at
that time. Even so, it has been possible to conclude from the results that have
been obtained that the ontogeny of these two endocannabinoids is not the same
(Berrendero et al. 1999).

High levels of 2-AG were measured at GD21. These levels peaked at postnatal
day (PND)1, with values approximately twofold higher than those found at other
ages. In contrast, AEA levels increased during the early postnatal period, reaching
their maximum in the adult brain (Berrendero et al. 1999). Cannabinoid receptor
binding and mRNA expression in certain brain areas also change with time during
development. Interestingly, in the caudate-putamen and cerebellum these changes
are similar to the changes that takeplace inAEA levels,whereas in thehippocampus
andcerebral cortex they resemble thechangesoccurring in2-AGlevels (Berrendero
et al. 1999).

The amount of 2-AG in the fetal and early postnatal brain is significantly higher
than that of AEA (Berrendero et al. 1999). It is possible that this might indicate
a more important role for 2-AG than AEA as an endogenous ligand for the CB1

receptor in brain development. However, it must be remembered that 2-AG for-
mation in tissues may lead not only to the production of a cannabimimetic signal,
but also to the termination of a protein kinase C/diacylglycerol-mediated intra-
cellular signal or to the generation of arachidonic acid. Accordingly, the increase
of 2-AG observed at PND1 might be related to an increase in the formation of
diacylglycerol, which is an intermediate in the synthesis of 2-AG (Di Marzo 1998).
Diacylglycerol has been reported to be significantly involved in the metabolism of
phosphoglycerides and sphingolipids during the processes of neurite formation
and myelinogenesis, and hence in neural development (Araki and Wurtman 1997;
Sillence and Allan 1998).

The physiological significance of these differences between 2-AG and AEA is
still unknown, but could be related to regional differences in their distribution
and in their access to their receptors, and possibly to their having different roles
in brain development. In summary, there is good evidence that the endogenous
cannabinoid system plays a functional role in the early stages of brain development.
This role changes as the brain develops such that the way in which the endogenous
cannabinoid system modulates brain function during its development is not the
same as in the adult (i.e., control of movement, nociception, etc.).
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3
Effects of Perinatal Exposure to Cannabinoids
on Several Neurotransmitters Systems

Endocannabinoids might act as epigenetic factors, through the activation of
cannabinoid receptors which emerge early in development. As to plant-derived
cannabinoids, by mimicking the effects of natural ligands of cannabinoid recep-
tors these would interfere with the sequence of events that results in the expression
of several genes involved in brain development and, in this way, modify the matu-
ration of several neurotransmitter systems (Fernández-Ruiz et al. 1992, 1994, 1996,
1999, 2000).

Also, it is possible that the usual pattern of expression of the endogenous
cannabinoid system could be altered by these cannabinoids during brain devel-
opment (Fernández-Ruiz et al. 1999, 2000). Thus, an acceleration or delay in the
expression of the genes implicated in the synthesis of endocannabinoids or their
receptors during a particular stage of development could well prevent the en-
docannabinoid system from functioning normally. Such abnormal functioning
might also result from an increase or a decrease in endocannabinoid or cannabi-
noid receptor concentrations or from a modification in the activity of cannabinoid
receptor signaling pathways. Such mechanisms may underlie reported behavioral
alterations in adult mice that had been perinatally exposed to anandamide (de-
creased open-field activity, catalepsy, hypothermia, hypoalgesia, and tolerance to
cannabinoid challenges) (Fride and Mechoulam 1996a,b), as well as the interrup-
tion of suckling behavior with subsequent inhibition of neonatal growth observed
in newborn mice in response to CB1 receptor blockade (Fride et al. 2001).

To establish the effects of perinatal exposure to ∆9-THC, studies were con-
ducted in rodents using doses that produce concentrations of this cannabinoid
in the body similar to those found in marijuana consumers. The effects observed
depended on when the drug treatment was initiated and on the dose used (Dalte-
rio 1986; Fernández-Ruiz et al. 1992, 1994, 1996). These studies demonstrated that
cannabinoids may behave as epigenetic factors, modifying normal development
of neurotransmission and, most likely, producing neurobehavioral disturbances.
Thus, adult animals perinatally exposed to cannabinoids exhibited long-term alter-
ations in male copulatory behavior (Dalterio 1980), open-field activity (Navarro et
al. 1994), learning ability (Dalterio 1986), stress response (Mokler et al. 1987), pain
sensitivity (Vela et al. 1995), social interaction and sexual motivation (Navarro et al.
1996), drug-seeking behavior (Vela et al. 1998), and neuroendocrine disturbances
(Dalterio and Barker 1979; Murphy et al. 1990, 1995), as well as other changes (for
review see Dalterio 1986; Fernández-Ruiz et al. 1992, 1994, 1996).

Most of these neurobehavioral effects presumably stemmed from changes in the
development of several neurotransmitter systems caused by exposure to cannabi-
noids during critical prenatal and early postnatal periods of brain development.
A large number of studies have demonstrated effects of cannabinoids on the mat-
uration of dopamine (DA) (Fernández-Ruiz et al. 1992, 1994, 1996; Walters and
Carr 1988; García-Gil et al. 1998), serotonin (5-HT) (Molina-Holgado et al. 1997),
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γ-aminobutyric acid (GABA) (García-Gil et al. 1999b), and opioid peptide systems
(Kumar et al. 1990; Corchero et al. 1998; Vela et al. 1998).

3.1
Dopamine

The effects of ∆9-THC on the development of specific brain dopaminergic path-
ways appear before the complete differentiation and maturation of dopaminergic
projections into their target areas, in particular during the final part of gestation
and first week after birth (Bonnin et al. 1996). The activity of tyrosine hydroxylase
(TH) represents the rate-limiting step in DA synthesis. This enzyme is present in
the growing axons before they make contact with their target neurons and seems
to play an important role, together with active receptors located on the target
neurons, in the formation of connections between neurons (Insel et al. 1995). In
rats, perinatal exposure to ∆9-THC has been found to cause a marked rise in TH
gene expression in the brains of fetuses at GD14, in parallel with a pronounced
increase in the levels and activity of this enzyme (Bonnin et al. 1996). These re-
sults have been verified in vitro using cultured mesencephalic neurons from fetal
brains at GD14 (Hernández et al. 1997). Cultured cells obtained from fetuses that
had been exposed to ∆9-THC daily from day 5 of gestation exhibited higher TH
activity compared with cells obtained from vehicle-exposed fetuses (Hernández et
al. 2000).

These data suggest that interference of plant-derived cannabinoids with the
sequence of events in which the expression of TH gene is involved during brain
development might contribute to the abnormal pre- and postnatal development
of TH-containing neurons themselves and/or of the different neurons with which
they make contact (Walters and Carr 1988; Fernández-Ruiz et al. 1992, 1994, 1996).

Interruption of the exposure of pups to cannabinoids as a consequence of
weaning led to an apparent normalization of most of the dopaminergic indices
that had altered during development (Bonnin et al. 1996; Rodríguez de Fonseca
et al. 1991; Navarro et al. 1996). However, at adulthood, animals that had been
perinatally exposed to ∆9-THC, although mostly having similar basal indices of
dopaminergic activity to those of controls (Navarro et al. 1996), exhibited an
abnormal ability to respond to a variety of drugs that affect key processes of
dopaminergic neurotransmission. Thus, the differences observed in the response
of ∆9-THC-exposed animals to experimental challenges, using D1 and D2 antago-
nists, α-methyl-p-tyrosine combined with reserpine, amphetamine, or NSD1015,
support the existence of irreversible, although silent, changes in the adult function-
ality of dopaminergic neurons due to the early contact with ∆9-THC (García-Gil et
al. 1996, 1999a,b).

A sexual dimorphism is evident in the sensitivity of maturing dopaminergic
neurons to ∆9-THC exposure. This is already apparent at fetal ages (Bonnin et
al. 1996), but is particularly evident at early postnatal, immature, and adult ages
(Fernández-Ruiz et al. 1992, 1994, 1996; Navarro et al. 1996; García-Gil et al. 1998).
Usually, the changes are especially marked and constant in male offspring, whereas
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in females they are frequently smaller and transient, as has also been reported for
other drugs of abuse (Fernández-Ruiz et al. 1992).

3.2
γ-Aminobutyric Acid

Cannabinoid receptors are frequently located on GABA-releasing neurons, for ex-
ample in the basal ganglia and the hippocampus (Herkenham et al. 1991), or on
non-GABAergic neurons that connect with GABA-releasing neurons, for example
in the cerebellum, where cannabinoid and GABA receptors colocalize in the same
neurons (Pacheco et al. 1993). Perinatal cannabinoid exposure has been found
not to produce any measurable change in GABA content or in the activity of
glutamic acid decarboxylase (GAD) in motor (caudate-putamen, globus pallidus,
and substantia nigra) and limbic (nucleus accumbens and ventral-tegmental area)
regions of adult animals. However, both adult male and females that had been
perinatally exposed to ∆9-THC exhibited a higher responsiveness to the GABAB

receptor agonist, baclofen (García-Gil et al. 1999b). This is in concordance with
the predominant role proposed for GABAB receptors in the relationships between
GABA and endocannabinoids in the basal ganglia (Romero et al. 1996) and in other
brain regions in adult individuals. The changes in the motor responsiveness to ba-
clofen mimicked those observed previously with dopaminergic antagonist, which
supports the possibility that the effects on dopaminergic activity are mediated
through GABAergic neurons (García-Gil et al. 1996).

3.3
Serotonin

In brain development, 5-HT, like DA, exerts a trophic action, by a reciprocal in-
teraction with other neurotransmitters, in specific development processes (Pares-
Herbute et al. 1989). Some studies have reported changes in 5-HT development in
rats perinatally exposed to ∆9-THC. Thus, this cannabinoid produced a decrease in
5-HT content in diencephalic areas but not in other brain areas (Molina-Holgado
et al. 1996). When animals perinatally exposed to ∆9-THC matured, they exhibited
an increased 5-HT activity/metabolism in the hypothalamus, neostriatum, hip-
pocampus, septum nuclei, and midbrain raphe nuclei. Some of these effects were
only seen in males, indicating a sexually dimorphic response (Molina-Holgado et
al. 1997).

3.4
Opioid Peptides

Perinatal exposure to cannabinoids can also alter the development of opioidergic
neurons. It has been reported that the administration of cannabinoids increases
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proenkephalin-mRNA levels in rat fetuses at GD16 and GD18 in motor (caudate-
putamen and cerebellum), limbic (septum nuclei), and diencephalic (thalamus
and hypothalamus) structures (Pérez-Rosado et al. 2000). In this study, the varia-
tions observed after GD21 showed a marked sexual dimorphism with increases in
female fetuses and reductions in male fetuses in most of the brain regions analyzed
(Pérez-Rosado et al. 2000). Similar results were obtained for two other peptide pre-
cursors, proopiomelanocortin (POMC) and prodynorphin, whose levels of mRNA
transcripts also increased in female fetuses but were reduced in male fetuses in
several brain regions (Pérez-Rosado et al. 2002).

Thesealterations in thedevelopmentofopioidergicneurotransmissionare likely
to produce important long-lasting functional changes in these neurons in the adult
brain (Kumar et al. 1990; Vela et al. 1998; Corchero et al. 1998). Indeed, it has been
found that adult animals that had been perinatally exposed to cannabinoids exhibit
alterations in neuroendocrine control (Kumar et al. 1990), pain sensitivity (Vela et
al. 1995), and reward processes (Vela et al. 1998; González et al. 2003). Kumar et al.
(1990) reported an increase in both Met-enkephalin and β-endorphin immunore-
activity in the hypothalamus of adult rats perinatally exposed to cannabinoids.
This effect could be related to changes in the synthesis and/or release of several
anterior pituitary hormones (Dalterio 1986; Murphy et al. 1990, 1995).

Vela et al. (1995) observed that adult animals perinatally exposed to cannabi-
noids exhibited higher tail-flick latencies at immature ages and were tolerant to the
analgesic effect of morphine when they became adults. These effects are sexually
dimorphic since both were evident in males but not in females. Animals that had
been perinatally exposed to ∆9-THC also exhibited signs of opiate vulnerability
(Vela et al. 1995, 1998; Corchero et al. 1998; Rubio et al. 1998), although the response
was again sexually dimorphic. Thus, some somatic signs of withdrawal were ev-
ident in rats perinatally exposed to ∆9-THC after the administration of a single
dose of naloxone at day 24 after birth, which coincided with the end of cannabi-
noid exposure (Vela et al. 1995). These withdrawal signs only appeared in males
(Vela et al. 1995). In contrast, adult females, but not males, self-administered mor-
phine more readily if they had been perinatally exposed to ∆9-THC in a fixed-ratio
schedule (Vela et al. 1998). A possible explanation may be that, after treatment,
females, but not males exhibited higher µ-opioid receptor binding density in some
areas directly or indirectly related to drug reinforcement (Vela et al. 1998), and
that in some of these regions the expression of proenkephalin gene decreased in
females, but not in males (Corchero et al. 1998). In addition, following perinatal
exposure to ∆9-THC, adult females, but not males, exhibited higher plasma levels
of stress hormones, an effect that has also been reported to be an indicator of opiate
vulnerability (Rubio et al. 1995). The results obtained using a fixed-ratio schedule
(Vela et al. 1998) contrast with those using a progressive ratio schedule, which
suggest that perinatal ∆9-THC exposure does not affect the reinforcing efficacy of
morphine and food (González et al. 2003). According to these two schedules we
may conclude that when rats are forced to work harder for reward, the response to
morphine and food is not influenced by ∆9-THC exposure.
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3.5
Endogenous Cannabinoid System

When adult male, but not female, rats perinatally exposed to ∆9-THC were sub-
jected to a challenge with this cannabinoid, they showed marked tolerance in the
open-field response and in the neurochemical events underlying motor activity
(Fernández-Ruiz et al. 1994). However, there were no corresponding changes in
CB1 receptor binding or mRNA expression in the basal ganglia or in other regions
that contain large populations of these receptors, such as the hippocampus, ante-
rior limbic structures, and cerebellum (García-Gil et al. 1999). Only in the arcuate
nucleus was a change observed in cannabinoid receptor binding levels (an increase
of 42.2% in ∆9-THC-exposed males). This nucleus is only sparsely populated with
cannabinoid receptors (Herkenham et al. 1991). Even so, CB1 receptors seem to
play an important role in the modulation of neuroendocrine function. Thus, the
administration of cannabinoids has marked effects on this regulation, located in
the arcuate nucleus and also in other hypothalamic structures (Fernández-Ruiz et
al. 1997).

4
Cannabinoids and Gene Expression
of Neural Adhesion Molecules During Brain Development

The ability of plant-derived cannabinoids to affect development does not depend
only on their neuromodulatory activity. Recently it has been observed that expo-
sure to ∆9-THC during critical periods of brain development is associated with an
increase in L1 gene expression (Gómez et al. 2003). The protein L1 is a member of
the immunoglobulin superfamily and, together with other proteins that can me-
diate cell–cell and cell–matrix interactions, is involved in various developmental
events (Panicker et al. 2003). It plays an important role invariousprocesses that take
place during brain development, including cell proliferation and migration, neu-
ritic elongation and guidance, synaptogenesis, and myelogenesis (Burden-Galley
et al. 1997).

Exposure to ∆9-THC increased L1 gene expression in most of the white matter
regions analyzed, in particular, transverse commissural tracts, such as the fimbria,
the stria terminalis, the stria medullaris, and the corpus callosum (Gómez et al.
2003). It has been reported that CB1 receptors are present in all these tracts at this
fetal age (Berrendero et al. 1998). ∆9-THC-induced increases in L1-mRNA levels
reached statistical significance in males but not in females, yet another example
of sexual dimorphism (Gómez et al. 2003). As already discussed, it is likely that
this sexual dimorphism stems from male–female differences in the hormonal
environment, inparticularwhen thebrain isundergoing sexualdifferentiation, and
not frommale–femaledifferences in thedistributionand/ordensityof cannabinoid
CB1 receptors, for which there is no evidence at least in the perinatal period
(Fernández-Ruiz et al. 2000).
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Abstract Increasing interest in the biology, chemistry, pharmacology, and toxicol-
ogy of cannabinoids and in the development of cannabinoid medications neces-
sitates an understanding of cannabinoid pharmacokinetics and disposition into
biologicalfluidsand tissues.Adrug’spharmacokineticsdetermines theonset,mag-
nitude, and duration of its pharmacodynamic effects. This review of cannabinoid
pharmacokinetics encompasses absorption following diverse routes of adminis-
tration and from different drug formulations, distribution of analytes throughout
the body, metabolism by different tissues and organs, elimination from the body
in the feces, urine, sweat, oral fluid, and hair, and how these processes change over
time. Cannabinoid pharmacokinetic research has been especially challenging due
to low analyte concentrations, rapid and extensive metabolism, and physicochem-
ical characteristics that hinder the separation of drugs of interest from biological
matrices—and from each other—and lower drug recovery due to adsorption of
compounds of interest to multiple surfaces. ∆9-Tetrahydrocannabinol, the primary
psychoactive component of Cannabis sativa, and its metabolites 11-hydroxy-∆9-
tetrahydrocannabinol and 11-nor-9-carboxy-tetrahydrocannabinol are the focus
of this chapter, although cannabidiol and cannabinol, two other cannabinoids with
an interesting array of activities, will also be reviewed. Additional material will be
presented on the interpretation of cannabinoid concentrations in human biological
tissues and fluids following controlled drug administration.

Keywords Cannabinoids · Pharmacokinetics · Tetrahydrocannabinol · Cannabid-
iol · Absorption · Distribution · Metabolism · Excretion · Interpretation · Oral
fluid · Sweat · Hair · Plasma · Urine · Alternate matrix · Marijuana

1
Introduction

Currently, there is a growing interest in the biology, chemistry, pharmacology, and
toxicology of cannabinoids and in the development of potential cannabinoid med-
ications. It is clear that the endogenous cannabinoid system plays a critical role in
physiological and behavioral processes. Endogenous cannabinoid neurotransmit-
ters, receptors, and transporters, synthetic cannabinoid agonists and antagonists,
and cannabis-based extracts are the subject of extensive research. It is hoped that
theseagentsmightprovidenovel approaches to treathumandiseasesanddisorders.
The therapeutic usefulness of oral cannabinoids is being investigated for medicinal
applications, including analgesia, treatment of acquired immunodeficiency syn-
drome (AIDS)-wasting disease, counteracting spasticity of motor diseases, and the
prevention of emesis following chemotherapy, among others. Cannabis, also, is one
of the oldest and most commonly abused drugs in the world, and its use may have
consequences in terms of pathological and behavioral toxicity. For these reasons,
it is important to understand cannabinoid pharmacokinetics and the disposition
of cannabinoids into biological fluids and tissues. Understanding a drug’s phar-
macokinetics is essential to understanding the onset, magnitude, and duration of
its pharmacodynamic effects.
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Pharmacokinetics encompasses the absorption of cannabinoids following di-
verse routes of administration and from different drug formulations, the distribu-
tion of analytes throughout the body, the metabolism of cannabinoids by different
tissues and organs, the elimination of cannabinoids from the body in the feces,
urine, sweat, oral fluid, and hair, and how these processes change over time. In this
chapter, we will review the many contributions to our understanding of cannabi-
noid pharmacokinetics from the 1970s and 1980s and the more recent research
that expands upon this knowledge. Cannabinoid pharmacokinetic research has
been especially challenging due to low analyte concentrations, rapid and extensive
metabolism, and physicochemical characteristics that (1) hinder the separation of
drugs of interest from biological matrices and from each other and (2) lower drug
recovery due to adsorption of compounds of interest to multiple surfaces. Much
of the earlier data utilized radio-labeled cannabinoids yielding highly sensitive
but less specific measurement of individual cannabinoid analytes. Mass spectro-
metric developments now permit highly sensitive and specific measurement of
cannabinoids in a wide variety of biological matrices.

Cannabis sativa contains over 421 different chemical compounds, including
over 60 cannabinoids (Claussen and Korte 1968; ElSohly et al. 1984; Turner
et al. 1980). Cannabinoid plant chemistry is far more complex than pure ∆9-
tetrahydrocannabinol (THC), and different effects may be expected due to the pres-
ence of additional cannabinoids and other chemicals. In all, 18 different classes of
chemicals, including nitrogenous compounds, amino acids, hydrocarbons, sugars,
terpenes, and simple and fatty acids, contribute to cannabis’ known pharmacolog-
ical and toxicological properties. THC is usually present in cannabis plant material
as a mixture of monocarboxylic acids that readily and efficiently decarboxylate
upon heating. THC decomposes when exposed to air, heat, or light; exposure to
acid can oxidize the compound to cannabinol, a much less potent cannabinoid. In
addition, cannabis plants dried in the sun release variable amounts of THC through
decarboxylation. During smoking, more than 2,000 compounds may be produced
by pyrolysis. The focus of this chapter will be THC, the primary psychoactive
component of cannabis, its metabolites, 11-hydroxy-tetrahydrocannabinol (11-
OH-THC) and 11-nor-9-carboxy-tetrahydrocannabinol (THCCOOH), and two
other cannabinoids present in high concentrations, cannabidiol (CBD), a non-
psychoactive agent with an interesting array of other activities, and cannabinol,
which is approximately 10% as psychoactive as THC (Perez-Reyes et al. 1982).
Mechoulam et al. elucidated the structure of THC after years of effort in 1964,
opening the way for studies of the drug’s pharmacokinetics (Mechoulam 1970).
THC, containing no nitrogen but with two chiral centers in the trans-configuration,
is described by two different numbering systems, the dibenzopyran or ∆9, and the
monoterpene or ∆1 system; the dibenzopyran system is used throughout this chap-
ter.
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2
Pharmacokinetics of THC

2.1
Absorption

2.1.1
Smoked Administration

Route of drug administration and drug formulation determine the rate of drug
absorption. Smoking, the principal route of cannabis administration, provides
a rapid and efficient method of drug delivery from the lungs to the brain, con-
tributing to its abuse potential. Intense pleasurable and strongly reinforcing effects
may be produced due to almost immediate drug exposure to the central nervous
system. Slightly lower peak THC concentrations are achieved after smoking com-
pared to intravenous administration (Ohlsson et al. 1980). Bioavailability following
the smoking route was reported as 2% to 56%, due in part to the intra- and inter-
subject variability in smoking dynamics that contribute to uncertainty in dose
delivery (Agurell et al. 1986; Agurell and Leander 1971; Ohlsson et al. 1982, 1985).
The number, duration, and spacing of puffs, hold time and inhalation volume, or
smoking topography, greatly influences the degree of drug exposure (Azorlosa et
al. 1992; Heishman et al. 1989; Perez-Reyes 1990). Expectation of drug reward also
may affect smoking dynamics. Cami et al. noted that subjects were able to change
their method of smoking hashish cigarettes to obtain higher plasma concentra-
tions of THC when they expected to receive active drug in comparison to placebo
cigarettes (Cami et al. 1991).

Fig. 1. Mean (n = 6) plasma concentrations of ∆9-tetrahydrocannabinol (THC), 11-hydroxy-∆9-
tetrahydrocannabinol (11-OH-THC),and11-nor-9-carboxy-∆9-tetrahydrocannabinol (THCCOOH)duringsmok-
ing of a single 3.55% THC cigarette. Each arrow represents one inhalation or puff on the cannabis cigarette
(M.A. Huestis, unpublished data)
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Fig. 2. Individual plasma ∆9-tetrahydrocannabinol (THC) time course for six subjects following smoking of
a single 3.55% THC cigarette. (Reproduced from the Journal of Analytical Toxicology by permission of Preston
Publications, a division of Preston Industries; Huestis et al. 1992b, Fig. 1d therein)

A continuous blood withdrawal pump was utilized to capture the rapid ab-
sorption of THC and formation of 11-OH-THC and THCCOOH during cannabis
smoking (Huestis et al. 1992b). The disposition of THC and its metabolites were
followed after smoking a single placebo, 1.75%, or 3.55% THC cigarette over 7 days.
Plasma concentrations were determined by gas-chromatography mass spectrome-
try (GC/MS). THC was detected in the plasma immediately after the first cigarette
puff (Fig. 1) and was accompanied by the onset of cannabinoid effects (Huestis et al.
1992d). Mean±SD THC concentrations of 7.0±8.1 ng/ml and 18.1±12.0 ng/ml were
observed following the first inhalation of a low-dose (1.75% THC, approximately
16 mg) or high-dose (3.55% THC, approximately 30 mg) cigarette, respectively
(Huestis et al. 1992b). Concentrations increased rapidly, reaching mean peaks
of 84.3 ng/ml (range 50–129) and 162.2 ng/ml (range 76–267) for the low- and
high-dose cigarette, respectively. Peak concentrations occurred at 9.0 min, prior to
initiation of the last puff sequence at 9.8 min. Despite a computer-paced smoking
procedure that controlled the number of puffs, length of inhalation, hold time,
and time between puffs, there were large inter-subject differences in plasma THC
concentrations due to differences in the depth of inhalation as participants titrated
their THC dose (Fig. 2). Mean THC concentrations were approximately 60% and
20% of peak concentrations 15 and 30 min post smoking, respectively. Within 2 h,
plasma THC concentrations were at or below 5 ng/ml. The time of detection of
THC (GC/MS LOQ = 0.5 ng/ml) varied from 3 to 12 h after the low-dose and from
6 to 27 h after the high-dose cannabis cigarette.

Similar mean THC Cmax concentrations were reported in specimens collected
immediately after cannabis smoking was completed. Mean peak THC concentra-
tions after smoking a single 1.32%, 1.97%, or 2.54% THC cigarette were 94.3, 107.4,
and 155.1 ng/ml, respectively (Perez-Reyes et al. 1982). Other reported peak THC
concentrations ranged between 45.6 and 187.8 ng/ml following smoking of an ap-
proximately 1% THC cigarette (Perez-Reyes et al. 1981) and 33 to 118 ng/ml 3 min
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after ad lib smoking of an approximate 2% THC cigarette (Ohlsson et al. 1980).
Many individuals prefer the smoked route, not only for its rapid drug delivery, but
also because it allows them to titrate their dose.

2.1.2
Oral Administration

There are fewer studies on the disposition of THC and metabolites after oral as
compared to the smoked route of cannabis administration. THC is readily ab-
sorbed due to its high octanol/water coefficient, estimated to be between 6,000
and over 9 million by different technologies (Harder and Rietbrock 1997). The ad-
vantages of cannabinoid smoking are offset by the harmful effects of cannabinoid
smoke; hence, smoking is generally not recommended for therapeutic applica-
tions. Synthetic THC preparations such as dronabinol (Marinol) are usually taken
orally but may also be administered rectally. In addition, abuse of cannabis by the
oral route also is common. Absorption is slower when cannabinoids are ingested
with lower, more delayed peak THC concentrations (Law et al. 1984; Ohlsson et
al. 1981). Dose, route of administration, vehicle, and physiological factors such as
absorption and rates of metabolism and excretion can influence drug concentra-
tions in the circulation. Perez-Reyes et al. described the efficacy of five different
vehicles used in the oral administration of THC in gelatin capsules (Perez-Reyes
et al. 1973a). Glycocholate and sesame oil improved the bioavailability of oral
THC; however, there was considerable variability in peak concentrations and rates
of absorption, even when the drug was administered in the same vehicle. Oral
THC bioavailability was reported to be 10% to 20% by Wall et al. (1983). In their
study, participants were dosed with either 15 (women) or 20 mg (men) THC dis-
solved in sesame oil and contained in gelatin capsules. THC plasma concentrations
peaked approximately 4 to 6 h after ingestion of 15 to 20 mg of THC in sesame oil.
A percentage of the THC was radio-labeled; however, investigators were unable to
differentiate labeled THC from its labeled metabolites. Thus, THC concentrations
were overestimated.

Possibly a more accurate assessment of oral bioavailability that utilized GC/MS
to quantify THC in plasma samples was reported by Ohlsson et al. (1980). Peak
THC concentrations ranged from 4.4 to 11 ng/ml and occurred 1 to 5 h following
ingestion of 20 mg of THC in a chocolate cookie. Oral bioavailability was estimated
to be 6%. Slow rates of absorption and low THC concentrations occur after oral
administration of THC or cannabis. Several factors may account for the low oral
bioavailability of 4% to 20% (as compared to intravenous drug administration)
including variable absorption, degradation of drug in the stomach and signifi-
cant first-pass metabolism to active 11-OH-THC and inactive metabolites in the
liver.

Recently, there has been renewed interest in oral THC pharmacokinetics due
to the therapeutic value of orally administered THC. In a study of THC, 11OH-
THC, and THCCOOH concentrations in 17 volunteers after a single 10 mg Marinol
capsule, mean peak plasma THC concentrations of 3.8 ng/ml (range 1.1–12.7), 11-
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OH-THC 3.4 ng/ml (range 1.2–5.6), and THCCOOH 26 ng/ml (range 14–46) were
found 1 to 2 h after ingestion (Kim and Yoon 1996). Similar THC and 11-OH-THC
concentrations were observed with consistently higher THCCOOH concentrations.
Interestingly, two THC peaks were frequently observed due to enterohepatic circu-
lation. The onset, magnitude, and duration of pharmacodynamic effects generally
occur later, are lower in magnitude, and have a delayed return to baseline when
THC is administered by the oral as compared to the smoked route (Binitie 1975;
Meier and Vonesch 1997).

In addition, THC-containing foods, i.e., hemp oil, beer, and other products, are
commercially available for oral consumption. Hemp oil is produced from cannabis
seed and is an excellent source of essential amino acids and omega-linoleic and
linolenic fatty acids. THC content is dependent upon the effectiveness of cannabis
seed cleaning and oil filtration processes. Hemp oil of greater than 300 µg THC/g
was available in the U.S. and up to 1,500 µg THC/g in Europe. Currently, hemp oil
THC concentrations in the U.S. are low, reflecting the efforts of manufacturers to
reduce the amount of THC in hemp oil products.

In a recent controlled cannabinoid administration study of THC-containing
hemp oils and dronabinol, the pharmacokinetics and pharmacodynamics of oral
THC were evaluated. Up to 14.8 mg of THC was ingested by six volunteers each
day in three divided doses with meals for five consecutive days (Nebro et al.
2004). There was a 10-day washout phase between each of the five dosing sessions.
THC was quantified in plasma by solid-phase extraction followed by positive
chemical ionization GC/MS. THC and 11-OH-THC were rarely detected in plasma
following the two lowest doses of 0.39 and 0.47 mg/day THC, while peak plasma

Fig. 3. Plasma ∆9-tetrahydrocannabinol (THC), 11-hydroxy-∆9-tetrahydrocannabinol (11-OH-THC) and 11-
nor-9-carboxy-∆9-tetrahydrocannabinol (THCCOOH) concentrations in one participant over 24 h following
administration of two 2.5-mgdronabinol (synthetic THC) doses. Time zero is the time of the first blood draw at
0730 hours. The 2.5-mg doses were administered with food at 1200 and 1800 (4.5 and 10.5 h after time zero).
(Reprinted from Journal of Chromatography B, 789, Gustafson et al., Validated method for the simultaneous
determination of delta-9-tetrahydrocannabinol (THC), 11-hydroxy-THC and 11-nor-9-carboxy-THC in human
plasma using solid phase extraction and gas chromotography-mass spectrometry with positive chemical
ionization, pp. 145, Fig. 2 therein, Copyright (2003) with permission from Elsevier)
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concentrationsof less than6.5ng/mlTHC, less than5.6ng/ml 11-OH-THC, and less
than 43.0 ng/ml THCCOOH were found after the two highest THC doses of 7.5 and
14.8 mg/day (Fig. 3). Interestingly, THCCOOH concentrations after the 7.5 mg/day
dronabinoldoseweregreater thanor equal to thoseof thehighpotency14.8mg/day
hemp oil dose. Two possible reasons for the higher bioavailability of THC in
dronabinol are greater protection from degradation in the acidic environment
of the stomach due to encapsulation and improved absorption of THC from the
sesame oil formulation. Plasma THC and 11-OH-THC concentrations fell below
the method’s limits of quantification of 0.5 ng/ml at 25 h, while THCCOOH was
still measurable for more than 50 h after the last dose of the higher concentration
hemp oils.

2.1.3
Rectal Administration

Severaldifferent suppository formulationswereevaluated inmonkeys todetermine
the formulation that maximized bioavailability and reduced first-pass metabolism
of THC by the liver (Mattes et al. 1993, 1994); THC-hemisuccinate provided the
highest bioavailability of 13.5%. Brenneisen et al. evaluated plasma THC concen-
trations in two patients who were prescribed THC hemisuccinate suppositories
or Marinol for spasticity (Brenneisen et al. 1996). THC did not accumulate in the
blood following 10 to 15 mg daily doses. THC concentrations peaked within 1
to 8 h after oral administration and ranged between 2.1 and 16.9 ng/ml. Rectal
administration of 2.5 to 5 mg THC produced maximum plasma concentrations of
1.1 to 4.1 ng/ml within 2 to 8 h. The bioavailability of the rectal route was approx-
imately twice that of the oral route due to higher absorption and lower first-pass
metabolism.

2.1.4
Sublingual and Dermal Administration

Due to the chemical complexityof cannabisplantmaterial as compared to synthetic
THC, cannabis extracts are being explored as therapeutic medications. One repro-
ducible extract of the Cannabis sativa plant contains approximately equal amounts
of THC and CBD (see Pharmacokinetics of Cannabidiol, Sect. 3). The efficacy of
cannabis extracts has been evaluated in clinical trials for analgesia (Holdcroft 1984;
Vaughan and Christie 1984), spasticity, and other indications in affected patients
(Zajicek et al. 2003). Cannabis extracts can be administered sublingually to avoid
first-pass metabolism by the liver.

Another route of drug exposure that avoids first-pass metabolism is topical ad-
ministration. Although still in the early stages of research, dermal administration
of THC also is being explored as a means of improving bioavailability of THC
(Stinchcomb et al. 2004).
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2.2
Distribution

THC concentrations decrease rapidly after the end of smoking due to its rapid
distribution into tissues and metabolism in the liver. THC is highly lipophilic and
initially taken up by tissues that are highly perfused, such as the lung, heart, brain,
and liver. In animals after i.v. administration of labeled THC, higher levels of
radioactivity are present in the lung than in other tissues (Lemberger et al. 1970).
Adams and Martin determined that a THC dose of 2 to 22 mg is necessary to
produce pharmacological effects in humans (Adams and Martin 1996). Assuming
that 10% to 25% of the available THC enters the circulation during smoking, the
actual dose required was estimated as 0.2 to 4.4 mg. Furthermore, only about 1%
of the dose at peak concentration was found in the brain, indicating that only 2 to
44 µg of THC penetrated the brain. Chiang et al. estimated that equilibration was
reached between plasma and tissue THC approximately 6 h after an intravenous
THC dose (Chiang and Rapaka 1987).

Metabolism of THC to 11-OH-THC, THCCOOH, and other analytes also con-
tributes to the reduction of THC in the blood. Perez-Reyes et al. compared the
pharmacokinetics and pharmacodynamics of tritiated THC and 11-OH-THC in 20
male volunteers (Perez-Reyes et al. 1972). Although equal doses produced equal
psychoactive effects, drug effects were perceived more rapidly after 11-OH-THC
than after THC. In addition, 11-OH-THC left the intravascular compartment faster
than THC. These data suggest that 11-OH-THC diffuses into the brain more readily
than THC. Another possible explanation is lower protein binding of 11-OH-THC,
as compared to THC, in the blood. Further support for the faster penetration of
brain by 11-OH-THC is found in studies documenting a more rapid diffusion of
11-OH-THC than THC into the brains of mice (Perez-Reyes et al. 1972).

THC’s volume of distribution (Vd) is large, approximately 10 l/kg, despite the
fact that it is 95% to 99% protein bound in plasma, primarily to lipoproteins
(Hunt and Jones 1980; Kelly and Jones 1992). More recently, with the benefit
of advanced analytical techniques, THC’s steady state Vd was found to be 3.4 l/kg
(Grotenhermen 2003). Less highly perfused tissues, including fat, accumulate drug
more slowly as THC redistributes from the vascular compartment (Harvey 2001).
With prolonged drug exposure, THC concentrates in fat and may be retained for
extended periods of time (Johansson et al. 1989b; Kreuz and Axelrod 1973). It
is suggested that fatty acid conjugates of THC and 11-OH-THC may be formed,
increasing the stability of these compounds in fat (Grotenhermen 2003).

Distribution of THC into peripheral organs and brains was found to be similar
in THC tolerant and non-tolerant dogs (Dewey et al. 1972). In addition, Dewey et
al. found that tolerance to the behavioral effects of THC in pigeons was not due to
decreased uptake of cannabinoids into brain (Dewey et al. 1972). Tolerance also was
evaluated in humans by Hunt and Jones (1980). Tolerance in humans developed
during oral administration of 30 mg of THC every 4 h for 10 to 12 days. Few phar-
macokinetic changes were noted during chronic administration, although average
total metabolic clearance and initial apparent volume of distribution increased
from 605 to 977 ml/min and from 2.6 to 6.4 l/kg, respectively. The pharmacoki-
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netic changes observed after chronic oral THC could not account for the observed
behavioral and physiologic tolerance, suggesting rather that tolerance was due to
pharmacodynamic adaptation.

THC rapidly crosses the placenta, although concentrations were lower in canine
and ovine fetal blood and tissues than in maternal plasma and tissues (Lee and
Chiang 1985). THC metabolites 11-OH-THC and THCCOOH crossed the placenta
much less efficiently (Bailey et al. 1987; Martin et al. 1977). No THCCOOH was
detected in fetal plasma and tissues, indicating a lack of transfer across the placenta
and a lack of metabolism of THC in the fetal monkey (Bailey et al. 1987). Blackard
and Tennes reported that THC in cord blood was three to six times less than in
maternal blood (Blackard and Tennes 1984). Transfer of THC to the fetus was
greater in early pregnancy. THC also concentrates into breast milk from maternal
plasma due to its high lipophilicity (Atkinson et al. 1988; Perez-Reyes and Wall
1982).

2.3
Metabolism

2.3.1
Hepatic Metabolism

Burstein et al. were the first to show that 11-OH-THC and THCCOOH were primary
metabolites of THC in rabbits and rhesus monkeys (Ben-Zvi et al. 1976; Ben-Zvi
and Burstein 1974; Burstein et al. 1972). They also documented that THC could
be metabolized in the brain. Harvey et al. monitored the metabolism of THC,
CBD, and CBN in mice, rats, and guinea pigs and found extensive metabolism,
but with inter-species variation (Harvey et al. 1979). Phase I oxidation reactions
include allylic and aliphatic hydroxylations, oxidation of alcohols to ketones and
acids, beta-oxidation, and degradation of the pentyl side chain. Conjugation with
glucuronic acid is a common phase II reaction. 11-OH-THC was the primary
metabolite in all three species, followed by 8α-OH-THC concentrations in the
mouse and rat, and 8β-OH-THC in guinea pig. Side chain hydroxylation was
common in all three species. THCCOOH concentrations were higher in the mouse
and rat, while THCCOOH glucuronide concentrations predominated in the guinea
pig. THC concentrations accumulated in the liver, lung, heart, and spleen.

The primary metabolic routes and metabolites of THC are depicted in Fig. 4.
Hydroxylation of THC at C9 by the hepatic cytochrome P450 enzyme system leads
to production of the equipotent metabolite 11-OH-THC (Iribarne et al. 1996; Mat-
sunaga et al. 1995), believed by early investigators to be the true psychoactive
analyte (Lemberger et al. 1970). Cytochrome P450 2C9, 2C19, and 3A4 are involved
in the oxidation of THC (Matsunaga et al. 1995). More than 100 THC metabolites
including di- and tri-hydroxy compounds, ketones, aldehydes, and carboxylic acids
have been identified (Grotenhermen 2003; Harvey 2001; Harvey and Paton 1986).
Although 11-OH-THC predominates as the first oxidation product, significant
amounts of 8β-OH-THC and lower amounts of the 8α-OH-THC are formed. Much
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Fig. 4. Majormetabolic routes for∆9-tetrahydrocannabinol (THC) in humans (M.A.Huestis, unpublisheddata)

lower plasma 11-OH-THC concentrations (approximately 10% of THC concentra-
tions) are found after cannabis smoking than after oral administration (Wall et al.
1983). Peak 11-OH-THC concentrations occurred approximately 13 min after the
start of smoking (Huestis et al. 1992b). Bornheim et al. reported that 11-OH-THC
and 8-β-OH-THC were formed at the same rate in human liver microsomes, with
smaller amounts of epoxy-hexahydrocannabinol, 8α-OH-THC and 8-keto-THC
(Bornheim et al. 1992). Cytochrome P450 2C9 is believed to be primarily respon-
sible for the formation of 11-OH-THC, whereas P450 3A catalyzes the formation
of 8-β-OH-THC, epoxy hexahydrocannabinol, and other minor metabolites. Less
than a fivefold variability in 2C9 rates of activity were observed, while much higher
variability was noted for 3A. Dihydroxylation of THC yields 8β-11-di-OH-THC.
Excretion of 8β-11-di-OH-THC in urine was reported to be a good biomarker for
recent cannabis use (McBurney et al. 1986).

Oxidation of the active 11-OH-THC produces the inactive metabolite 11-nor-
9-carboxy-∆9-tetrahydrocannabinol (THCCOOH) (Lemberger et al. 1970; Me-
choulam et al. 1973). THCCOOH and its glucuronide conjugate are the major
end products of biotransformation in most species, including man (Halldin et
al. 1982; Harvey and Paton 1986). THCCOOH concentrations gradually increase
and are greater than THC concentrations 30 to 45 min after the end of smoking
(Mason and McBay 1985). After ingestion of a single 10 mg oral dose of Mari-
nol, plasma THCCOOH concentrations were higher than THC and 11-OH-THC
concentrations as early as 1 h after dosing (Sporkert et al. 2001). Unlike after
smoking, THC and 11-OH-THC concentrations are similar after oral THC admin-
istration. Phase II metabolism of THCCOOH involves addition of glucuronic acid,
and less commonly, sulfate, glutathione, amino acids, and fatty acids via the C11
carboxyl group. The phenolic hydroxyl group may be a target as well. It is also
possible to have two glucuronic acid moieties attached to THCCOOH, although
steric hindrance at the phenolic hydroxyl group could be a factor. Addition of the
glucuronide group improves water solubility facilitating excretion, but renal clear-
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ance of these polar metabolites is low due to extensive protein binding (Hunt and
Jones 1980). No significant differences in metabolism between men and women
have been reported (Wall et al. 1983).

After the initial distribution phase, the rate-limiting step in the metabolism of
THC is its redistribution from lipid depots into blood (Garrett and Hunt 1977).
Lemberger et al. suggested that frequent cannabis smoking could induce THC
metabolism (Lemberger et al. 1971). However, later studies did not replicate this
finding (Agurell et al. 1986; Harvey and Paton 1986).

2.3.2
Extrahepatic Metabolism

Other tissues, including brain, intestine, and lung, may contribute to the
metabolism of THC, although alternate hydroxylation pathways may be more
prominent (Ben-Zvi et al. 1976; Greene and Saunders 1974; Krishna and Klotz
1994; Watanabe et al. 1988; Widman et al. 1975). An extrahepatic metabolic site
should be suspected whenever total body clearance exceeds blood flow to the liver,
or if severe liver dysfunction does not affect metabolic clearance (Krishna and
Klotz 1994). Of the ten mammalian classes of cytochrome P450 systems, the cy-
tochrome 1, 2, 3, and 4 families primarily metabolize xenobiotics and are found
in the liver, small intestine, peripheral blood, bone marrow, and mast cells in de-
creasing concentrations, with the lowest concentrations in the brain, pancreas, gall
bladder, kidney, skin, salivary glands, and testes. Within the brain, higher concen-
trations of cytochrome P450 enzymes are found in the brain stem and cerebellum
(Krishna and Klotz 1994). The hydrolyzing enzymes, non-specific esterases, β-
glucuronidases, and sulfatases, are primarily found in the gastrointestinal tract.
Side chain hydroxylation of THC is prominent in THC metabolism by the lung.
Metabolism of THC by fresh biopsies of human intestinal mucosa yielded polar
hydroxylated metabolites that directly correlated with time and the amount of
intestinal tissue (Greene and Saunders 1974).

In a study of the metabolism of THC in the brains of mice, rats, guinea pigs, and
rabbits, Watanabe et al. found that brain microsomes oxidized THC to monohy-
droxylated metabolites (Watanabe et al. 1988). Hydroxylation of C4 of the pentyl
side chain produced the most common THC metabolite in the brains of these
animals, similar to THC metabolites produced in the lung. These metabolites are
pharmacologically active, but their relative activity is unknown.

2.4
Elimination

Within 5 days, a total of 80% to 90% of a THC dose is excreted, mostly as hydrox-
ylated and carboxylated metabolites (Halldin et al. 1982; Harvey 2001). More than
65% is excreted in the feces, with approximately 20% eliminated in the urine (Wall
et al. 1983). Numerous acidic metabolites are found in the urine, many of which
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are conjugated with glucuronic acid to increase their water solubility. The primary
urinary metabolite is the acid-linked THCCOOH glucuronide conjugate (Williams
and Moffat 1980), while 11-OH-THC predominates in the feces (Harvey 2001). The
concentration of free THCCOOH and the cross-reactivity of glucuronide-bound
THCCOOH enable cannabinoid immunoassays to be performed directly on non-
hydrolyzed urine, but confirmation and quantification of THCCOOH is usually
performed after alkaline hydrolysis or β-glucuronidase hydrolysis to free THC-
COOH for measurement by GC/MS. It is generally thought that little to no THC or
11-OH-THC is excreted in the urine.

2.4.1
Terminal Elimination Half-Lives of THCCOOH

Another common problem with studying the pharmacokinetics of cannabinoids
in humans is the need for highly sensitive procedures to measure low cannabinoid
concentrations in the terminal phase of excretion, and the requirement for mon-
itoring plasma concentrations over an extended period to adequately determine
cannabinoid half-lives. Many studies utilized short sampling intervals of 24 to 72 h
that underestimate terminal THC and THCCOOH half-lives. The slow release of
THC from lipid storage compartments and significant enterohepatic circulation
contribute to THC’s long terminal half-life in plasma, reported as greater than
4.1 days in chronic cannabis users (Johansson et al. 1988). Isotopically labeled
THC and sensitive analytical procedures were used to obtain this drug half-life.
Garrett and Hunt reported that 10% to 15% of the THC dose is enterohepatically
circulated in dogs (Garrett and Hunt 1977). Johansson et al. reported a THC-
COOH plasma elimination half-life up to 12.6 days in a chronic cannabis user
when monitoring THCCOOH concentrations for 4 weeks (Johansson et al. 1989a).
Mean plasma THCCOOH elimination half-lives were 5.2±0.8 and 6.2±6.7 days for
frequent and infrequent cannabis users, respectively. Similarly, when sensitive ana-
lytical procedures and sufficient sampling periods were employed for determining
the terminal urinary excretion half-life of THCCOOH, it was estimated to be 3
to 4 days (Johansson and Halldin 1989). Urinary THCCOOH concentrations drop
rapidly until approximately 20 to 50 ng/ml, and then decrease at a much slower
rate. No significant pharmacokinetic differences between chronic and occasional
users have been substantiated (Chiang and Rapaka 1987).

2.4.2
Percentage THC Dose Excreted as Urinary THCCOOH

An average of 93.9±24.5 µg THCCOOH (range 34.6–171.6) was measured in urine
over a 7-day period following smoking of a single 1.75% THC cigarette containing
approximately 18 mg THC (Huestis et al. 1996). The average amount of THCCOOH
excreted in the same time period following the high dose (3.55% THC containing
approximately 34 mg THC) was 197.4±33.6 µg (range 107.5–305.0). This repre-
sented an average of only 0.54±0.14% and 0.53±0.09% of the original amount of
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THC in the low- and high-dose cigarettes, respectively. The small percentage of the
total dose found in the urine as THCCOOH is not surprising considering the many
factors that influence THCCOOH excretion after smoking. Prior to harvesting,
cannabis plant material contains little active THC. When smoked, THC carboxylic
acids spontaneously decarboxylate to produce THC with nearly complete conver-
sion upon heating. Pyrolysis of THC during smoking destroys additional drug.
Drug availability is further reduced by loss of drug in the side-stream smoke and
drug remaining in the unsmoked cigarette butt. These factors contribute to high
variability in drug delivery by the smoked route. It is estimated that the systemic
availability of smoked THC is approximately 8% to 24% and that bioavailability
depends strongly upon the experience of the cannabis user (Lindgren et al. 1981;
Ohlsson et al. 1980; Perez-Reyes et al. 1981). THC bioavailability is reduced due
to the combined effect of these factors; the actual available dose is much lower
than the amount of THC and THC precursor present in the cigarette. Most of the
THC dose is excreted in the feces (30%–65%), rather than in the urine (20%) (Wall
and Perez-Reyes 1981; Wall et al. 1983). Another factor affecting the low amount
of recovered dose is measurement of a single metabolite. Numerous cannabinoid
metabolites are produced in humans as a result of THC metabolism, most of which
arenotmeasuredor included in thepercentage-of-dose-excretedcalculationswhen
utilizing GC/MS.

2.4.3
Cannabinoid Glucuronide Conjugates

Specimen preparation for cannabinoid testing frequently includes a hydrolysis step
to free cannabinoids from their glucuronide conjugates. Most GC/MS confirma-
tion procedures in urine measure total THCCOOH following either an enzymatic
hydrolysis with β-glucuronidase, or more commonly, an alkaline hydrolysis with
sodium hydroxide. Alkaline hydrolysis appears to efficiently hydrolyze the ester
THCCOOH glucuronide linkage.

2.4.4
Urinary Biomarkers of Recent Cannabis Use

Significantly higher concentrations of THC and 11-OH-THC in urine are observed
when Escherichia coli β-glucuronidase is employed in the hydrolysis method com-
pared to either Helix pomatia β-glucuronidase or base (Kemp et al. 1995a,b).
THC and 11-OH-THC are primarily excreted in urine as glucuronide conjugates
that are resistant to cleavage by alkaline hydrolysis and by enzymatic hydrolysis
procedures employing some types of β-glucuronidase. Kemp et al. demonstrated
that β-glucuronidase from E. coli was needed to hydrolyze the ether glucuronide
linkages of the active cannabinoid analytes. Mean THC concentration in urine
specimens from seven subjects collected after each had smoked a single 3.58%
marijuana cigarette was 22 ng/ml using the E. coli β-glucuronidase hydrolysis
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method, while THC concentrations using either H. pomatia β-glucuronidase or
base hydrolysis methods were near zero (Kemp et al. 1995a,b). Similar differences
were found for 11-OH-THC with a mean concentration of 72 ng/ml from the E. coli
method and concentrations less than 10 ng/ml from the other methods. The au-
thors suggested that finding THC and/or 11-OH-THC in the urine might provide
a reliable marker of recent cannabis use, but adequate data from controlled drug
administration studies were not yet available to support or refute this observation.
Using a modified analytical method with E. coli β-glucuronidase, we have analyzed
hundreds of urine specimens collected following controlled THC administration.
We found that 11-OH-THC may be excreted in the urine of chronic cannabis users
for a much longer period of time, beyond the period of pharmacodynamic effects
and performance impairment. However, it does appear that THC is only present
in urine for a short period after use. Additional research is necessary to deter-
mine the validity of estimating time of cannabis use from THC and 11-OH-THC
concentrations in urine.

3
Pharmacokinetics of Cannabidiol

Cannabidiol (CBD) is a natural constituent of Cannabis sativa that is not psychoac-
tive (Benowitz et al. 1980; Perez-Reyes et al. 1973b; Pertwee 2004), but possesses
pharmacological activity that is being explored for therapeutic applications (Per-
twee 2004). CBD has been reported to be neuroprotective (Hampson et al. 1998),
analgesic (Holdcroft 1984; Karst et al. 2003; Vaughan and Christie 1984), sedating
(Holdcroft 1984; Melamede 1984; Plasse 1984; Vaughan and Christie 1984), anti-
emetic (Plasse 1984), anti-spasmodic (Baker et al. 2000), and anti-inflammatory
(Malfait et al. 2000). In addition, it has been reported that CBD blocks the anxiety
produced by THC (Zuardi et al. 1982) and is useful in the treatment of autoimmune
diseases (Melamede 1984). These potential therapeutic applications alone warrant
investigation of CBD pharmacokinetics, but also, the controversy over whether
CBD alters the pharmacokinetics of THC in a clinically significant manner needs
to be resolved (Agurell et al. 1984; McArdle et al. 2001).

Cannabidiol metabolism is similar to that of THC, with primary oxidation
of C9 to the hydroxy and carboxylic acid moieties (Agurell et al. 1986; Harvey
and Mechoulam 1990) and side chain oxidation (Harvey et al. 1979; Harvey and
Mechoulam 1990). Like THC, CBD is subjected to a significant first-pass effect;
however, unlike THC, a large proportion of the dose is excreted unchanged in
the feces (Wall et al. 1976). Benowitz et al. reported that CBD was an in vitro
inhibitor of liver microsomal drug-metabolizing enzymes and inhibited hexobar-
bital metabolism in humans (Benowitz et al. 1980). Others have reported that CBD
selectively inhibits THC metabolite formation in vitro (McArdle et al. 2001). Hunt
et al. reported that THC’s pharmacokinetic properties were not affected by CBD,
except for a slight slowing of the metabolism of 11-OH-THC to THCCOOH (Hunt et
al. 1981). Co-administration of CBD did not significantly affect the total clearance,
volume of distribution, and terminal elimination half-lives of THC metabolites.
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The bioavailability of CBD following the smoked route averaged 31% (range 11%–
45%) as compared to intravenously administered drug (Ohlsson et al. 1986).

Similar results were obtained when comparing the sublingual administration
of 25 mg THC to 25 mg THC and 25 mg CBD in cannabis-based medicinal extracts
(Guy and Robson 2004a). There were no statistically significant differences in mean
THC Cmax, half-life, or AUC for THC and 11-OH-THC following administration of
these two compounds. The only statistically significant difference was in the time
of maximum THC concentration. Despite administration of equivalent amounts of
THC and CBD, lower plasma concentrations of CBD were always observed. In a sep-
arate evaluation of 10 mg THC and 10 mg CBD from a cannabis-based medicine
extract, the pharmacokinetics of THC, 11-OH-THC, and CBD were determined
after sublingual, buccal, oro-pharyngeal, and oral administration (Guy and Rob-
son 2004b). All three analytes were measurable approximately 30 min after dosing
with higher THC than CBD concentrations. 11-OH-THC generally exceeded THC
concentrations within 45 min of dosing. Mean Cmax concentrations for THC, CBD,
and 11-OH-THC were less than 5, less than 2, and less than 7 ng/ml across all
administration routes. High intra- and inter-subject variability was noted.

4
Pharmacokinetics of Cannabinol

Cannabinol (CBN) is a natural constituent of Cannabis sativa with approximately
10% of the activity of THC (Perez-Reyes 1985; Perez-Reyes et al. 1973b). CBN
metabolism is also similar to that of THC with the hydroxylation of C9 yielding the
primary metabolite (Wall et al. 1976). Due to the fact that one additional ring is
aromatic, CBN is metabolized less extensively and more slowly than THC (Harvey
et al. 1979). The average bioavailability of a smoked CBN dose, as compared to
intravenous CBN, was 41% with a range of 8% to 77% (Ohlsson et al. 1985).

5
Interpretation of Cannabinoid Concentrations in Biological Fluids

5.1
Plasma Concentrations of THC, 11-OH-THC, and THCCOOH

Compared to other drugs of abuse, analysis of cannabinoids presents some difficult
challenges. THC and 11-OH-THC are highly lipophilic and present in low concen-
trations in body fluids. Complex specimen matrices, i.e., blood, sweat, and hair,
may require multi-step extractions to separate cannabinoids from endogenous
lipids and proteins. Care must be taken to avoid low recoveries of cannabinoids
due to their high affinity to glass and plastic containers, and to collection devices
for alternate matrices (Blanc et al. 1993; Bloom 1982; Christophersen 1986; Joern
1992). THC and THCCOOH are predominantly found in the plasma fraction of
blood, where 95% to 99% are bound to lipoproteins. Only about 10% of either
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compound is found in the erythrocytes (Garrett and Hunt 1974; Widman et al.
1974). Whole blood cannabinoid concentrations are approximately one-half the
concentrations found in plasma specimens, due to the low partition coefficient of
drug into erythrocytes (Huang et al. 2001; Mason and McBay 1985; Owens et al.
1981; Widman et al. 1974).

5.1.1
Following Intravenous THC Administration

Kelly et al. intravenously administered 5 mg of THC to eight males and periodically
monitored THC, THCCOOH, and THCCOOH-glucuronide conjugates by GC/MS
[limit of detection (LOD) 1 ng/ml for THC and THCCOOH] in plasma with and
withoutalkalinehydrolysis forup to10h,andthenoncedaily forup to12days (Kelly
and Jones 1992). The elimination half-lives of THC, THCCOOH, and THCCOOH-
glucuronide in the plasma of frequent cannabis users were 116.8 min, 5.2 days,
and 6.8 days, respectively, and 93.3 min, 6.2 days and 3.7 days in infrequent users.
Conjugated THCCOOH was detected in the plasma of 75% of the frequent and
25% of the infrequent users at day 12.

5.1.2
Following Smoked Cannabis Administration

THC detection times in plasma of 3.5 to 5.5 h were reported in individuals who
smoked two cannabis cigarettes containing a total of approximately 10 mg of THC
(GC/MS LOD 0.8 ng/ml) (McBurney et al. 1986) and up to 13 days for deuterated
THC in the blood of chronic cannabis users who smoked four deuterium-labeled
THC cigarettes (GC/MS LOD = 0.02 ng/ml) (Johansson et al. 1988). In the latter
study, the terminal half-life of THC in plasma was determined to be approximately
4.1 days, as compared to frequent estimates of 24 to 36 h in several other studies
(Agurell et al. 1984; Lemberger et al. 1972;Wall et al. 1983) that lacked the sensitivity
and the lengthy monitoring window of the radio-labeled protocol.

Few controlled drug administration studies have monitored active 11-OH-THC
plasma concentrations. Huestis et al. found plasma 11-OH-THC concentrations
to be approximately 6% to 10% of the concurrent THC concentrations for up to
45 min after the start of smoking (Huestis et al. 1992b). Mean peak 11-OH-THC
concentrations occurred 13.5 min (range 9.0–22.8) after the start of smoking and
were 6.7 ng/ml (range 3.3–10.4) and 7.5 ng/ml (range 3.8–16) after one 1.75% or
3.55%THCcigarette, respectively. 11-OH-THCconcentrationsdecreasedgradually
with mean detection times of 4.5 h and 11.2 h after the two doses.

THCCOOH concentrations were monitored in human plasma for 7 days af-
ter controlled cannabis smoking (Huestis et al. 1992b). This inactive metabolite
was detected in all subjects’ plasma by 8 min after the start of smoking. THC-
COOH concentrations in plasma increased slowly and plateaued for up to 4 h.
Peak concentrations were consistently lower than peak THC concentrations, but
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were higher than peak 11-OH-THC concentrations. Mean peak THCCOOH con-
centrations were 24.5 ng/ml (range 15–54) and 54.0 ng/ml (range 22–101) after
the 1.75% and 3.55% THC cigarettes, respectively. Following smoking of the lower
dose, THCCOOH was detected from 48 to 168 h, with a mean of 84 h. Detection
times ranged from 72 to 168 h with a mean of 152 h following smoking of the higher
dose. The time course of detection of THCCOOH is much longer than either that
of THC or 11-OH-THC. The area under the curve for the mean data from 0 to
168 h was 36.5 and 72.2 ng-h/ml, respectively, for the low- and high-dose condi-
tions, demonstrating a dose–response relationship for the mean data (Huestis et al.
1992b). Figure 2 shows individual THC concentration time profiles for six subjects
and demonstrates the large inter-subject variability of the smoked route of drug
administration. Moeller et al. measured serum THC and THCCOOH concentra-
tions in 24 experienced users from 40 to 220 min after smoking 300-µg/kg cannabis
cigarettes (Moeller et al. 1992). Mean serum THC and THCCOOH concentrations
were approximately 13 and 22 ng/ml at 40 min and 1 and 13 ng/ml at 220 min after
smoking. The half-life of the rapid distribution phase of THC was estimated to be
55 min over this short sampling interval.

Most plasma or whole blood cannabinoid analytical methods have not included
measurement of the glucuronide conjugates of THC, 11-OH-THC, or THCCOOH.
The relative percentages of free and conjugated cannabinoids in plasma after
different routes of drug administration are unclear. Even the efficacy of alkaline
and enzymatic hydrolysis procedures to release analytes from their conjugates is
not fully understood (Feng et al. 2000; Foltz 1984; Green et al. 1997; Kelly and
Jones 1992; Kemp et al. 1995a,b; Law et al. 1984; Manno et al. 2001; McBurney et
al. 1986; Wall and Perez-Reyes 1981; Wall and Taylor 1984; Widman et al. 1974).
In general, conjugate concentrations are believed to be lower in plasma following
intravenous or smoked cannabis, but may be of much greater magnitude after oral
drug administration. There is no indication that the glucuronide conjugates are
active, although supporting data are lacking.

5.1.3
Oral THC

After oral and sublingual administration of THC, THC-containing food products,
or cannabis-based extracts, concentrations of THC and 11-OH-THC are much
lower than after smoked administration. Plasma concentrations of THC in patients
receiving10 to15mgofMarinol as ananti-emeticwere low tonon-measurable in57
patients (Shaw et al. 1991). Brenneisen et al. found peak plasma concentrations of
THC and THCCOOH after daily oral 10 to 15 mg Marinol doses of 2.1 to 16.9 ng/ml
within 1 to 8 h and 74.5 to 244 ng/ml within 2 to 8 h, respectively (Brenneisen et al.
1996). In our oral THC controlled administration studies, peak plasma THC, 11-
OH-THC, and THCCOOH concentrations were less than 6.5, 5.6, and 24.4 ng/ml,
respectively, following up to 14.8 mg/day of THC in the form of THC-containing
food products or Marinol (Nebro et al. 2004). Peak concentrations and time to
peak concentrations varied, sometimes considerably, between subjects. Plasma
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THC and 11-OH-THC were negative for all participants and for all doses by 16 h
after the last THC dose. Plasma THCCOOH persisted for a longer period of time
following the two highest doses of 7.5 mg/day dronabinol and 14.8 mg/day THC in
hemp oil. Ohlsson et al. reported that orally administered THC (20 mg in a cookie)
yielded low and irregular plasma concentrations compared to intravenous and
inhaled THC (Ohlsson et al. 1980).

5.1.4
Cannabinoid Concentrations After Frequent Use

Most THC plasma data have been collected following acute exposure; less is known
of plasma THC concentrations in frequent users. Peat reported THC, 11-OH-THC,
and THCCOOH plasma concentrations in frequent cannabis users of 0.86±0.22,
0.46±0.17, and 45.8±3.1 ng/ml, respectively, a minimum of 12 h after the last
smoked dose (Peat 1989). No difference in terminal half-life in frequent or in-
frequent users was observed. Johansson et al. administered radiolabeled THC to
frequent cannabis users and found a terminal elimination half-life of 4.1 days for
THC in plasma due to extensive storage and release from body fat (Johansson et
al. 1988).

5.1.5
Prediction Models for Estimation of Cannabis Exposure

Although there continues to be controversy in the interpretation of blood cannabi-
noid results, some general concepts have wide support. A dose–response relation-
ship has been demonstrated for smoked THC and THC plasma concentrations
(Perez-Reyes et al. 1981, 1982). It is well established that plasma THC concentra-
tions begin to decline prior to the time of peak effects, although it has been shown
that THC effects appear rapidly after initiation of smoking (Huestis et al. 1992d).
Individual drug concentrations and ratios of cannabinoid metabolite to parent
drug concentration have been suggested as potentially useful indicators of recent
drug use (Hanson et al. 1983; Law et al. 1984). The ratio of plasma THCCOOH
to THC was found to exceed 1 at 45 min after cannabis smoking (Kelly and Jones
1992). This is in agreement with results reported by Mason and McBay (1985) and
Huestis et al. (1992d) who found that peak effects occurred when THC and THC-
COOH concentrations reached equivalency, within 30 to 45 min after initiation of
smoking. Measurement of cannabinoid analytes with short time courses of detec-
tion (e.g., 8β, 11-dihydroxy-tetrahydrocannabinol) as a marker of recent exposure
has not found widespread use (Mason and McBay 1985). Recent exposure (6 to 8 h)
and possible impairment have been linked to plasma THC concentrations in excess
of 2 to 3 ng/ml (Huestis et al. 1992b; Mason and McBay 1985). Gjerde et al. (1993)
suggested that 1.6 ng/ml THC in whole blood might indicate possible impairment.
This correlates well with the suggested concentration of plasma THC, due to the
fact that THC in hemolyzed blood is approximately one-half the concentration of
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Fig. 5. Predictive mathematical models for estimating the elapsed time in hours (Hrs) of last cannabis use
basedonplasma∆9-tetrahydrocannabinol (THC) and11-nor-9-carboxy-∆9-tetrahydrocannabinol (THCCOOH)
concentrations. (Reproduced from the Journal of Analytic Toxicology, by permission of Preston Publications,
a division of Preston Industries; Huestis et al. 1992c, Fig. 1 therein)

plasma THC (Mason and McBay 1984). Interpretation is further complicated by
residual THC and THCCOOH concentrations found in blood of frequent cannabis
users. In general, it is suggested that chronic cannabis smokers may have residual
plasma THC concentrations of less than 2 ng/ml 12 h after smoking cannabis (Peat
1989). Significantly higher residual concentrations of THCCOOH may be found.

Having an accurate prediction of the time of cannabis exposure would provide
valuable information in establishing the role of cannabis as a contributing factor
to events under investigation. Two mathematical models for the prediction of time
of cannabis use from the analysis of a single plasma specimen for cannabinoids
were developed (Huestis et al. 1992c). Model I was based on THC concentrations
and model II was based on the ratio of THCCOOH to THC in plasma (Fig. 5).
Both correctly predicted the times of exposure within the 95% confidence interval
for more than 90% of the specimens evaluated. Furthermore, plasma THC and
THCCOOH concentrations reported in the literature following oral and smoked
cannabis exposure, in frequent and infrequent cannabis smokers, and with mea-
surements obtained by a wide variety of methods, including radioimmunoassay
and GC/MS, were evaluated with the models. Plasma THC concentrations less than
2.0 ng/ml were excluded from use in both models due to the possibility of residual
THC concentrations in frequent smokers. Manno et al. evaluated the models’ use-
fulness in predicting the time of cannabis use in a controlled cannabis smoking
study (Manno et al. 2001). The models were found to accurately predict the time
of last use within the 95% confidence intervals. Due to the limited distribution
of THC and THCCOOH into red blood cells, it is important to remember that
when comparing whole blood THC and/or THCCOOH concentrations to plasma
concentrations, it is necessary to double the whole blood concentration prior to
comparison.
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5.2
Urinary THCCOOH Concentrations

Detection of cannabinoids in urine is indicative of prior cannabis exposure, but the
long excretion half-life of THCCOOH in the body, especially in chronic cannabis
users, makes it difficult to predict the timing of past drug use. In a single extreme
case, one individual’s urine was positive at a concentration greater than 20 ng/ml
by immunoassay up to 67 days after last drug exposure (Ellis et al. 1985). This
individual had used cannabis heavily for more than 10 years. However, a naïve
user’s urine may be found negative by immunoassay after only a few hours follow-
ing the smoking of a single cannabis cigarette (Huestis et al. 1995). Assay cutoff
concentrations and the sensitivity and specificity of the immunoassay affect drug
detection times. A positive urine test for cannabinoids indicates only that drug
exposure has occurred. The result does not provide information on the route of
administration, the amount of drug exposure, when drug exposure occurred, or
the degree of impairment.

To date, there are too few urinary THC and 11-OH-THC data to guide interpre-
tation of positive urine cannabinoid tests; however, data are available for guiding
interpretation of total urinary THCCOOH concentrations. Total THCCOOH con-
centrations include both the free THCCOOH and THCCOOH-glucuronide con-
centrations that are obtained after alkaline or enzymatic hydrolysis. Substantial
intra- and inter-subject variability occurs in patterns of THCCOOH excretion.
THCCOOH concentration in the first specimen after smoking is indicative of how
rapidly the metabolite can appear in urine. Mean first urine THCCOOH concentra-
tions were 47±22.3 ng/ml and 75.3±48.9 ng/ml after smoking one 1.75% or 3.55%
THC cigarette, respectively (Huestis et al. 1996). Of the subjects’ first urine speci-
mens, 50% after the low dose and 83% after the high dose were positive by GC/MS
at a 15 ng/ml THCCOOH cutoff concentration. Thus, THCCOOH concentrations
in the first urine specimen are dependent upon the relative potency of the cigarette,
the elapsed time following drug administration, smoking efficiency, and individual
differences in drug metabolism and excretion. Mean peak urine THCCOOH con-
centrations averaged 89.8±31.9 ng/ml (range 20.6–234.2) and 153.4±49.2 ng/ml
(range 29.9–355.2) following smoking of approximately 15.8 and 33.8 mg THC,
respectively. The mean times of peak urine concentration were 7.7±0.8 h after
the 1.75% THC and 13.9±3.5 h after the 3.55% THC dose. Although peak con-
centrations appeared to be dose related, there was a 12-fold variation between
individuals.

5.2.1
THCCOOH Detection Windows in Urine

Drug detection time, or the duration of time after drug administration that an
individual’s urine tests positive for cannabinoids, is an important factor in the in-
terpretation of urine drug results. Detection time is dependent on pharmacological
factors (e.g., drug dose, route of administration, rates of metabolism and excretion)
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and analytical factors (e.g., assay sensitivity, specificity, accuracy). Mean detection
times in urine following smoking vary considerably between subjects, even in
controlled smoking studies where cannabis dosing is standardized and smoking is
computer-paced. During the terminal elimination phase, consecutive urine spec-
imens may fluctuate between positive and negative as THCCOOH concentrations
approach the cutoff concentration. It may be important in drug treatment settings
or in clinical trials to differentiate between new drug use and residual excretion
of previously used cannabinoids. After smoking a 1.75% THC cigarette, three of
six subjects had additional positive urine samples interspersed between negative
urine samples (Huestis et al. 1995). This had the effect of producing much longer
detection times for the last positive specimen. Using the 15 ng/ml confirmation
cutoff for THCCOOH currently used for most urine drug testing, the mean GC/MS
THCCOOH detection times for the last positive urine sample following the smok-
ing of a single 1.75% or 3.55% THC cigarette were 33.7±9.2 h (range 8–68.5) and
88.6±23.2 h (range 57–122.3), respectively.

5.2.2
Normalization of Cannabinoid Urine Concentrations
to Urine Creatinine Concentrations

Normalization of the cannabinoid drug concentration to the urine creatinine con-
centration aids in the differentiation of new vs prior cannabis use and reduces the
variability of drug measurement due to urine dilution. Due to the long half-life of
drug in the body, especially in chronic cannabis users, toxicologists and practi-
tioners are frequently asked to determine if a positive urine test represents a new
episode of drug use or represents continued excretion of residual drug. Random
urine specimens contain varying amounts of creatinine depending on the degree
of concentration of the urine. Hawks first suggested creatinine normalization of
urine test results to account for variations in urine volume in the bladder (Hawks
1983). Whereas urine volume is highly variable due to changes in liquid, salt,
and protein intake, exercise, and age, creatinine excretion is much more stable.
Manno et al. recommended that an increase of 150% in the creatinine normalized
cannabinoid concentration above the previous specimen be considered indicative
of a new episode of drug exposure (Manno et al. 1984). If the increase is greater
than or equal to the threshold selected, then new use is predicted. This approach
has received wide attention for potential use in treatment and employee assistance
programs, but there has been limited evaluation of the usefulness of this ratio
under controlled dosing conditions. Huestis et al. conducted a controlled clinical
study of the excretion profile of creatinine and cannabinoid metabolites in a group
of six cannabis users who smoked two different doses of cannabis separated by
weekly intervals (Huestis and Cone 1998b). As seen in Fig. 6, normalization of uri-
nary THCCOOH concentration to the urinary creatinine concentration produces
a smoother excretion pattern and facilitates interpretation of consecutive urine
drug test results. A relative operating characteristic (ROC) curve was constructed
from sensitivity and specificity data for 26 different cutoffs ranging from 10% to
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Fig. 6. Urine concentrations of 11-nor-9-carboxy-∆9-tetrahydrocannabinol (THCCOOH; ng/ml, and ng/mg
creatinine) for one subject after smoking a single 3.55% THC cigarette. (Reproduced from the Journal of
Analytic Toxicology by permission of Preston Publications, a division of Preston Industries; Huestis and Cone
1998b, Fig. 3 therein)

200%. The most accurate ratio (85.4%) was 50%, with a sensitivity of 80.1% and
a specificity of 90.2%, with 5.6% false-positive and 7.4% false-negative predictions.
If the previously recommended increase of 150% was used as the threshold for new
use, sensitivity of detecting new use was only 33.4%, specificity was high at 99.8%,
and there was an overall accuracy prediction of 74.2%. To further substantiate
the validity of the derived ROC curve, urine cannabinoid metabolite and creati-
nine data from another controlled clinical trial that specifically addressed water
dilution as a means of specimen adulteration were evaluated (Cone et al. 1998).
Sensitivity, specificity, accuracy, percentage false positives, and percentage false
negatives were 71.9%, 91.6%, 83.9%, 5.4%, and 10.7%, respectively, when the 50%
criterion was applied. These data indicate selection of a threshold to evaluate se-
quential creatinine-normalized urine drug concentrations can improve the ability
to distinguish residual excretion from new drug usage.

5.3
Oral Fluid Testing

Oral fluid is also a suitable specimen for monitoring cannabinoid exposure and is
beingevaluated fordrivingunder the influenceofdrugs,drug treatment,workplace
drug testing, and for clinical trials (Cairns et al. 1990; Gross and Soares 1978; Gross
et al. 1985; Mura et al. 1999; Soares et al. 1976, 1982). Adequate sensitivity is best
achieved with an assay directed toward detection of THC, rather than 11-OH-
THC or THCCOOH. The oral mucosa is exposed to high concentrations of THC
during smoking and serves as the source of THC found in oral fluid. Only minor
amounts of drug and metabolites diffuse from the plasma into oral fluid (Hawks
1983). Following intravenous administration of radiolabeled THC, no radioactivity
could be demonstrated in oral fluid (Hawks 1982). No measurable 11-OH-THC or
THCCOOH was found in oral fluid collected immediately following and up to
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Fig. 7. Excretion patterns of ∆9-tetrahydrocannabinol (THC) concentrations (ng/ml) in oral fluid and plasma,
and urinary 11-nor-9-carboxy-∆9-tetrahydrocannabinol (ng THCCOOH/mg creatinine) in one human subject
following smoking of a single cannabis cigarette (3.55%). The ng THCCOOH/mg creatinine ratio is illustrated
for all urine specimens collected through the last positive specimen. Analyses were performed by GC-MS at
cutoff concentrations of 0.5 ng/ml for oral fluid and plasma and 15 ng/ml for urine. (Reproduced from the
Journal of Analytic Toxicology by permission of Preston Publications, a division of Preston Industries; Huestis
and Cone 2004, Fig. 2 therein)

7 days after cannabis smoking with a GC/MS LOQ of 0.5 ng/ml (Huestis and Cone
1998a). Similarly, 11-OH-THC and THCCOOH were not detected in the oral fluid
of 22 subjects who were documented cannabis users (Kintz et al. 2000). Oral fluid
collected with the Salivette collection device was positive for THC in 14 of these 22
participants. Although no 11-OH-THC or THCCOOH was identified by GC/MS,
cannabinol and cannabidiol were found in addition to THC. Hours after smoking,
the oral mucosa serves as a depot for release of THC into the oral fluid. In addition,
as detection limits continue to decrease with the development of new analytical
instrumentation, it may be possible to measure low concentrations of THCCOOH
in oral fluid.

Detection times of cannabinoids in oral fluid are shorter than in urine, and more
indicative of recent cannabis use (Cairns et al. 1990; Gross et al. 1985). Oral fluid
THC concentrations temporally correlate with plasma cannabinoid concentrations
and behavioral and physiological effects, but wide intra- and inter-individual vari-
ation precludes the use of oral fluid concentrations as indicators of drug impair-
ment (Huestis and Cone 1998a; Huestis et al. 1992a). THC may be detected at low
concentrations by radioimmunoassay for up to 24 h after use. Figure 7 depicts
excretion of THC in oral fluid and plasma and creatinine-normalized THCCOOH
excretion in urine in one subject after smoking a single 3.55% cannabis cigarette
(Huestis and Cone 2004). After smoking cannabis, oral fluid cannabinoid tests
were positive for THC by GC/MS/MS with a cutoff of 0.5 ng/ml for 13±3 h (range
1–24) (Niedbala et al. 2001). After these times, occasional positive oral fluid re-
sults were interspersed with negative tests for up to 34 h. Peel et al. tested oral
fluid samples from 56 drivers suspected of being under the influence of cannabis
with the enzyme-multiplied immunoassay test (EMIT) screening test and GC/MS
confirmation (Peel et al. 1984). They suggested that the ease and non-invasiveness
of sample collection made oral fluid a useful alternative matrix for detection of
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recent cannabis use. Oral fluid samples also are being evaluated in the European
Union’s Roadside Testing Assessment (ROSITA) Project to reduce the number of
individuals driving under the influence of drugs and to improve road safety. The
ease and non-invasiveness of oral fluid collection, reduced hazards in specimen
handling and testing, and shorter detection window are attractive attributes of this
method for identifying the presence of potential performance-impairing drugs.

In a recent study of smoked and oral cannabis use, the Intercept DOA Oral Spec-
imen Collection Device and GC/MS/MS (cutoff 0.5 ng/ml) were paired to monitor
oral fluid cannabinoids in ten participants (Niedbala et al. 2001). Oral fluid spec-
imens tested positive following smoked cannabis for an average of 13±3 h (range
1–24). After these times, occasional positive oral fluid results were interspersed
with negative tests for up to 34 h. A different oral fluid collection device, the Cozart
RapiScan device, utilizes a 10 ng/ml cannabinoid cutoff to screen for cannabis
use (Jehanli et al. 2001). Positive oral fluid cannabinoid tests were not obtained
more than 2 h after last use, suggesting that much lower cutoff concentrations
were needed to improve sensitivity. A procedure for direct analysis of cannabi-
noids in oral fluid with solid-phase microextraction and ion trap GC/MS has been
developed with a limit of detection of 1.0 ng/ml (Hall et al. 1998). Detection of
cannabinoids in oral fluid is a rapidly developing field; however, there are many
scientific issues to resolve. One of the most important is the degree of absorption
of the drug to oral fluid collection devices.

5.4
Cannabinoids in Sweat

To date, there are no published data on the excretion of cannabinoids in sweat
following controlled THC administration. Sweat testing is being applied to monitor
cannabis use in drug treatment, criminal justice, workplace drug testing, and
clinical studies (Huestis and Cone 1998a; Kidwell et al. 1998). In 1989, Balabanova
and Schneider utilized radioimmunoassay to detect cannabinoids in apocrine
sweat (Balabanova and Schneider 1989). Currently, there is a single commercially
available sweat collection device, the PharmCheck patch, offered by PharmChem
Laboratories in Texas, USA. Generally, the patch is worn for 7 days and exchanged
for a new patch once each week during visits to the treatment clinic or parole
officer. Theoretically, this permits constant monitoring of drug use throughout the
week, extending the window of drug detection and improving test sensitivity. As
with oral fluid testing, this is a developing analytical technique with much to be
learned about the pharmacokinetics of cannabinoid excretion in sweat, potential
reabsorption of THC by the skin, possible degradation of THC on the patch, and
adsorption of THC onto the patch collection device. It is known that THC is the
primary analyte detected in sweat, with little 11-OH-THC and THCCOOH. Several
investigators have evaluated the sensitivity and specificity of different screening
assays fordetecting cannabinoids in sweat (Mura et al. 1999; SamynandvanHaeren
2000). Kintz et al. identified THC (4–38 ng/patch) in 20 known heroin abusers who
wore the PharmChek patch for 5 days while attending a detoxification center (Kintz
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et al. 1997). Sweat was extracted with methanol and analyzed by GC/MS. The same
investigators also evaluated forehead swipes with cosmetic pads for monitoring
cannabinoids in sweat from individuals suspected of driving under the influence of
drugs (Kintz et al. 2000). THC, but not 11-OH-THC or THCCOOH, was detected (4
to 152 ng/pad) by electron impact GC/MS in the sweat of 16 of 22 individuals who
tested positive for cannabinoids in urine. Ion trap tandem mass spectrometry has
also been used to measure cannabinoids in sweat collected with the PharmChek
sweat patch with a limit of detection of 1 ng/patch (Ehorn et al. 1994).

5.5
Cannabinoids in Hair

There are multiple mechanisms for the incorporation of cannabinoids in hair.
THC and metabolites may be incorporated into the hair bulb that is surrounded
by capillaries. Drug may also diffuse into hair from sebum that is secreted onto
the hair shaft and from sweat that is excreted onto the skin surface. Drug may also
be incorporated into hair from the environment. Cannabis is primarily smoked,
providing an opportunity for environmental contamination of hair with THC in
cannabis smoke. Basic drugs such as cocaine and methamphetamine concentrate
in hair due to ionic bonding to melanin, the pigment in hair that determines hair
color. The more neutral and lipophilic THC is not highly bound to melanin, result-
ing in much lower concentrations of THC in hair as compared to other drugs of
abuse. Usually THC is present in hair at a higher concentration than its THCCOOH
metabolite (Cairns et al. 1995; Cirimele 1996; Kintz et al. 1995; Moore et al. 2001).
An advantage of measuring THCCOOH in hair is that THCCOOH is not present
in cannabis smoke, avoiding the issue of passive exposure from the environment.
Analysis of cannabinoids in hair is challenging due to the high analytical sensitiv-
ity required. THCCOOH is present in the femtogram to picogram per milligram of
hair range. GC/MS/MS is required in most analytical techniques. A novel approach
to the screening of hair specimens for the presence of cannabinoids in hair was
proposed by Cirimele et al. (1996). They developed a rapid, simple GC/MS screen-
ing method for THC, cannabinol, and cannabidiol in hair that did not require
derivatization prior to analysis. The method was found to be a sensitive screen
for cannabis detection with GC/MS identification of THCCOOH recommended as
a confirmatory procedure.

It is difficult to conduct controlled cannabinoid administration studies on the
disposition of cannabinoids in hair because of the inability to differentiate admin-
istered drug from previously self-administered cannabis. If isotopically labeled
drug were administered, it would be possible to identify newly administered drug
in hair. There are advantages to monitoring drug use with hair testing including
a wide window of drug detection, a less invasive specimen collection procedure,
and the ability to collect a second specimen at a later time. However, one of the
weakest aspects of testing for cannabinoids in hair is the low sensitivity of drug de-
tection in this alternate matrix. In controlled cannabinoid administration studies
conducted by Huestis et al., only about one-third of non-daily users and two-thirds
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of daily cannabis users had positive cannabinoid hair tests by GC/MS/MS with de-
tection limits of 1 ng/mg for THC and 0.1 ng/mg for THCCOOH. All participants
had positive urine cannabinoid tests at the time of hair collection (unpublished
data).
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Abstract The use of marijuana for recreational and medicinal purposes has re-
sulted in a large prevalence of chronic marijuana users. Consequences of chronic
cannabinoid administration include profound behavioral tolerance and with-
drawal symptoms upon drug cessation. A marijuana withdrawal syndrome is only
recently gaining acceptance as being clinically significant. Similarly, laboratory
animals exhibit both tolerance and dependence following chronic administration
of cannabinoids. These animal models are being used to evaluate the high degree
of plasticity that occurs at the molecular level in various brain regions following
chronic cannabinoidexposure. In this review,wedescribe recent advances thathave
increased our understanding of the impact of chronic cannabinoid administration
on cannabinoid receptors and their signal transduction pathways. Additionally,
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we discuss several potential pharmacotherapies that have been examined to treat
marijuana dependence.

Keywords Cannabinoid ·Dependence ·Marijuana ·THC ·Withdrawal · Tolerance
· Rimonabant · Cannabis

1
Introduction

The worldwide use of cannabis for recreational as well as for medicinal pur-
poses has resulted in a large population of individuals chronically using this drug.
Consequently, many recent reviews have focused on the long-term consequences
of chronic marijuana use, particularly as it relates to tolerance and dependence
(Lichtman et al. 2002; Maldonado 2002; Maldonado and Rodriguez De Fonseca
2002; Tanda and Goldberg 2003; Martin et al. 2004). Although similar antecedents
(i.e., prolonged exposure to a particular drug) lead to tolerance and withdrawal,
both processes are mediated by different neurochemical and neuroanatomical
substrates. The profound behavioral tolerance that occurs during repeated ad-
ministration of ∆9-tetrahydrocannabinol (THC), the primary active constituent
of marijuana, or other cannabinoid agonists illustrates the high degree of plas-
ticity that can occur within the endocannabinoid system. This plasticity can be
attributed, in part, to changes that occur to the CB1 receptor, cell signaling pro-
cesses, and possibly changes in levels of endogenous cannabinoids in the CNS. In
contrast, termination of chronic cannabinoids results in a variety of withdrawal
symptoms in humans as well as laboratory animals. In humans, abstinence from
continual marijuana use leads to delayed withdrawal symptoms manifested as
physiological symptoms of decreased appetite and weight loss, as well as emotional
changes, which include irritability, anxiety, restlessness, and strange dreams. Ac-
ceptance that these symptoms reflect a clinically significant withdrawal syndrome
is gaining. In addition, the availability of several laboratory animal models of
cannabinoid withdrawal is playing an important role in understanding cannabi-
noid dependence and may contribute to the development of pharmacotherapies.
In this review, we will discuss published research that has been conducted on (1)
characterizing cannabinoid tolerance and dependence, (2) providing insight into
the mechanisms of action underlying cannabinoid tolerance and dependence, and
(3) evaluating potential pharmacotherapies to treat cannabinoid withdrawal.

2
Reinforcing Effects of Cannabinoids in Animals

Despite the fact that marijuana has consistently been the most commonly used
illicit drug for more than 25 years (Johnston et al. 2004), it is only relatively recently
that cannabinoids have been shown to elicit rewarding effects in animal models of
addiction, including drug self-administration, conditioned place-preference, and
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intracranial self-stimulation paradigms. As this issue is the topic of several recent
reviews (Gardner 2002; Maldonado 2002; Maldonado and Rodriguez de Fonseca
2002; Tanda and Goldberg 2003; Varvel et al. 2004), it will only be briefly discussed
here.

The most compelling preclinical evidence suggesting that a drug has reinforc-
ing properties comes from drug-self administration studies. Most early studies
attempting to determine whether THC is self-administered in laboratory animals
met with failure, except for studies by Takahashi and Singer showing that THC
self-administration occurs in food-deprived rats when a fixed-time 1-min non-
contingent food delivery schedule is operating (Takahashi and Singer 1979, 1980).
However, the refinement of procedural issues, particularly the use of sufficiently
low doses that lacked both motor and aversive effects, has led to several recent
papers demonstrating that mice (Martellotta et al. 1998; Ledent et al. 1999), rats
(Braida et al. 2001b; Fattore et al. 2001), and squirrel monkeys (Tanda et al. 2000;
Justinova et al. 2003) will self-administer ∆9-THC as well as exogenous cannabi-
noids (e.g., WIN 55,212-2 and CP 55,940).

In the conditioned place preference (CPP) paradigm, subjective effects of a given
drug are repeatedly paired with stimuli associated with one of two experimental
chambers, while the other chamber is repeatedly paired with vehicle injections.
On test days, the subjects are given free access to both chambers, and the relative
amount of time spent in the drug-paired chamber is taken as an indicator of the
rewarding/aversive properties of that drug. As in the case of self-administration,
theoccurrenceofpreference for the chamberpairedwithdrug is generally inversely
related to drug dose: low doses lead to a place preference (Lepore et al. 1995; Valjent
and Maldonado 2000; Braida et al. 2001a,b; Ghozland et al. 2002) while high doses
elicit conditioned place aversions (Sanudo-Pena et al. 1997; Hutcheson et al. 1998;
Zimmer et al. 2001).

The third general technique that has been used to infer the rewarding prop-
erties of drugs is the propensity of a drug to decrease the threshold for electri-
cal self-stimulation of neural reward circuits (see Wise 1996). Substantial work
demonstrating that ∆9-THC decreases brain-stimulation reward thresholds comes
from the laboratory of Gardner and colleagues (Gardner et al. 1988, 1989; Gardner
and Lowinson 1991). Interestingly, the positive effects of ∆9-THC in this paradigm
are strain dependent, with the greatest efficacy in Lewis rats, followed by Sprague-
Dawley rats; there is a complete lack of efficacy in Fischer rats (Lepore et al. 1996).

3
Overview of Cannabinoid Tolerance in Whole Animals

THC and a variety of cannabinoid agonists have been reliably shown to pro-
duce a constellation of pharmacological effects as evaluated in a variety of animal
behavioral models, including the dog-static ataxia test, rat and monkey drug dis-
crimination, and the tetrad test in mice (i.e., depression of spontaneous activity,
antinociception, hypothermia, and catalepsy) (Dewey et al. 1972; Chaperon and
Thiebot 1999; Martin 2002). These behavioral effects are well known to undergo
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tolerance upon subchronic dosing of THC and potent synthetic cannabinoid ago-
nists, such as WIN 55,212-2, CP 55,940, and HU-210. Not only do these behaviors
undergo tolerance at different rates (Fan et al. 1994; De Vry et al. 2004), but also
they recover at different rates following cessation of cannabinoid administration
(Bass and Martin 2000). These findings suggest that the various behaviors may be
subserved by distinct mechanisms for the production and maintenance of toler-
ance.

THC has also been shown to produce dose-dependent decreases in cerebral glu-
cose utilization, especially in structures subserving limbic and sensory functions
(Freedland et al. 2002). After subchronic dosing of THC, the rates of glucose uti-
lization in the majority of brain structures were similar to control levels, indicating
that tolerance had taken place (Whitlow et al. 2003). Remarkably, THC continued
to produce acute alterations in functional activity in mesolimbic and amygdalar
regions, despite repeated THC administration, suggesting the provocative possi-
bility that behaviors subserved by these structures (e.g. anxiety, stress, reward, and
memory) may continue to be affected by THC, even after chronic dosing (Whitlow
et al. 2003).

Below,wewilldiscuss thecellular changes thatoccur followingrepeatedcannabi-
noid administration, and which may underlie behavioral tolerance. However, it is
important to note that associative learning is also known to contribute to drug
tolerance and dependence (Siegel and Ramos 2002). Using a Pavlovian condition-
ing paradigm, it was shown that repeated administration of HU-210 resulted in
a more rapid development of tolerance to the decreased ambulatory behavior when
the drug was administered in the testing environment than when it was given in
a separate context (Hill et al. 2004).

3.1
Cellular and Molecular Changes Associated with Cannabinoid Tolerance

The profound tolerance that occurs following repeated administration of cannabi-
noids illustrates the high degree of plasticity that can occur in the endocannabi-
noid system. This plasticity can be attributed, in part, to changes that occur to
the CB1 receptor, which include sequestration into an intracellular vesicle (inter-
nalization) and either receptor degradation (downregulation) or recycling to the
cell membrane (Ferguson and Caron 1998; Krupnick and Benovic 1998). Several
significant changes have been demonstrated to occur to CB1 signaling pathways.
Acute stimulation of CB1 receptors has been demonstrated to activate the pertussis
toxin-sensitive G proteins (Howlett et al. 2002), the consequence of which includes
inhibition of adenylyl cyclase, decreased Ca2+ conductance, and increased K+ con-
ductance. Further downstream, many intracellular kinases are activated including
the mitogen-activated protein kinases (MAPK), extracellular signal-regulated ki-
nases type 1 and 2 (ERK1/2) (Bouaboula et al. 1995; Rueda et al. 2000), protein
kinase B (PKB, also, known as Akt) (Gomez Del Pulgar et al. 2000), and fo-
cal adhesion kinase (FAK) (Derkinderen et al. 1996). Repeated administration of
cannabinoids leads to receptor/G protein uncoupling and desensitization. Inter-
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estingly, these changes appear to vary between brain regions, which is likely to
account for differences in tolerance to various cannabinoid-mediated behaviors.
These processes are discussed in the following sections.

3.2
CB1 Receptor Downregulation

Several groups have demonstrated that repeated cannabinoid administration con-
sistently leads to a reduction in CB1 receptor levels in brain. Specifically, repetitive
treatment with THC, CP 55,940, or WIN 55,212-2 results in a decrease in CB1

receptor binding in brain sections or membrane homogenates from whole brain
(Oviedo et al. 1993; Romero et al. 1997; Breivogel et al. 1999; Rubino et al. 2000b;
Sim-Selley and Martin 2002). Autoradiographic studies have allowed analysis of
a large number of brain regions and have revealed that downregulation occurs
in all CB1 receptor-containing brain regions following subchronic administration
of WIN 55,212-2 or THC, including cerebellum, hippocampus, caudate-putamen,
globus pallidus, substantia nigra, prefrontal, cingulate and entorhinal cortices,
nucleus accumbens, amygdala, hypothalamus, thalamus, and periaqueductal gray
(Sim-Selley and Martin 2002). However, the magnitude of downregulation varies
in different brain regions. For example, comparatively small changes are found
in the basal ganglia output nuclei (globus pallidus, entopeduncular nucleus, and
substantia nigra). In addition, regional differences in CB1 receptor downregula-
tion are not constant throughout the period of tolerance development (Romero
et al. 1998b; Breivogel et al. 1999). Downregulation occurs more rapidly and with
greater magnitude in the hippocampus and cerebellum compared with the basal
ganglia.

Although the mechanisms that regulate CB1 receptor synthesis, posttransla-
tional modification, degradation, and internalization remain largely unknown,
studies are beginning to address this area. In hippocampal neuronal cultures and
in a Xenopus oocyte expression system, CB1 receptor desensitization has been
shown to require G protein-coupled receptor kinase (GRK) and β-arrestin (Jin
et al. 1999; Kouznetsova et al. 2002). Internalization of CB1 receptors following
agonist treatment in CB1 receptor-transfected cells (Hsieh et al. 1999) and hip-
pocampal cultures (Coutts et al. 2001) has been shown to lead to internalization of
CB1 receptors.

Another possible explanation for decreased CB1 receptor binding after chronic
cannabinoid treatment is that receptor synthesis has been attenuated. However,
studies investigating CB1 receptor mRNA following repeated cannabinoid admin-
istration have resulted in mixed results. In one study, CB1 receptor mRNA was
decreased only in the caudate-putamen of animals treated with THC or CP 55,940
(Rubino et al. 1994). The duration of THC treatment as well as the interval between
drug injection and sacrifice appear to contribute to the direction and magnitude
of change in CB1 receptor mRNA (Zhuang et al. 1998). However, the results of this
study also suggested that alterations in CB1 receptor synthesis underlie adaptations
in the caudate-putamen, but not in the hippocampus and cerebellum.
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3.3
CB1 Receptor-Activated G Proteins and Effectors

Agonist-stimulated [35S]GTPγS binding has been a very useful assay to investigate
the consequences of receptor downregulation and desensitization. Following THC
administration for 3 weeks, a high level of CB1 receptor desensitization occurs
in many brain areas of the rat, including the hippocampus, cerebellum, caudate-
putamen, globus pallidus, substantia nigra, septum, and cortex (Sim et al. 1996a).
The pattern of desensitization was similar to that of downregulation, with the
globus pallidus and substantia nigra exhibiting the smallest magnitude of change.
Repeated administration of THC, WIN 55212-2, CP 55,940 or anandamide re-
sults in CB1 receptor desensitization (Breivogel et al. 1999; Rubino et al. 2000a,b;
Sim-Selley and Martin 2002). As in the case of downregulation, desensitization
develops at different rates and magnitudes in different brain regions (Breivogel
et al. 1999). Desensitization in the hippocampus occurs rapidly and with a large
magnitude, while desensitization in the cerebellum develops at a slightly slower
rate, but to the same magnitude, as compared to the hippocampus. However, the
caudate putamen and globus pallidus exhibit slower rates of development and
smaller magnitudes of desensitization than found in hippocampus and cerebel-
lum. Whereas changes in G protein mRNA have been found and could contribute
to loss of CB1 receptor-mediated G protein activity, these alterations were not
accompanied by concomitant changes in protein expression (Rubino et al. 1997).
Thus, it is unclear whether the loss of CB1 receptor-mediated G protein activity is
the result of CB1 receptor downregulation, receptor–G protein uncoupling, altered
G protein expression, or some combination of these adaptations.

The results of cell culture models have yielded convincing evidence demon-
strating that subchronic cannabinoid administration leads to desensitization of
adenylyl cyclase and ERK1/2 (Rinaldi-Carmona et al. 1998). In contrast, the re-
sults have been somewhat mixed when attempts have been made to examine this
signaling pathway in whole animals. Mice treated repeatedly with CP 55,940 did
not exhibit altered CB1-mediated inhibition of adenylyl cyclase in the cerebellum
(Fan et al. 1996). In contrast, several other studies have reported increases in basal,
forskolin or Ca2+-stimulated adenylyl cyclase activity in the cortex, striatum, and
cerebellum of mice treated subchronically with THC (Hutcheson et al. 1998; Rubino
et al. 2000b; Tzavara et al. 2000).

Tolerance procedures have great utility for identifying signaling events that are
uniquely specific to the pharmacological effects of cannabinoids. In particular,
regional brain differences in the magnitude and time-course of downregulation
and desensitization appear to occur concomitantly (Sim-Selley 2003). For exam-
ple, the time-courses for development and recovery of tolerance that develops to
cannabinoid hypothermia, hypomotility, antinociception, and memory impair-
ment appear to be associated with CB1 receptor adaptation in hypothalamus,
striatum, cerebellum, periaqueductal gray, spinal cord, and hippocampus.

CB1 receptor-mediated G protein activation leads to activation of Gαi, atten-
uation of adenylyl cyclase activity, decreased cyclic AMP (cAMP) synthesis, and
ultimately decreased protein kinase A (PKA) activity (Howlett et al. 2002). Chronic
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cannabinoid administration elevates cAMP that consequently increases PKA ac-
tivity (Rubino et al. 2000b), an effect that is augmented by administration of a CB1

receptor antagonist (Hutcheson et al. 1998; Tzavara et al. 2000). Freeβγ-dimers also
regulate other cellular signaling events, such as ion channel conductance, phospho-
lipid metabolism, and the activity of several intracellular kinases. Cannabinoids
stimulate ERK1/2 activation in cultured cell lines (Bouaboula et al. 1995; Sanchez
et al. 1998) and brain (Derkinderen et al. 2003). Interestingly, in hippocampus and
neuroblastoma cells, ERK1/2 activation by cannabinoids was downstream of inhi-
bition of the cAMP/PKA pathway (Davis et al. 2003; Derkinderen et al. 2003). In as-
trocytoma cells, however, this activation required Gβγ-sensitive phosphoinositide
3-kinase (PI3K), similarly to cannabinoid activation of PKB/Akt (Galve-Roperh
et al. 2002). Cannabinoids also activate p38 MAPK and c-Jun N-terminal kinase
(JNK) in several cell types (Liu et al. 2000; Rueda et al. 2000), though only p38
was activated in hippocampus (Derkinderen et al. 2001a). There is also evidence
for cannabinoid activation of non-receptor tyrosine kinases in brain, including
a neuronal FAK isoform that was activated via recruitment of the Src family kinase
Fyn (Derkinderen et al. 2001b). Similarly to ERK1/2 activation, evidence suggested
that these signaling events were a result of inhibition of cAMP/PKA signaling.

Plasticity of an endogenous system often occurs via phosphorylation events. It
appears that the endocannabinoid system is no exception. Src tyrosine kinase and
PKA are involved in tolerance to spinally mediated cannabinoid analgesia (Lee et al.
2003). Tolerance to THC was reversed with either an Src family tyrosine kinase in-
hibitor or a PKA inhibitor. Inhibitors of protein kinases C and G (PKC and PKG) and
of PI3K were ineffective in altering tolerance to this effect, despite an earlier report
that PKC activation disrupted CB1 receptor signaling through direct phosphoryla-
tion of the receptor (Garcia et al. 1998). Underscoring the importance of PKA in the
maintenance of THC tolerance, another study also reported that intracerebroven-
tricularadministrationofaPKAinhibitor reversed tolerance to theantinociceptive,
cataleptic, and hypomotility, but not hypothermic, effects of THC (Bass et al. 2004).
However, Src tyrosine kinase may also play a role in the THC tolerance, albeit a less
prominent one than PKA; its inhibition reversed tolerance to decreased locomotor
activity, but failed to affect other in vivo actions of THC. In contrast, PKG and
PKC inhibitors failed to affect any measures of tolerance. Collectively, these data
suggest that PKA activity plays a major role in THC-induced tolerance, and that
THC produces its multiple effects through different signaling pathways. If direct
involvement of specific protein kinases in cannabinoid tolerance is confirmed,
future studies will need to determine the targets of these protein kinases.

3.4
Changes in Endogenous Cannabinoid Levels

In addition to altering CB1 receptors and the signal transduction pathways, re-
peated cannabinoid administration has been associated with differential changes
of endogenous cannabinoids in a regionally dependent manner. Reliable decreases
of both anandamide and 2-arachidonoyl glycerol (2-AG) were found in striatum,
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while increases of only anandamide were found in limbic forebrain of THC-tolerant
rats (DiMarzoet al. 2000;Gonzalez et al. 2004).Additionally, significant increasesof
anandamide were found in limbic forebrain following repeated THC dosing (Gon-
zalez et al. 2004). No significant differences of either endogenous cannabinoid were
found in cerebral cortex of THC-tolerant rats (Di Marzo et al. 2000; Gonzalez et al.
2004). However, the effects of repeated THC administration on 2-AG in cerebellum,
brain stem, and hippocampus are less certain. Whereas a recent study reported
increased levels of 2-AG in these brain areas (Gonzalez et al. 2004), an earlier study
by the same group found no differences (Di Marzo et al. 2000). Nonetheless, in-
triguing possibilities concerning the consequences of altered levels of endogenous
cannabinoid content in specificbrain regionsofTHC-dependent animalshavebeen
proposed. Specifically, the altered levels of endogenous cannabinoids may be part
of a homeostatic mechanism and have important ramifications for motor behavior
and emotional states, as well as for cannabinoid dependence (Gonzalez et al. 2004).

4
Characterization of Cannabinoid Dependence

Although chronic cannabis users have long been known to undergo withdrawal
upon abrupt discontinuation of the drug (Fraser 1949; Wikler 1976), a marijuana
withdrawal syndrome is not yet included in the Diagnostic and Statistical Manuel
of Mental Disorders (DSM-IV 1994). Two factors may contribute to the reluctance
of accepting the notion that marijuana dependence is clinically relevant. First, the
likelihood of progressing from occasional drug use to daily use is considerably
lower for marijuana than for other drugs of abuse such as nicotine, cocaine, or
heroin (Anthony et al. 1994). However, given the fact that marijuana has consis-
tently been the most frequently used illicit drug in the United States (Johnston et
al. 2004), it should not be surprising that the estimated proportion of Americans
dependent on marijuana was 4.2%, which was higher than all other illicit drugs,
including those that have a greater abuse potential such as cocaine (2.7%) and
heroin (0.4%) (Anthony et al. 1994). Second, the delayed onset of cannabis with-
drawal symptoms due to the long half-life of THC is also likely to contribute to the
lingering doubts concerning the clinical relevance of a cannabinoid withdrawal
symptom. However, a growing body of research indicates that abrupt discon-
tinuation following prolonged cannabinoid administration can lead to physical
withdrawal symptoms in humans as well as in laboratory animals.

4.1
Clinical Significance of Cannabis Withdrawal

Although it has been contended that further controlled research is needed to di-
agnose a withdrawal syndrome in human marijuana users (Smith 2002), criteria
for cannabinoid withdrawal have been proposed (Budney et al. 2003). Moreover,
converging lines of evidence from retrospective, outpatient, and inpatient stud-
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ies indicate a pattern of cannabis withdrawal signs. In an early inpatient study,
Jones and his colleagues reported that subjects reported a variety of subjective ef-
fects upon abrupt discontinuation from chronic oral THC, which included strange
dreams, decreased appetite, restlessness, irritability, sweating, chills, and nausea
(Jones and Benowitz 1976; Jones et al. 1976). More recently, similar abstinence
symptoms were reported by subjects following abrupt withdrawal from continued
administration of either oral THC (Haney et al. 1999a) or inhalation of smoked
marijuana (Haney et al. 1999b). In these studies, subjects were found to experience
increased anxiety, irritability, and stomach pain, as well as exhibit decreases in
food intake. The authors of these studies suggested that daily marijuana use might
be sustained, in part, to alleviate or avoid withdrawal effects.

Although a cannabis withdrawal syndrome can be obtained in a controlled
laboratory setting, these findings do not address whether a cannabis withdrawal
syndrome represents a clinically significant malady. The results of both retro-
spective and outpatient studies addressing this issue support the hypothesis that
a cannabis withdrawal syndrome is indeed clinically relevant. In one study, mari-
juana users who were identified from a population of alcohol-dependent subjects
recalled a variety of symptoms from when they had previously abstained from
marijuana smoking (Wiesbeck et al. 1996). These symptoms included nervous-
ness, sleep disturbances, and changes in appetite. Despite the inherent limitations
associated with retrospective self-report data in polysubstance abuse subjects, this
pattern of withdrawal symptoms was similar to those described in the laboratory
studies investigating cannabis and THC and distinct from those associated with
other drugs. In another retrospective study, adults seeking treatment for marijuana
dependence recalled similar symptoms upon their most recent period of absti-
nence that included craving for marijuana, irritability, nervousness, restlessness,
depressed mood, increased anger, sleep difficulties, strange dreams, decreased ap-
petite, and headaches (Budney et al. 1999). In addition, the amount of marijuana
smoked per day yielded a positive correlation with withdrawal severity.

These findings reported in retrospective and laboratory studies have been cor-
roborated in an outpatient study of regular marijuana users (Budney et al. 2001). In
this experiment, subjects were instructed to smoke marijuana for 5 days, followed
by a 3-day abstinence period, and then this cycle was repeated. Statistically sig-
nificant withdrawal symptoms reported during each abstinence period included
marijuana craving, decreased appetite, sleep difficulty, and a global withdrawal
discomfort score that consisted of the other three measures as well as self-reported
data of anger, depressed mood, headaches, irritability, nervousness, restlessness,
and strange dreams. Additionally, the subjects lost a significant amount of weight
during each abstinence phase. The fact that the withdrawal symptoms increased
during abstinence from marijuana smoking, returned to baseline when smoking
was reinitiated, and increased again during the second abstinence period suggests
that the effects were caused by cessation of marijuana use.

In an outpatient study of marijuana users, Budney and his colleagues attempted
to characterize the time course and recovery of marijuana withdrawal symptoms
(Budney et al. 2003). In addition to the observations that the onset (i.e., 1–3 days)
and peak effects (i.e., 2–6 days) were quite gradual, the duration of these effects
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was quite prolonged (i.e., 4–14 days). The protracted nature of marijuana with-
drawal may contribute to the difficulties in maintaining abstinence. Collectively,
this pattern of results is consistent with the hypothesis that cannabis withdrawal
symptoms contribute to continued marijuana use.

4.2
Investigation of Cannabinoid Withdrawal in Laboratory Animal Models

Two general categories of dependent measures are used to assess withdrawal in
laboratory animals: (1) recording the occurrence of behavioral and physiological
changes and (2) the use of operant procedures. In the former approach, subjects
are observed for alterations in behavior, and these behaviors are generally either
scored as quantal responses or quantified. In the latter approach, animals that had
been previously trained to emit an operant response (e.g., lever pressing) for food
reinforcement will exhibit decreases in response rates during withdrawal. In both
cases, readministration of the drug results in response rates returning to normal.
Below, we will first discuss the results of abstinence withdrawal studies conducted
in laboratory animals followed by precipitated withdrawal studies.

There are two types of procedures that are used to induce withdrawal in drug-
dependent organisms, abstinence withdrawal and precipitated withdrawal. Ab-
stinence withdrawal occurs when drug administration is abruptly discontinued
or reduced, following prolonged exposure to the drug. As the body metabolizes
and/or excretes the agent, physiological symptoms ranging from mild rebound to
severe life-threatening effects can emerge. The pharmacokinetic and pharmaco-
dynamic characteristics of the drug, as well as the degree of dependence, influence
the specific withdrawal syndrome, its intensity, and the onset of withdrawal re-
sponses. In contrast, a second procedure used to induce withdrawal is the use of
a receptor antagonist that precipitates withdrawal in a drug-dependent organism.
The antagonist displaces the agonist from the receptor, immediately eliciting with-
drawal effects. A typical clinical example of precipitated withdrawal is the treat-
ment of an opioid overdose with naloxone or other opioid receptor antagonist.
Upon near instantaneous reversal of respiratory depression and other overdose
symptoms, an opioid-dependent individual will present with opioid withdrawal
effects. The precipitated withdrawal procedure has been particularly useful in in-
vestigating cannabinoid withdrawal symptoms in laboratory animals; however,
there are currently no published reports in which this procedure has been used
in humans. Below, we will review studies examining cannabinoid dependence in
humans and laboratory animals, as well discuss potential pharmacotherapies to
alleviate cannabinoid withdrawal symptoms.

4.2.1
Abstinence Withdrawal Versus Precipitated Withdrawal in Laboratory Animals

Research investigating abstinence withdrawal following repeated cannabinoid ad-
ministration in laboratory animals has led to mixed results. A variety of uncon-
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ditional behavioral effects including hyperirritability, tremors, and anorexia have
been reported (Kaymakcalan and Deneau 1972), though other studies failed to
observe abrupt withdrawal effects following subchronic THC administration to
dogs (Mcmillan et al. 1971) or rats (Leite and Carlini 1974; Aceto et al. 1996).
Indeed, rhesus monkeys that received chronic THC and trained to press a lever for
food exhibit a marked suppression in response rates; an effect that was reversed
upon readministration of drug (Beardsley et al. 1986). In addition, rats have been
observed to exhibit small, but significant increases in wet-dog shakes and facial
rubbing 24 h following discontinuation of continuous infusion of a medium ramp-
ing dose, but not a low or high ramping dose, of WIN 55,212-2 (Aceto et al. 2001).
Similarly, cessation following repeated CP 55,940 treatment in mice led to subtle
behavioral changes that included increases in motor activity and rearing, but de-
creases in grooming, wet-dog shakes, and rubbing behavior that were interpreted
as a withdrawal syndrome (Oliva et al. 2004). The long half-life of these drugs
further contributes to the difficulty in studying cannabinoid withdrawal in non-
human animals. Other related factors that complicate the investigation of abrupt
cannabinoid withdrawal in laboratory animals include species differences, strain
differences, the time at which withdrawal is assessed, the particular withdrawal
measures that are scored, and other methodological issues.

The development of SR 141716 and other selective CB1 receptor antagonists
resulted in powerful pharmacological tools to investigate cannabinoid pharma-
cology (Rinaldi-Carmona et al. 1994). In addition to its usefulness in determining
whether the acute pharmacological actions of an agent are mediated through a CB1

receptor mechanism and to infer endogenous cannabinoid tone, SR 141716 has
been demonstrated to precipitate withdrawal reactions following subchronic ad-
ministration of cannabinoid agonists in mice (Cook et al. 1998; Rubino et al. 1998),
rats (Aceto et al. 1995; Tsou et al. 1995), and dogs (Lichtman et al. 1998). The
specific withdrawal effects are species specific, and even within a species a variety
of factors affects the withdrawal behavior, including strain, dosing regimen, and
test conditions.

Rats exhibit a variety of somatic withdrawal signs that include wet-dog shakes,
facial rubs, horizontal and vertical activity, forepaw fluttering, chewing, tongue
rolling, head shakes, retropulsion, myoclonic spasms, front paw treading, and
eyelid ptosis (Aceto et al. 1995; Tsou et al. 1995). Additionally, SR 141716 dose-
dependently reduced food-maintained response rates of THC-tolerant rats, but
had no effect in non-tolerant rats (Beardsley and Martin 2000). This disruption
of response rates occurred in the absence of somatic withdrawal signs, suggest-
ing that antagonist-precipitated disruptions of operant behavior may be a more
sensitive measure of THC withdrawal than the occurrence of unconditional with-
drawal behaviors. Others have reported increases in the rate-suppressing effects
of SR 141716 in both naïve and THC-tolerant rats, though significantly greater
suppression occurred in the tolerant rats compared to naïve animals (Freed-
land et al. 2003). Again, this effect occurred in the absence of profound so-
matic signs of withdrawal, further indicating that food-maintained responding
is a sensitive measure of the effects of SR 141716-precipitated cannabinoid with-
drawal.
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SR 141716 was found to precipitate a constellation of withdrawal signs in THC-
tolerant dogs that included excessive salivation, vomiting, diarrhea, restless be-
havior (e.g., circling), trembling, and decreases in social behavior (Lichtman et
al. 1998). Several of these signs bore some resemblance to those reported in hu-
mans undergoing abrupt withdrawal from THC, including restlessness, nausea,
and loose stools (Jones et al. 1981).

Notwithstanding the influence that species and strain differences contribute to
the specific withdrawal effects that are observed, the utility of the animal models
is verified by the fact that SR 141716 reliably precipitates withdrawal in animals
treated repetitively with cannabinoids.

4.2.2
SR 141716 Inverse Activity

One complication in interpreting the results of experiments using SR 141716 to
precipitate withdrawal in cannabinoid-dependent animals is that it has inverse
agonist properties, in addition to its antagonist actions. Specifically, SR 141716
was found to decrease [35S]GTPγS binding in membranes isolated from human
cannabinoid CB1 receptor-transfected CHO cells (Landsman et al. 1997; Pan et al.
1998), an effect opposite that of cannabinoid agonists (Sim et al. 1996b; Burkey et
al. 1997). The observation that SR 141716 is over 7,000-fold more potent as a CB1

receptor antagonist thanasan inverseagonist indicates ahighdegreeof a selectivity
as antagonist (Sim-Selley et al. 2001). However, it is difficult to determine whether
SR 141716’s inverse agonist properties play a role in precipitating cannabinoid
withdrawal.

Another important consideration in the design and interpretation of SR 141716-
precipitated withdrawal studies is that SR 141716 given alone has been shown to
produce mild withdrawal-like effects in naïve (Rodriguez De Fonseca et al. 1997) or
vehicle-treated animals (Aceto et al. 1995), such as scratching of the face and body
(Aceto et al. 1996; Rubino et al. 1998), head shakes (Cook et al. 1998; Lichtman
et al. 2001a), and forepaw fluttering (Rubino et al. 1998). Some of these intrinsic
effects of SR 141716 have been linked to other receptor systems. For example
SR 141716-induced head twitches were completely blocked by a serotonergic 5-
HT2A/5-HT2C receptor antagonist and were partially blocked by an α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptor antagonist
as well as by a tachykinin natural killer (NK)1 antagonist (Darmani and Pandya
2000). On the other hand, because SR 141716 lacks affinity for these receptors
(Rinaldi-Carmona et al. 1994), it is likely that the serotonergic 5-HT2A/5-HT2C,
AMPA/kainate,, and tachykinin NK1 receptor antagonists acted “downstream”
from the CB1 receptor.

It remains to be determined whether SR 141716-induced behaviors are due to
inverse agonist activity, blockade of endogenous cannabinoid tone, or noncannabi-
noid sites of action. However, these intrinsic behavioral effects of SR 141716 do
not occur universally. Moreover, the magnitude of SR 141716-induced head shakes
and paw tremors in naïve animals is generally significantly less than that found in
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cannabinoid-dependent animals (Aceto et al. 1995, 1996; Aceto et al. 1998; Cook
et al. 1998). Nonetheless, the fact that SR 141716 can produce “withdrawal-like”
behavior in naïve animals underscores the importance of including an appropriate
control group comprising animals that receive repeated doses of vehicle, in order
to control for the intrinsic effects of SR 141716 at testing.

4.2.3
SR 141716 Precipitated Anandamide Withdrawal?

SR 141716 reliably precipitates mild to moderate withdrawal responses follow-
ing subchronic dosing of a variety of cannabinoid agonists including THC, WIN
55,212-2, CP 55,940, and HU-210. However, studies evaluating the effect of this
antagonist in rats treated repeatedly with anandamide have led to mixed results.
SR 141716 failed to precipitate withdrawal in rats that were infused continuously
with anandamide over a 4-day period (Aceto et al. 1998). On the other hand, both
abstinence withdrawal and SR 141716-precipitated withdrawal were reported to
occur in rats treated repeatedly with daily i.p. injections of anandamide (20 mg/kg)
(Costa et al. 2000). In addition to the procedural differences between the two stud-
ies, the short half-life of anandamide (Willoughby et al. 1997) contributes to the
difficulty of evaluating this endocannabinoid in the whole animal. However, the
use of mice deficient in fatty acid amide hydrolase (FAAH), the primary enzyme re-
sponsible for anandamide catabolism (Cravatt et al. 2001), and selective inhibitors
of this enzyme (Kathuria et al. 2003; Lichtman et al. 2004) will be of value for inves-
tigating both the dependence liability and other behavioral effects of anandamide.
Interestingly, a single nucleotide polymorphism found in the human gene that
encodes FAAH, which produces a variant that displays an enhanced sensitivity to
proteolytic degradation, was found to be associated with both street drug use and
problem drug/alcohol use (Sipe et al. 2002). This finding suggests the intriguing
possibility that the FAAH-endocannabinoid system may play a regulatory role in
addictive behavior.

4.3
Neuroadaptive Changes Underlying Cannabinoid Dependence

While it is clear that repeated stimulation of CB1 receptors by cannabinoid agonists
is necessary for the development of cannabinoid dependence, recent research is
just beginning to shed light on the underlying cellular mechanisms of action as well
as brain regions that mediate these effects. Most of the research directed toward
these issues has employed an approach in which cannabinoid-dependent animals
are subjected to either a precipitated withdrawal or abstinence withdrawal. The
subjects are then euthanized and the biochemical and molecular indices are exam-
ined. Several measures of interest include assessing changes of the CB1 receptor,
the signal transduction pathway of this receptor, and other neurochemical systems
that affect or are affected by this process. Many studies use a strategy in which
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behavioral withdrawal signs are also assessed in an attempt to elucidate the rela-
tionship between cannabinoid dependence and the underlying neuroadaptations.

4.3.1
Role of the CB1 Receptor in Cannabinoid Dependence

Repeated administration of a cannabinoid agonist generally results in decreases
in CB1 receptor density in a variety of brain regions as measured by radioligand
binding (Romero et al. 1998a; Breivogel et al. 1999). At the level of the G protein,
daily injections of THC for 21 days produced significant decreases of CB1 receptor-
stimulated G protein activity in various brain regions, including hippocampus,
cerebellum, caudate-putamen, globus pallidus, substantia nigra, septum, and var-
ious regions of cortex. In addition to being region-dependent, this desensitization
was time-dependent and appeared to be specific for CB1 receptors and not other
G protein-coupled receptors (Breivogel et al. 1999). Although these biochemical
correlates are believed to play an important role in the development of tolerance,
their role in dependence is less clear. CP 55,940-dependent mice during absti-
nence were found to undergo subtle behavioral changes that included increases
in motor activity and rearing, but decreases in grooming, wet-dog shakes, and
rubbing behavior, which were associated with upregulation of CB1 gene expres-
sion in caudate-putamen, ventromedial hypothalamic nucleus, central amygdaloid
nucleus, and in the CA1 field of hippocampus, but a decrease in the CA3 field of
hippocampus (Oliva et al. 2004).

4.3.2
Cellular Mechanisms Underlying Cannabinoid Dependence

Recent studies have linked alterations in the cAMP second messenger cascade
with cannabinoid withdrawal. SR 141716 administered to THC-dependent mice
resulted in significant increases of both basal and forskolin-stimulated adenylyl cy-
clase activity in the cerebellum, but not in other brain regions including the cortex,
hippocampus, striatum, andperiaqueductal gray (Hutchesonet al. 1998). Similarly,
significantly higher levels of calcium–calmodulin-stimulated adenylyl cyclase were
found in the cerebellum of THC-dependent rats undergoing withdrawal than in
non-dependent rats treated with SR 141716. In another well-designed study (Ru-
bino et al. 2000c), G protein, adenylyl cyclase, and PKA activity were assessed in
cerebral cortex, striatum, hippocampus, and cerebellum of rats undergoing pre-
cipitated withdrawal. Significant increases of adenylyl cyclase and PKA activity
were found in the cerebellum of these animals. However, no effects were found
on either receptor density or G protein activity. These findings further implicate
the involvement of the cerebellum in cannabinoid dependence and suggest that
changes are occurring downstream from the CB1 receptor.

Functional evidence also suggests that the adenylyl cyclase second messenger
cascade in the cerebellum may be involved in cannabinoid withdrawal. An intrac-
erebellar infusion of the cAMP blocker Rp-8Br-cAMPs reduced several behavioral
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signs of withdrawal including tremors, ataxia, mastication, front paw tremors, pto-
sis, piloerection, and wet-dog shakes in THC-dependent mice following SR 141716
challenge (Tzavara et al. 2000). Interestingly, Sp-8Br-cAMPs, a cAMP analog, actu-
ally induced each of these behavioral effects in vehicle-treated mice. Taken together
with the biochemical data, these intriguing findings suggest that upregulation of
cAMP signal transduction in the cerebellum may represent a critical biochemical
event underlying precipitated withdrawal.

In addition, there is evidence accumulating that implicates the involvement of
corticotropin-releasing factor (CRF) and other hormones associated with stress in
cannabinoid dependence. SR 141716 significantly elevated plasma corticosterone
levels in rats treated subchronically with HU-210 compared with non-dependent
rats that were administered SR 141716 or dependent rats not going through precip-
itated withdrawal (Rodriguez De Fonseca et al. 1997). In another study, however,
SR 141716 failed to significantly increase plasma levels of corticosterone in THC-
dependent rats (Gonzalez et al. 2004). However, it is unclear whether this apparent
failure to replicate was due to a great deal of variability associated with measuring
endocrine levels or other methodological differences, such as the use of different
cannabinoid agonists to induce dependence (i.e., HU-210 versus THC).

4.3.3
Brain Areas Implicated in Cannabinoid Dependence

As described above (see Sect. 4.3.2) inhibition of adenylyl cyclase in the cerebellum
was found to significantly decrease the expression of cannabinoid withdrawal be-
haviors (Tzavara et al. 2000). Other compelling evidence supporting the notion that
CB1 receptors in the cerebellum play a predominant role in cannabinoid depen-
dence is recent work from Valverde and colleagues. They found that intracerebral
injections of SR 141716 into the cerebellum of mice treated repeatedly with WIN
55,212-2 precipitated robust withdrawal responses, which included significant in-
creases in wet-dog shakes, body tremor, paw tremor, piloerection, mastication,
genital licks, and sniffing (Castane et al. 2004). Microinjection of SR 141716 into
the hippocampus and the amygdala precipitated a moderate but still significant
withdrawal syndrome, suggesting the involvement of these brain regions as well.
However, SR 141716 infusion into the striatum failed to elicit any significant in-
creases in withdrawal signs. Collectively, these exciting findings strongly implicate
the involvement of the cerebellum and possibly the hippocampus and amygdala in
cannabinoid withdrawal (Castane et al. 2004).

TheroleofCRFduringcannabinoidwithdrawalappears to involve theamygdala.
Specifically, SR 141716 challenge to cannabinoid-dependent rats led to significant
concomitant increases in CRF and Fos-immunopositive cell activity in the central
nucleus of the amygdala (Rodriguez De Fonseca et al. 1997). Similar alterations in
amygdaloid CRF function have also been found following ethanol, cocaine, and
opioid withdrawal (for review see Weiss et al. 2001). Moreover, SR 141716 challenge
toHU-210-tolerant rats led to increases inmRNACRF in the central amygdala com-
pared to that of HU-210-tolerant subjects not administered SR 141716 (Caberlotto
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et al. 2004). An interpretation of this finding is that increased gene expression in the
amygdala contributes to increased CRF release and behavioral withdrawal signs
during precipitated withdrawal. It should be noted that the increase in mRNA CRF
levels was only a relative increase, as levels did not significantly differ from those of
untreated control subjects. It was proposed that repeated HU-210 administration
activated a hitherto unknown counter-regulatory process, thereby returning the
system to equilibrium in the presence of the drug (Caberlotto et al. 2004). In this
provocative model, withdrawal would occur when SR 141716 rapidly displaces the
agonist from the receptor so as to cause the purported counter-regulatory process
to go unchecked, despite the apparently normal CRF mRNA levels.

Many other brain regions are also affected by SR 141716-precipitated with-
drawal. SR 141716 significantly increased CRF-mRNA levels in the paraventricular
hypothalamic nucleus of THC-tolerant rats compared to a non-tolerant group
(Gonzalez et al. 2004). Additionally, Fos-immunopositive activity has been re-
ported to occur in the accumbens shell, piriform cortex, hippocampus, cau-
date putamen, ventral pallidum, ventral tegmental area, locus coeruleus solitary
tract, and area postrema (Rodriguez De Fonseca et al. 1997). It remains to be
established whether these biochemical changes represent an underlying mech-
anism of action for cannabinoid dependence or are merely correlated with this
phenomenon.

4.4
Influences of Other Neurochemical Systems on Cannabinoid Dependence

Considerable evidence is emerging that supports an interaction between endo-
cannabinoid and opioid systems on many physiological processes (for a review
see Varvel et al. 2004). For example, an acute injection of morphine significantly
reduced the magnitude of SR 141716-precipitated THC withdrawal (Lichtman et al.
2001b). Genetic alteration of the opioid system has also been found to ameliorate
SR 141716-precipitated cannabinoid withdrawal. Cannabinoid withdrawal symp-
toms, as well as tolerance, were significantly diminished in pre-proenkephalin-
deficient mice compared to the wild-type mice (Valverde et al. 2000). In contrast,
dynorphin knockout mice failed to exhibit statistically significant changes in ei-
ther THC tolerance or THC withdrawal (Zimmer et al. 2001). On the other hand,
assessing cannabinoid withdrawal in µ-opioid receptor knockout mice has led to
contradictory results. While these mice exhibited a significant attenuation of SR
141716-precipitated THC paw tremors and head shakes compared to the wild-type
controls in one study (Lichtman et al. 2001b), another study found that THC with-
drawal was unaffected by deletion of µ, δ, or κ receptors (Ghozland et al. 2002).
Still, another study found that THC withdrawal effects were significantly decreased
in mutant mice deficient of both µ- and δ-opioid receptors, suggesting the involve-
ment of multiple opioid receptors in the expression of cannabinoid withdrawal
(Castane et al. 2003). A variety of methodological factors could contribute to the
apparent discrepant results among these studies, including the background strain
and dosing regimen.
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Studies examining acute blockade of opioid receptors in cannabinoid-tolerant
animals have also reported inconsistent findings, with some finding that nalox-
one precipitated withdrawal (Hirschhorn and Rosecrans 1974; Kaymakcalan et
al. 1977). Similarly, naloxone precipitated withdrawal in rats following repeated
injections of the potent cannabinoid analog HU-210 for 15 days (Navarro et al.
1998). It should be noted that considerable toxicity occurred following chronic
high doses of THC (Kaymakcalan et al. 1977), though no such toxicity was
reported in the other studies. Conversely, naloxone was ineffective in precipi-
tating withdrawal in THC-dependent monkeys (Beardsley et al. 1986), pigeons
(Mcmillan et al. 1971), or mice (Lichtman et al. 2001b). Considerable method-
ological differences used among the studies, including the selection of agonist,
species, dosing regimen, and the dependence measures, make it difficult to ac-
count for the differential effectiveness of the antagonist in precipitating with-
drawal. In general, however, the cannabinoid dosing regimen employed in studies
that find naloxone precipitated withdrawal tend to be greater than those in which
naloxone failed to elicit any withdrawal effects. Nonetheless, naltrexone failed to
precipitate any apparent withdrawal effects in marijuana smokers (Haney et al.
2003a).

It has been well established that clonidine, as well as other α2-agonists, abro-
gates many of the withdrawal effects in morphine-dependent animals (Fielding et
al. 1978)aswell as inhumanopioidaddicts (Goldet al. 1978).Clonidinealsoamelio-
rated SR 141716-precipitated paw tremors in THC-dependent mice independently
of motor depressive or motor impairment effects (Lichtman et al. 2001a). Although
clonidine may hold some promise for treating withdrawal, its hypotensive side ef-
fects (Gossop 1988) must be considered before any potential development for its
use in alleviating drug withdrawal.

4.5
Pharmacotherapies for Cannabis Dependence

Despite a great need, there are currently no efficacious pharmacotherapies for the
treatment of cannabinoid dependence (for a review see McRae et al. 2003). Haney
andher colleagueshavemade important inroads into this areaby evaluating several
potential treatments, including two antidepressants, bupropion (Zyban) (Haney
et al. 2001) and nefazodone (Serzone) (Haney et al. 2003b), the mood stabilizer
divalproex, and oral THC (Haney et al. 2004) in double-blind studies (see Ta-
ble 1). During abstinence from marijuana, the placebo treatment group reliably
reported significant increased ratings of marijuana craving, misery, anxiety, trou-
ble sleeping, “strange dreams,” chills, irritability, and muscle pain, but decreased
ratings of feeling high, content, friendly, social, mellow, and self-confident. Oral
THC decreased many of these withdrawal measures such as marijuana craving,
feelings of anxiety, misery, trouble sleeping, and chills, and increased the ratings
of self-confidence (Haney et al. 2004). In addition, total daily caloric intake was
significantly decreased during the withdrawal period in the placebo group and
increased in the oral THC group.



708 A.H. Lichtman and B.R. Martin

Table 1. Potential pharmacotherapies to treat marijuana dependence

Drug/class Positive effects for
marijuana withdrawal

Potential problems Reference

Oral THC/
cannabinoid agonist

Decreased marijuana
craving and withdrawal
symptoms

Potential dependence
to THC

Haney et al. 2004

Divalproex/
mood stabilizer

Decreased marijuana
craving

Worsened anxiety and
other withdrawal indices

Haney et al. 2004

Nefazodone (Serzone)/
antidepressant

Decreased anxiety Ineffective on most with-
drawal measures; may
cause liver failure

Haney et al. 2003b

Naltrexone/opioid
antagonist

No apparent effect Increased “positive” sub-
jective effects of oral THC

Haney et al. 2003a

Bupropion (Zyban)/
antidepressant

No apparent benefit Worsened anxiety and
other withdrawal indices

Haney et al. 2001

Fluoxetine (Prozac)/
antidepressant

Reduced marijuana use
in a subgroup
of depressed alcoholics

Controlled studies
needed to evaluate
efficacy during
marijuana withdrawal

Cornelius et al. 1999

The results of other potential pharmacotherapies were less encouraging than
those found for THC. Divalproex decreased marijuana craving during marijuana
abstinence; however, it increased ratings of anxiety, irritability, bad effect, and
sleepiness during marijuana abstinence (Haney et al. 2004), thus limiting its util-
ity. Although bupropion has been well established to be an effective treatment
for nicotine withdrawal (Ferry and Johnston 2003; Richmond and Zwar 2003), it
not only failed to alleviate symptoms associated with marijuana withdrawal, but
also exacerbated them (Haney et al. 2001). Specifically, bupropion worsened mood
during marijuana abstinence as reflected by increased self-reports of irritability,
misery, restlessness,depression,and lackofmotivationcompared toplacebo. It also
worsened subjective reports of sleep quality during marijuana withdrawal com-
pared to placebo. One concern with bupropion is that its stimulatory effects were
the cause of the increased severity of withdrawal effects. Therefore, a subsequent
study examined whether nefazodone, an antidepressant with sedative properties
would attenuate symptoms of marijuana withdrawal. Indeed, the effects of nefa-
zodone maintenance on marijuana were more promising than those of bupropion.
Nefazodone decreased subjective ratings of anxiety and muscle pain, but failed to
ameliorate the increased ratings of irritability and misery, and decreased rating
of sleep quality during marijuana withdrawal (Haney et al. 2003b). In any event,
the recent finding that nefazodone is associated with the risk of hepatic failure
(FDA 2004) would certainly diminish enthusiasm to develop this drug to treat
cannabinoid dependence.

The results of a study conducted in a subgroup of depressed alcoholic marijuana
users suggest that fluoxetine (Prozac) may also have some promise for treating
marijuana dependence (Cornelius et al. 1999). Specifically, this serotonin re-uptake
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inhibitor significantly reduced marijuana use as well as depression and alcohol
consumption in this subgroup, suggesting that daily marijuana use may result
from an attempt to self-medicate for depression (see Table 1). Further controlled
studies will be needed to assess the efficacy of fluoxetine in treating marijuana
withdrawal symptoms.

Another study by Haney and her colleagues was designed to examine the ef-
fects of naltrexone in heavy marijuana users. The goals of this experiment were to
examine whether naltrexone would (1) block marijuana’s pharmacological effects,
and (2) precipitate withdrawal in heavy marijuana users (Haney et al. 2003a). Nal-
trexone failed to elicit these actions; however, it did increase many of the “positive”
subjective effects of oral THC in heavy marijuana smokers. An implication of these
findings is that naltrexone may be expected to increase marijuana use.

Currently, oral THC appears to be the best candidate agent to treat marijuana
dependence. Of significance, THC was also shown to ameliorate withdrawal symp-
toms in both monkeys and mice (Beardsley et al. 1986; Lichtman et al. 2001a).
However, none of the other agents listed in Table 1 has been evaluated in pre-
clinical models of cannabinoid withdrawal. Thus, it will be important to establish
whether the various animal models of cannabinoid dependence are relevant to
marijuana-dependent humans. Clearly, the availability of a viable animal model
could facilitate the development of effective pharmacotherapies to treat cannabis
dependence.

5
Conclusions

The availability of laboratory animal models of cannabinoid tolerance and depen-
dence has greatly increased the ability to investigate the mechanisms underlying
these processes. A substantial effort has been focused on characterizing the adap-
tive changes that occur to the CB1 receptor and its signal transduction pathways
in response to repeated stimulation by cannabinoid agonists. A compelling body
of research has led to the wide acceptance that tolerance to the pharmacological
effects of cannabinoids is strongly associated with downregulation and desensiti-
zation of this receptor. Moreover, a growing body of in vitro and in vivo evidence
is beginning to establish that PKA may play an integral role in the maintenance of
cannabinoid tolerance.

Cannabinoid-tolerant mice have been demonstrated to exhibit a constellation
of somatic withdrawal signs as well as decreases in food-reinforced behavior upon
abrupt discontinuation of drug or challenge with a CB1 receptor antagonist. Addi-
tionally, cannabinoid withdrawal has been shown to elicit a variety of physiological
responses associated with stress, such as elevations in corticotropin releasing fac-
tor and Fos-immunopositive cell activity. The preponderance of evidence from
human research supports the notion that cannabinoid dependence is clinically
significant and that a need for treatment is warranted. It will be important to
establish whether the animal models of dependence will be of value in developing
pharmacotherapies for the treatment of cannabis dependence. A multidisciplinary
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approach examining molecular and cellular changes in conjunction with animal
models of dependence, and clinical trials will undoubtedly further our basic un-
derstanding of cannabinoid dependence as well as develop pharmacotherapies for
cannabinoid dependence disorders.
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Abstract Cannabishasbeenknownasamedicine for several thousandyearsacross
many cultures. It reached a position of prominence within Western medicine in
the nineteenth century but became mired in disrepute and legal controls early in
the twentieth century. Despite unremitting world-wide suppression, recreational
cannabis exploded into popular culture in the 1960s and has remained easily ob-
tainableon theblackmarket inmost countries ever since.This readyavailabilityhas
allowed many thousands of patients to rediscover the apparent power of the drug
to alleviate symptoms of some of the most cruel and refractory diseases known to
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humankind. Pioneering clinical research in the last quarter of the twentieth cen-
tury has given some support to these anecdotal reports, but the methodological
challenges to human research involving a pariah drug are formidable. Studies have
tended to be small, imperfectly controlled, and have often incorporated unsatis-
factory synthetic cannabinoid analogues or smoked herbal material of uncertain
composition and irregular bioavailability. As a result, the scientific evaluation of
medicinal cannabis in humans is still in its infancy. New possibilities in human
research have been opened up by the discovery of the endocannabinoid system,
a rapidly expanding knowledge of cannabinoid pharmacology, and a more sym-
pathetic political environment in several countries. More and more scientists and
clinicians are becoming interested in exploring the potential of cannabis-based
medicines. Future targets will extend beyond symptom relief into disease modifi-
cation, and already cannabinoids seem to offer particular promise in the treatment
of certain inflammatory and neurodegenerative conditions. This chapter will begin
with an outline of the development and current status of legal controls pertaining
to cannabis, following which the existing human research will be reviewed. Some
key safety issues will then be considered, and the chapter will conclude with some
suggestions as to future directions for human research.

Keywords Cannabinoids · Medicinal cannabis · Human research · Therapeutic
potential

1
Introduction

The pariah status of cannabis is a relatively modern phenomenon. Cultivation of
the plant for hemp extends back to the Stone Age, and medicinal use dates back at
least 4,000 years (reviewed by Mechoulam 1986). In China a medical treatise dating
from around 2600 b.c.e. recommends its use for relieving the symptoms of malaria,
constipation, rheumatic pains and dysmenorrhoea (Grinspoon and Bakalar 1993).
There are subsequent records of medicinal use throughout Asia, the Middle East,
Southern Africa and South America. Known to European physicians as Indian
hemp until christened Cannabis sativa by Linnaeus in 1753, it was not until the
mid-nineteenth century that it emerged as a mainstream medicine in Britain. The
Irish scientist and physician W.B. O’Shaughnessy had observed its use in India as
an analgesic, anti-spasmodic, anti-emetic and hypnotic. After testing its safety on
dogs, goats and himself he went on to administer cannabis resin in an ethanolic
solution to patients with a range of maladies. His report (O’Shaughnessy 1843) of
these experiments generated considerable interest, and medicinal use expanded
rapidly. By 1854 it had found its way into the U.S. Dispensatory, and “over-the-
counter” preparations were soon available in pharmacies throughout England
and Scotland. Establishment status was fully achieved through the enthusiastic
endorsement of one of Queen Victoria’s physicians (Reynolds 1890), but by the
end of the century cannabis had passed its zenith as a prescribed medicine and
home remedy. Although Sir William Osler was still recommending it for migraine
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sufferers in 1913, its popularity was in steep decline for a number of reasons:
variable potency of herbal preparations, unreliable sources of supply, poor storage
stability, unpredictable response to oral administration, the growing availability of
potent synthetic medicines, and commercial pressures. An increasingly influential
factor was increasing concern in some countries about recreational use, notably
South Africa, Egypt and the U.S.

These concerns were brought to the 1923 meeting of the League of Nations, and
thence referred for consideration at the 1925 Geneva Convention on the manufac-
ture, sale and movement of dangerous drugs. Signatory nations agreed to enforce
a limitation of the use of cannabis solely for medical or scientific purposes. In 1928
the UK government ratified this convention, but prescription of cannabis remained
possible until the Misuse of Drugs Act (1971) brought down the final curtain. This
Act provides rules for the manufacture, supply and possession of a long list of con-
trolled drugs. For the purposes of determining penalties for malefactors it places
them in three classes according to the “harmfulness attributable to a drug when it
is misused”. On this basis, cannabis and cannabis resin were assigned to Class B
along with amphetamines, barbiturates, codeine and dihydrocodeine. In 2001, the
British Home Secretary asked a leading committee of experts [Advisory Council
on the Misuse of Drugs (ACMD)] to review the classification of cannabis in the
light of current scientific evidence. The ACMD carried out a detailed scrutiny of all
the relevant literature and in 2002 concluded that, though certainly not innocuous,
cannabis

... is less harmful than other substances (amphetamines, barbiturates,
codeine-like compounds) within Class B of Schedule 2 to the Misuse of
Drugs Act 1971. The continuing juxtaposition of cannabis with these more
harmful Class B drugs erroneously (and dangerously) suggests that their
harmful effects are equivalent. This may lead to the belief, among cannabis
users, that if they have had no harmful effects from cannabis then other
Class B substances will be equally safe.

ACMDrecommendedreclassificationof all cannabispreparations toClassC, and in
February 2004, despite hostile media comment, the Home Secretary implemented
this advice.

An important issue formedicinal cannabis inBritain is its inclusion in schedule 1
of the Misuse of Drugs Regulations (1985). This means that it belongs to a group of
controlled drugs [alongside lysergic acid diethylamide (LSD), raw opium and coca
leaf] that have no recognised medicinal use, and which are totally prohibited for
possession or supply unless authorised by a special licence from the Home Office.
However, the Home Secretary is on record as saying in 2001: “Should, as I believe
it will, this programme (of trials) be proved to be successful, I will recommend
to the Medicines Control Agency that they should go ahead with authorising the
medical use” (UK Parliament 2002).

In the U.S., concern about the recreational use of cannabis had reached fever
pitch by the 1930s (for a full review, see Mead 2004). This was fuelled by some
lurid propaganda largely instigated by the chief of the Federal Bureau of Narcotics,
Harry J. Anslinger (Abel 1980). This highly effective campaign, which generated
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some baseless myths that survive to the present day, culminated in the Marihuana
Tax Act (1937) that effectively ruled out both recreational and medicinal use. In
1941 cannabis was removed from the U.S. Pharmacopoeia. Scientific reports that
challenged claims that cannabis use was closely associated with insanity, addic-
tion, violence and crime were ignored by politicians, regulators and the American
Medical Association. Cannabis continued to be portrayed as a dangerous, addictive
drug that also acted as a “gateway” into opiate or cocaine addiction. In the late 1940s
the confused international situation regarding drug control led the United Nations
Commission on Narcotic Drugs (CND) to seek an international agreement. In the
resulting 1961 Single Convention on Narcotic Drugs, cannabis and cannabis resin
were placed in one of the most restricted categories (along with heroin). Signatory
nations were obliged to impose complete prohibition and “adequate punishment”
for transgressors. The 1971 Convention on Psychotropic Substances and the 1988
Convention against Illicit Traffic in Narcotic Drugs and Psychotropic Substances
were subsequent developments. The 1971 convention placed dronabinol (Marinol),
a synthetic formulation of ∆9-tetrahydrocannabinol (THC) for oral use, in a less
restrictive category. Following research funded by the U.S. National Cancer Insti-
tute, dronabinol was approved by the U.S. regulatory authority for the treatment
of nausea and vomiting associated with cancer chemotherapy.

U.S. Advocacy groups such as the National Organisation for the Reform of Mar-
ijuana Laws (NORML) and Alliance for Cannabis Therapeutics (ACT) have vigor-
ously opposed the suppression of medicinal cannabis (Mead 2004). Rescheduling
litigation was not, in the end, successful at a national level, but many individual
states enacted legislation to make cannabis available to specific patients. Numerous
cannabis buyers’ clubs sprang up to provide supplies, but these are certainly not
immune from prosecution by the federal authorities. California has been a par-
ticular focus for activity, and a Center for Medicinal Cannabis Research has been
established within the University of California at San Diego.

Nations have some flexibility in implementing the 1961 and 1971 conventions
(Mead 2004). For example, if a national court ruled that an individual had a con-
stitutional right to use medicinal cannabis, that nation would be relieved of any
obligation to punish such activity. This elasticity has resulted in a marked disparity
in approach between countries (for a full review, see Mead 2004).

Unfortunately, the blossoming of recreational cannabis during a period of social
turmoil in the1960shashardened its imageasanagentof alienationandsubversion
in the eyes of many politicians and regulators. Rigorous prohibition has remained
the central policy, despite inescapable evidence that the “War on Drugs” is a futile
approach thatwastesbillionsofdollars every year (Robson1999).Thepriceof black
market cannabis continues to fall in real terms, and it remains easily accessible in
virtually every country in the world to anyone who wishes to consume it. However,
medicinal research involving suchapariahdrugpresentsprofoundmethodological
challenges, and this is reflected in the scientific limitations inherent in many of the
clinical trials conducted during the last quarter of the twentieth century.

Partly as a result of the discovery of the endocannabinoid system and a growing
realisation of its importance in both normal and pathological function, the final
years of the twentieth century have seen renewed interest in exploring the poten-
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tial of cannabis-based medicines among scientists and politicians in a number of
countries. In the UK this has led to pioneering work in developing whole plant
medicinal cannabis extracts containing different ratios of active ingredients tar-
geted at different medical conditions (Whittle et al. 2001; Robson and Guy 2004).
Whole plant extracts may have advantages over single chemical entities (such
as synthetic THC) for several reasons (McPartland and Russo 2001). The non-
psychoactive cannabinoid, cannabidiol (CBD), shows therapeutic promise in its
own right (Pertwee 2004), and may modulate some of the less desirable actions of
THC by both pharmacodynamic and pharmacokinetic mechanisms (Karniol 1973;
McPartland and Russo 2001). Other cannabinoids and plant components such as
terpenes, flavonoids and phenols may also have medicinal potential (McPartland
and Russo 2001). Oromucosal sprays and vapourisers are promising delivery sys-
tems which provide greater flexibility for self-titration than the oral route (Whittle
et al. 2001).

Conditions have never been more propitious for the rigorous scientific evalua-
tion in humans of many of the hitherto anecdotal accounts summarised below.

2
Review of Clinical Research

2.1
Symptomatic Relief in Multiple Sclerosis and Spinal Cord Injury

Spasticity is a central feature of multiple sclerosis (MS) and spinal cord injury
(SCI). It consists of a velocity-dependent increase in tonic stretch reflexes with
exaggerated tendon jerks, resulting from hyperexcitability of the stretch reflex as
one component of the upper motor syndrome (Young 1994). Existing drug therapy
is far from satisfactory in terms of efficacy and unwanted effects (Panegyres 1992).
Tremor, ataxia and lower urinary tract symptoms are frequently troublesome
in MS. Both neuropathic and nociceptive pain (dealt with in Sect. 2.3) are also
common in MS and SCI, and dozens of very painful muscle spasms can occur each
day. Small wonder that there is also a high incidence of anxiety and depression in
these conditions.

THC and other cannabinoids have been shown (Baker et al. 2000) to improve
both tremor and spasticity in a well-validated animal model of MS (experimen-
tal allergic encephalomyelitis). Antagonism of the CB1 receptor aggravated these
signs, indicating a role for endogenous cannabinoids in the control of tremor and
spasticity.

Many patients have reported anecdotally that cannabis can relieve some of
the most distressing symptoms of MS and SCI, including spasticity, muscle pain,
tremor, spasms on walking, paraesthesiae, leg weakness, trunk numbness, fa-
cial pain, impaired balance, nystagmus, anxiety and depression (Grinspoon and
Bakalar 1993; Consroe et al. 1997). Hodges (1992) described the severe progression
of her MS from its onset in 1983. Prescribed medicine was only moderately effec-
tive and produced unpleasant side-effects. Having with reluctance and no small
difficulty established an illicit supply of cannabis, she wrote:
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When I smoke it, my body completely relaxes, which relieves the tension and
spasms I have. It has had other beneficial effects. I am now more efficient at
controlling my bladder, so I don’t get the recurrent urinary infections that I
was having before. It relieves my nausea and I can now sleep much better, so
that I am not tired all the time.

Malec (1982) reported that 21 out of 24 SCI patients with spasticity who had
tried cannabis found it had alleviated their symptoms. A recent survey of MS
patients in the UK and USA found that between 30% and 97% experienced relief in
symptoms with cannabis, depending on the particular symptoms (Consroe et al.
1997). In descending order of improvement, these were: spasticity, chronic pain,
acute paroxysmal phenomena, tremor, emotional problems, anorexia/weight loss,
fatigue states, double vision, sexual dysfunction, bowel and bladder symptoms,
vision dimness, difficulty with walking and balance, and memory loss.

Open or single-blind observations of small numbers of patients on the effects
of synthetic THC given orally have provided some support to these reports (Dunn
and Davis 1974; Petro 1980; Clifford 1983; Meinck et al. 1989; Brenneissen et al.
1996). Subjective improvements in spasticity are a consistent finding, with some
studies also indicating benefits for tremor, bladder control, mobility and mood.
Unwanted effects do not seem to have been prominent. Schon et al. (1999) reported
amplitude reduction of pendular nystagmus and improved visual acuity in an MS
patient following smoked cannabis, but no effect following cannabis capsules or
nabilone (a synthetic THC analogue). Of related interest is a report from Russo et
al. (2003) describing improved night vision following both THC and cannabis in
a single subject.

Brady et al. (2003) carried out an open pilot study in 15 MS patients with re-
fractory lower urinary tract symptoms. They each received whole plant cannabis
medicinal extracts (CBME) containing either predominantly THC or an equal pro-
portion of THC and CBD for consecutive 8-week periods. Incontinence episodes,
nocturia episodes, incidence of urinary urgency and frequency all decreased sig-
nificantly, whilst the number of planned or normal voids significantly increased.
Most patients experienced mild intoxication during the initial titration phases and
twohadshort-livedhallucinations thatdisappearedondose reduction.Theauthors
concluded that CBME may prove to be a safe and effective additional treatment for
this harrowing condition. A pilot open label study in 15 patients with overactive
bladders as a result of SCI also showed symptomatic improvement following 10 mg
THC by either oral or rectal routes (Hagenbach et al. 2001).

The first double-blind placebo-controlled study in MS patients was reported
by Petro and Ellenberger (1981). Oral THC in a single dose of 5 or 10 mg was
compared with placebo in a crossover design in 9 subjects. Both doses of THC
were significantly superior to placebo in relieving spasticity measured by clinical
examination or, where feasible, electromyography during quadriceps stretching.
One patient receiving THC 10 mg and one receiving placebo reported feeling
“high”. Ungerleider and colleagues (1987) found in a randomised double-blind
crossover study with 5-day treatment periods that THC 7.5 mg produced sig-
nificantly improved patient ratings of spasticity in comparison with placebo. In
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a double-blind, placebo-controlled crossover trial Hanigan et al. (1985) reported
that THC 30 mg/day for 20 days significantly improved objective measures of spas-
ticity in 2 out of 5 patients with traumatic paraplegia. Martyn (1995) reported
that nabilone 1 mg on alternate days for 1 month was better than placebo in
a double-blind crossover study in a single MS patient. Improvement in nocturia,
muscle spasm and general well-being were also noted in this patient, with mild
sedation the only unwanted effect. On the negative side, a single dose of smoked
cannabis (THC content 1.54%) impaired both posture and balance in comparison
with placebo in 10 MS patients and 10 normal subjects (Greenberg et al. 1994),
a not-unexpected occurrence with any skeletal muscle relaxant.

More recent trials of cannabis-based medicines in MS have given mixed results.
Vaney and colleagues (2002) enrolled 57 MS patients in a randomised, crossover
comparison of 15 mg THC daily in divided doses for 15 days with placebo. A signif-
icant improvement in a subjective rating of spasm frequency was not accompanied
by objective improvement as represented by the Ashworth Score (Ashworth 1964).
This is a measure of biological impairment, as opposed to disability or handicap,
and relies upon an estimation by a clinician. A trend towards improvement in
mobility was noted, but no effect on tremor, sleep quality, or lower urinary tract
symptoms. Adverse events occurred with similar frequency in the active and con-
trol groups, but were more severe in the former. Killestein et al. (2002) reported an
unambiguously negative study in 16 MS patients. In a randomised, double-blind
crossover design, they compared synthetic THC with a cannabis plant extract con-
taining the same amount of THC and placebo over 4 weeks of treatment. Starting
dose was 2.5 mg orally twice daily, with the option to increase this to 5 mg twice
daily after 2 weeks if the first dose was well tolerated. There was no improvement in
spasticity as represented by the Ashworth Score. Both active medicines were well
tolerated, but were inferior to placebo in terms of the patients’ subjective global
impression of change. An accompanying editorial (Thompson and Baker 2002)
pointed out that the study was not powered to detect efficacy, and the writers drew
attention to the difficulty in achieving the most appropriate individual dose by the
oral route.

Thevery lowwater solubility of key cannabis constituents aggravates still further
the well-known variability of absorption from the gastro-intestinal tract, resulting
in poor predictability of both the timing and intensity of peak effects by the oral
route. Titration of dose against symptom relief, as is the norm for most individ-
uals who smoke cannabis medicinally, is very difficult in these circumstances. An
additional drawback is the production of larger quantities of the reputedly psy-
choactive metabolite 11-OH-THC as a result of the hepatic first-pass phenomenon.
The use of whole plant cannabis-based medicinal extracts in liquid form delivered
by a pump action oromucosal spray (Whittle et al. 2001) represents an attempt
to overcome these problems and permit the patient to self-titrate to an optimal
individualised daily dose.

This mode of delivery was utilised in a consecutive series of double-blind, ran-
domised, placebo-controlled single patient crossover trials with 2-week treatment
periods (Wade et al. 2003). Twenty-four patients received whole plant extracts by
oromucosal spray containing primarily THC, primarily CBD, an equal propor-
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tion of THC and CBD, or matched placebo at doses determined by titration against
symptomrelief orunwantedeffectswithin the range2.5–120mg/24h (1–48 sprays).
Eligible patients had neurogenic symptoms which had responded poorly to stan-
dard treatments, and the majority had MS or SCI. Patients recorded symptom,
well-being and intoxication scores on a daily basis using visual analogue scales
(VAS), completed standard measures of disability, mood and cognition on regular
clinic visits, and recorded adverse events. Average dose following self-titration
in the active treatment groups was around 9 sprays/24 h. At the nursing assess-
ments, all three CBMEs significantly improved the subjective measure of spasticity
in comparison with placebo, and both THC CBME and THC: CBD CBME im-
proved muscle spasm. Patients’ daily diaries showed that THC CBME significantly
improved VAS scores of pain, muscle spasm and spasticity, THC: CBD CBME sig-
nificantly improved spasm and sleep, and CBD CBME significantly improved pain.
Four patients withdrew due to unwanted effects, and the percentage of patients
with at least one adverse event was considerably higher when THC was not accom-
panied by an equal proportion of CBD (55% vs 30%). The authors concluded that
CBME can improve neurogenic symptoms unresponsive to standard treatments,
and that unwanted effects were predictable and generally well tolerated.

An important trial funded by the UK Medical Research Council (“CAMS” study)
has explored the effects of synthetic THC (Marinol) and a cannabis extract (“Can-
nador”) given orally on spasticity and other symptoms related to multiple sclerosis
(Zajicek et al. 2003). This was a randomised, placebo-controlled trial involving 33
centres and 630 patients, and the primary outcome measure was change in overall
spasticity score as represented by the Ashworth scale.

The results of the study were mixed, and a large placebo effect was noted. There
was no change in Ashworth score following 15 weeks of treatment with either THC
or Cannador, but both active treatments demonstrated significant improvements
in subjective measures of spasticity, muscle spasms, pain and sleep, and also in an
objective measure of mobility. No effect was apparent on irritability, depression,
tiredness, tremor or loss of energy. The authors noted an unexpected reduction
in hospital admissions for relapse in the two active treatment groups. The known
interaction of cannabinoids with the immune system, and the fact that MS is still
regarded as an auto-immune condition led them to comment that this finding was
worthy of further investigation. Minor unwanted effects were frequently reported
in all three treatment groups, with a higher prevalence for the active treatments.
The small number of serious adverse events were evenly spread across the three
groups.

The limitationsof theAshworth scale inmeasuring suchacomplexphenomenon
as spasticity is well known (Hinderer and Gupta 1996) and is acknowledged by
the authors. They also noted that the evidence in support of currently available
standard drug treatments for spasticity (and many other MS-related symptoms)
is weak. Although the study incorporated a titration phase, the fixed twice daily
dosing routine was not ideal in seeking to allow patients to optimise the balance
between positive and negative effects given the known variations in individual
response. An accompanying Lancet editorial (Metz and Page 2003) drew attention
to the high variability in degree of spasticity among the trial patients and com-
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mented that the primary outcome measure does not correlate with function or
other measures of spasticity. It recommended that “future studies should consider
the potential confounding effect of including ... patients with severe spinal cord
disease and should not rely totally on the Ashworth scale”. It was also noted that
poor bioavailability of oral cannabinoids may have influenced the outcome.

A significant effect upon a subjective measure of spasticity was the principal
finding in another large study of cannabis-based medicine in MS (Wade et al.
2004). The effects of a whole plant extract containing an equal proportion of THC
and CBD (Sativex) was compared with placebo in a parallel-group, double-blind,
randomised study in 160 MS patients. Eligible patients were experiencing one
of the following symptoms which had proved refractory to standard treatment:
spasticity, muscle spasms, lower urinary tract symptoms, neuropathic pain or
tremor. An oromucosal spray delivered 2.5 mg of each cannabinoid or matched
placebo on each activation. After initial standardised dosing in an outpatient
clinic, patients gradually titrated the dose upwards at home to a maximum of 48
sprays/24 h, aiming for an optimal balance between symptom relief and unwanted
effects. Treatment period was 6 weeks, and the primary outcome measure was
a composite derived from the VAS score of each patient’s most troublesome symp-
tom. Secondary measures were individual symptom VAS scores, and standardised
measures of disability, cognition, mood, sleep and fatigue.

Once again, there was a strikingly large placebo effect. The composite score
(max 100) following Sativex fell from a mean (SE) of 74.4 (11.1) to 48.9 (22.0) and
from 74.3 (12.5) to 54.8 (26.3) following placebo (ns). Spasticity VAS scores fell
by 31.2 following Sativex and by 8.4 following placebo [difference = –22.8; 95%
confidence interval (CI): –35.52 to –10.07, p = 0.001]. Statistically non-significant
improvements were also seen for spasms, bladder control and tremor. A similar
pattern of responses was also noted from diary symptom VAS scores recorded by
patients on a daily basis. Patients using Sativex assessed the quality of their sleep
as significantly improved (p = 0.047). No significant adverse effects on cognition or
mood were noted. Sativex was generally well tolerated. In particular, intoxication
was usually mild, and largely avoidable with careful dose titration.

Clearly, further work is required to clarify the exact role of cannabis-based
medicine in the symptomatic treatment of MS and SCI. Perhaps the position at the
time of writing is best summarised by the comments of the Chief Executive of the
Multiple Sclerosis Trust on the results of the CAMS study. In a press release on 7
November 2003, he stated:

It is frustrating that the results of the study are somewhat equivocal. We are
pleased that the CAMS study confirms the strong anecdotal evidence of the
benefit of cannabis for some people with MS. It is particularly encouraging
that patients receiving cannabis perceived an improvement in both spasticity
and pain, when compared with those on placebo, and that no significant side-
effects were reported. However, it is clear that the primary assessment tool
used to measure spasticity, the Ashworth Scale, has failed to capture the full
impact of this aspect of MS. Spasticity is a complex collection of symptoms
encompassing pain and stiffness, some of which can only accurately be as-
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sessed using subjective measures. However, overall, we believe that this study,
combined with others which demonstrate symptomatic improvement, pro-
vides convincing evidence that cannabis may be clinically useful in treating
some of the symptoms of MS.

2.2
Symptomatic Relief in Other Neurological Conditions

Stimulated by anecdotal reports that smoked cannabis improved a variety of move-
ment disorders, Consroe and colleagues (1986) gave CBD 100–600 mg daily for
6 weeks to five patients with a variety of dystonic movement disorders. Dose-
related improvements in dystonia were noted in all the patients, with maximal
improvements ranging from 20% to 50%. Side-effects, described as mild, con-
sisted of hypotension, dry mouth, sedation and light-headedness. However, CBD
was “neither symptomatically beneficial nor toxic” in 10 patients with Hunting-
ton’s disease at a dosage of 10 mg/kg/day for 6-week treatment periods (Consroe
et al. 1991).

l-Dopa-induceddyskinesia (LDD) inParkinson’sdisease (PD)presentsa formid-
able therapeutic challenge. Overactivity in the lateral globus pallidus has been
identified as a possible mechanism (Brotchie 2000) and, noting that this struc-
ture is rich in CB1 receptors, Sieradzan et al. (2001) compared the synthetic THC
analogue nabilone (0.03 mg/kg) with placebo in a double-blind, crossover trial
in 7 patients. Mean total LDD score was significantly reduced following nabilone
in comparison with placebo (17 vs 22, p < 0.05). Two patients were withdrawn
following nabilone, one complaining of vertigo and the other because of postu-
ral hypotension. However, a further placebo-controlled study of 13 patients with
primary dystonia (Fox et al. 2001) revealed no beneficial effect of nabilone. A re-
cent survey (Venderova et al. 2003) identified 85 PD patients who had tried illicit
cannabis for symptom relief, of whom 39 (45.9%) reported some improvement in
rest tremor, bradykinesia, muscle rigidity or LDD. Interestingly, it took an average
of 1.7 months for the benefit to appear, and improvement was recorded signifi-
cantly more frequently by patients using cannabis for 3 months or more, and on
a regular basis—at least once daily.

In a study primarily investigating possible appetite-stimulating effects of oral
THC (dronabinol) in 12 patients with Alzheimer’s disease (Volicer et al. 1997), the
prevalence of disturbed behaviour measured by the Cohen-Mansfield Agitation
Inventory (CMAI) was also assessed. Patients received THC 2.5 mg twice daily
and placebo in a randomised, crossover design with 6-week treatment periods.
THC significantly improved CMAI scores in comparison with placebo (p = 0.05).
Unwanted effects included tiredness, somnolence and euphoria, and one patient
experienced an epileptic convulsion (type not specified) soon after receiving the
first dose of THC.

A few case studies have suggested that cannabis may produce beneficial effects
in Tourette’s syndrome (Sandyk et al. 1988; Hemming et al. 1993), although no
clear rationale for a mechanism of action has been established. Muller-Vahl et al.
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(1999) reported marked amelioration of both vocal and motor tics in an open trial
of THC 10 mg in a 25-year-old patient. Improvement began 30 min after dosing,
total tic severity was down from 41 at baseline to 7 at 2 h post dose, and benefit
lasted for about 7 h. No adverse effects were reported. In a preliminary randomised,
double-blind, placebo-controlled study (Muller-Vahl et al. 2003) THC in dosages
up to 10 mg/day over a 6-week treatment period were compared with placebo in
24 patients with Tourette’s syndrome. Seven patients dropped out, but even so
there were some significant benefits for the active treatment using standardised
outcome measures (e.g. Tourette Syndrome Symptom List). No serious adverse
events were reported. On the basis of these findings the authors hypothesised that
central cannabinoid receptors may play a part in the pathology of the syndrome.

2.3
Chronic Pain

Relief of intractable pain is one of the core historical applications of cannabis.
There are many modern anecdotes as to its utility in cancer pain, bone and joint
pain, migraine, menstrual cramps and labour pain (Grinspoon and Bakalar 1993).
Cannabis has been shown to have a dose-dependent antinociceptive effect on
experimental pain in healthy subjects (Greenwald and Stitzer 2000).

Unfortunately, scientific evidence for analgesicutility inhumans remains scanty.
Early studies evaluated oral THC or other synthetic cannabinoids in severe cancer-
related, postoperative, or neurogenic pain. Noyes et al. (1975a) compared oral THC
insingledosesof 5, 10, 15and20mgwithplacebo ina randomised, crossoverdesign
in 10 patients with cancer pain whose regular medication was withheld. A dose-
related effect was observed, and the two higher doses gave significantly better
pain relief than placebo, but these doses were associated with marked sedation.
Other unwanted effects included slurred speech, blurred vision, mental clouding,
dizziness and ataxia. Noyes’ group went on to compare the efficacy of oral THC
10 and 20 mg with codeine 60 and 120 mg and placebo in a randomised, double-
blind trial in 36 patients with cancer pain (Noyes et al. 1975b). A dose-related and
equivalent analgesic effect was noted for both drugs, with the higher doses of both
significantly superior to placebo. The effect of THC was maximal at 5 h (compared
with 3 h for codeine) but 20 mg caused sedation and mental clouding in most
patients. THC 10 mg was well tolerated but suitable only for mild pain.

Jain and colleagues (1981) compared intramuscular levonantradol (a synthetic
cannabinoid) at several doses with placebo in a randomised, double-blind trial
in 56 patients with severe postoperative or trauma pain. There was no apparent
dose–effect relationship, but all doses of levonantradol were significantly superior
to placebo. Unwanted effects were common but generally mild, with drowsiness
occurring in almost half the subjects receiving active drug. Levonantradol subse-
quently disappeared without trace.

Two detailed single case studies were published in the 1990s. Maurer et al.
(1990) compared the effects of oral THC (5 mg), codeine (50 mg) and placebo
in a randomised, double-blind crossover study in a patient suffering severe pain
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related to muscle spasticity. Analgesic effects of both active drugs were similar
and both superior to placebo. It was noted that THC also significantly improved
the spasticity. No adverse effects were reported. Holdcroft et al. (1997) compared
oral THC (50 mg daily in divided doses) with placebo in a 6-week, double-blind,
crossover trial in a patient who required daily morphine to control chronic pain
associated with familial Mediterranean fever. The patient was allowed to take
morphine tablets as required, and although VAS pain scores remained similar in
the THC and placebo conditions, the morphine consumption was significantly
reduced (p < 0.001) in the THC period.

This limited body of work was subjected to meta-analysis (Campbell et al. 2001),
and the authors reached the following conclusion:

Cannabinoids are no more effective than codeine in controlling pain and
have depressant effects on the central nervous system that limit their use.
Their widespread introduction into clinical practice for pain management
is therefore undesirable. In acute postoperative pain they should not be
used. Before cannabinoids can be considered for treating spasticity and
neuropathic pain, further valid randomised controlled studies are needed.

The validity of this conclusion was challenged by several correspondents to the
editor of the journal. For example, Iversen (2001), noting that “a wealth of animal
data support a role for cannabinoids in pain modulation” in contrast to the paucity
of controlled human studies available for review, criticised the authors for “coming
to a series of emphatic but ill-founded conclusions”.

A further study of oral THC in postoperative pain has also given negative
results (Buggy et al. 2003). THC 5 mg was compared with placebo in a randomised,
double-blind, single-dose study in 40 women who had undergone abdominal
hysterectomy. Measurement of summed pain-intensity difference at 6 h post dose
revealed no difference between THC and placebo. However, there was also no
difference between the groups in the incidence of adverse events, so the negative
findings may be the result of a sub-therapeutic dose of THC.

Emerging evidence from basic science (e.g. Bridges et al. 2001; Fox et al. 2001;
and Walker and Hohmann, this volume) implies that cannabis may benefit neuro-
pathic pain. The 1997 National Institute of Health workshop on medical cannabis
concluded: “Neuropathic pain represents a treatment problem for which currently
available analgesics are, at best, marginally effective. Since ∆9-THC is not acting by
the same mechanism as either opioids or NSAIDs [nonsteroidal anti-inflammatory
drugs], it may be useful in this inadequately treated type of pain.” The UK House
of Lords Science and Technology Committee (1998) came to a similar conclusion:
“... pain which originates from damaged nerves might respond to cannabinoids....
An example of such pain is phantom limb pain following amputation.... [There is]
anecdotal evidence that cannabis can relieve this pain [and] ... trials of cannabis
should be undertaken in such patients.”

Notcutt and colleagues (1997) reported their qualitative experience of the use of
nabilone (synthetic THC analogue) in the treatment of 43 patients with severe pain
resulting from MS, SCI and other sources of peripheral or central nerve damage,
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or malignancy. Of 43 patients, 25 were deemed to have benefited, and the main
unwanted effects of nabilone were drowsiness and dysphoria.

More recent human studies focusing primarily on neuropathic pain have gen-
erally provided positive results. Wade et al. (2003) investigated the effects of three
whole plant cannabis extracts (CBME) in a series of 24 single-case, double-blind,
placebo-controlled crossover studies (see MS section above, Sect. 2.1, for details
of the design) in patients with intractable neurogenic symptoms including pain.
Significant analgesic effects in comparison to placebo were seen with both THC
CBME and CBD CBME. The latter finding was considered particularly notable
since CBD is a non-psychoactive cannabinoid. Using a similar design and the
same extracts, Notcutt et al. (2002) reported the results of a series of trials in-
volving 29 patients who were experiencing refractory pain as a result of MS or
nerve damage following surgery or trauma. Significant improvements were seen
in pain, sleep, depression, activity and general health. Three patients experienced
postural hypotension during the initial self-titration, and some degree of intoxi-
cation was reported by several patients. One of these extracts (Sativex), containing
equal proportions of THC and CBD, was compared with placebo in a double-blind,
randomised trial over 3 weeks of treatment in 70 patients with chronic refractory
neuropathic pain due to MS or other defects of neurological function (Sharief et
al. 2004). Treatment difference in pain scores (BS-11) was 0.39 boxes in favour of
Sativex (p = 0.332; 95% CI: –1.18, 0.4). Median percentage of days on which escape
medication was used was 5% for Sativex and 45% for placebo (p = 0.006; 95% CI:
–47.62, 0.00). Treatment was generally well tolerated, withdrawals were similar in
both groups. Sleep disturbance was improved following Sativex (p = 0.052). The
authors concluded that, on the basis of a reduced need for rescue medication,
Sativex was efficacious in the treatment of chronic neuropathic pain.

Sativex has been the focus of two further controlled trials. Young and Rog (2003)
compared it to placebo in a randomised, double-blind, parallel-group trial over
4 weeks of treatment in 64 patients with intractable central neuropathic pain due
to MS. Patients were allowed to self-titrate their dose over a period of 1 week to
a maximum of 48 sprays daily. At the end of the 4-week treatment period, pain
relief following Sativex was significantly superior to placebo on both a BS-11 scale
(p = 0.005) and the Neuropathic Pain Scale (p = 0.039). A subjective measure of
sleep disturbance was also improved by Sativex (p = 0.003), and patients reported
a greater overall impression of benefit following the CBME (p = 0.005). Most pa-
tients (88%) experienced at least one adverse effect on CBME (placebo = 69%)
and one patient in the Sativex group withdrew from the study. Cognitive function
was tested using the Brief Repeatable Battery of Neurological Tests. CBME showed
a small but statistically significant difference (p = 0.009) in favour of placebo in
one of the five components of the battery (the long-term storage component of
the Selective Reminding Test). The authors concluded that Sativex was effective in
reducing pain and sleep disturbance in MS-related central neuropathic pain, and
is mostly well tolerated.

The effect of Sativex and THC CBME in treating refractory pain due to trac-
tion injuries of the brachial plexus has been studied in a randomised, placebo-
controlled, crossover trial in45patients (McKerral et al. 2003).This injuryproduces
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a highly characteristic pain syndrome that is particularly difficult to treat. The au-
thors note that opioids, anticonvulsants and tricyclic antidepressants are routinely
used in the treatment of this pain, but are partially effective at best. Eligible patients
continued on previously stabilised medicines, and received each test medicine for
2 weeks. During the first week of each treatment period, they were instructed cau-
tiously to self-titrate to an optimal individualised dose within a daily maximum
of 48 sprays. Both CBMEs produced moderate but highly statistically significant
improvements (Sativex: p < 0.002; THC CBME: p < 0.005) in BS-11 pain scores in
comparison with placebo. Sleep quality was also significantly improved by both
CBMEs. Average number of sprays/24 h was 9.2 (placebo), 7.3 (THC CBME) and 6.9
(Sativex). The authors speculated that these relatively low doses might have been
a result of the relatively short treatment periods limiting scope for self-titration, the
fact that patients remained on their pre-existing analgesics, and patients’ need to
avoid dosing if they intended to drive. Taking into account the low doses achieved
and the refractory nature of this type of neuropathic pain, the authors concluded
that CBME “may represent a significant advance in treatment.”

A small controlled study (Svendsen et al. 2003) suggests that dronabinol (syn-
thetic THC) may also be useful in MS-related pain. THC (maximum dose of
10 mg/day) was compared with placebo in a randomised, double-blind, crossover
trial with 3-week treatment periods in 24 patients with central neuropathic pain.
Spontaneous pain intensity and pain relief were both significantly improved by
THC. There was no comment on unwanted effects in this conference abstract.

Abrams et al. (2003) reported the effects of smoked cannabis in painful pe-
ripheral neuropathy secondary to human immunodeficiency virus (HIV) and/or
antiretroviral treatment. In a preliminary uncontrolled pilot study (in prepara-
tion for a planned placebo-controlled trial) “excellent” correlation was reported
between cannabis dosing and pain improvement, with 10 of 16 participants expe-
riencing a greater than 30% reduction in pain. These results provide the ethical
justification to proceed with the controlled trial.

Finally, the synthetic cannabinoid CT-3 was compared (Karst et al. 2003) with
placebo in a randomised, double-blind, crossover trial in 21 patients with chronic
neuropathic pain (cause unspecified). In 1-week treatment periods, patients re-
ceived 4 capsules (10 mg CT-3 or placebo) daily in divided doses for the first
4 days and 8 daily for the following 3 days. Pain VAS scores were significantly
improved by CT-3 in comparison with placebo (p = 0.02), although there was no
dose–response relationship. Unwanted effects (most commonly dry mouth and
tiredness) occurred more frequently following CT-3. The authors concluded that
this preliminary evaluation suggested that CT-3 was effective in reducing chronic
neuropathic pain.

2.4
Effects on Nausea and Vomiting

Many cytotoxic drugs used in the treatment of malignant disease are powerful
emetics, and the distress caused by drug-induced nausea and vomiting is the
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major limiting factor in determining patients’ acceptance of cancer chemotherapy
(Carmichael 1992).Premedicationwithanti-emetics is routine,but severevomiting
induced by such drugs as cisplatin, dacarbazine or cyclophosphamide can be very
difficult to control.

The anti-emetic properties of cannabis were rediscovered in the 1960s, when
recreationalusers receivingcancer chemotherapy told theirdoctors it relieved their
nausea. Anecdotal reports (e.g. Grinspoon and Bakalar 1993) preceded a range of
controlled clinical trials in the 1970s and 1980s. These established that natural
and synthetic forms of THC were invariably superior to placebo (Chang et al.
1979; Orr and Mckernan 1981; Jones et al. 1982). Controlled comparisons of THC
with the anti-emetics available at the time suggested that it is either equivalent
(Ungerleider et al. 1982) or superior (Formukong et al. 1989; Plasse et al. 1991; Orr
and Mckernan 1981; Einhorn et al. 1981; Niiranen and Mattson 1985; Dalzell et al.
1986;Niederle et al. 1986;Pomeryet al. 1986;Chanetal. 1987;Pentaet al. 1981;Levitt
1986) to such drugs as prochlorperazine, domperidone, alizapride, dexamethasone
and metoclopramide. Commonest unwanted effects included somnolence, dry
mouth, ataxia, dizziness, dysphoria, and postural hypotension. Oral THC and
nabilone often produced more unwanted effects than comparison drugs, yet THC
was usually preferred by patients (Ungerleider et al. 1982; Einhorn et al. 1981;
Niiranen and Mattson 1985; Dalzell et al. 1986).

Penta and colleagues (1981) reviewed 12 studies that examined the anti-emetic
effects of THC (9) or nabilone (3) involving 600 patients. They reported that
THC was “effective” in 8/9 and nabilone in 3/3. Levitt (1986) reviewed 55 stud-
ies, of which 32 were of randomised, double-blind design. Low-dose preventative
treatment gave better results than targeting established vomiting. Levonantradol
produced a higher frequency of dysphoric effects than nabilone or THC. A review
by Formukong et al. (1989) suggested that the emesis produced by certain drugs
(e.g. methotrexate, doxorubicin, cyclophosphamide, fluorouracil) responded bet-
ter to THC than others (e.g. nitrosoureas, mustine, cisplatin). Younger patients
responded better than older. Plasse and colleagues (1991) reviewed clinical expe-
rience with dronabinol (capsules of THC in sesame oil), which was first marketed
in the U.S. in 1987. Meta-analysis suggested that an optimal balance of efficacy and
unwanted effects is achieved with relatively modest doses of THC (i.e. 7 mg/m2

or less). Sedation and psychotropic effects were commonly reported but were
usually only of mild to moderate intensity and resolved rapidly on discontinua-
tion.

Children seemed to respond well to nabilone (Dalzell et al. 1986; Chan et al.
1987) and to be tolerant of adverse effects, but confirmation is required. A small
pilot study (Abrahamov et al. 1995) indicated a positive response to ∆8-THC in 8
children receiving highly emetic antineoplastic therapy for various blood cancers.
Vomiting was reported in 60% children receiving metoclopramide, but when ∆8-
THC was given orally 2 h before chemotherapy and repeated every 6 h for 24 h,
no vomiting occurred on any of the 480 occasions this strategy was applied. Two
children reported unwanted effects: both were “slightly irritable” and one (age 4)
showed “slight euphoria”. Surprisingly, this very promising result has not been
followed up with a more definitive study.
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The introduction of the highly effective (though expensive) 5-HT3 antagonists
including granisetron, ondansetron and tropisetron seems to have undermined in-
terest in cannabis-based medicines for this indication. There have been no recent
trials, so no information is available as to how they may compare with these newer
and highly effective treatments. However, the combination of an anti-emetic effect
alongsideotherattributes (e.g. analgesia,muscle relaxation, sedation) still provides
a compelling case for exploration of a potential role for cannabinoids in condi-
tions such as acquired immunodeficiency syndrome (AIDS), cancer, or perioper-
ative pain. Of additional interest is the emerging evidence that non-psychoactive
cannabinoids such as CBD may have anti-emetic properties (Parker et al. 2002;
Javid et al. 2002).

2.5
Appetite Stimulation

Recreational users are familiar with the appetite-stimulating effect of cannabis
(“the munchies”), and controlled studies in healthy subjects have confirmed this
(Hollister 1971; Foltin et al. 1986). Kirkham and Williams (2001) have provided
a comprehensive review of the effects of exogenous and endogenous cannabinoids
on appetite and weight in animals and humans. There appears to be a link to the
reward mechanisms that mediate the incentive value of food.

Open studies in cancer patients (Plasse et al. 1991; Nelson et al. 1994) suggested
that THC has a positive effect on appetite and weight. In a double-blind study in
54 patients with various cancers, Regelson et al. (1976) found that oral THC (0.1–
0.4 mg/kg four times daily) produced a significant (p < 0.05) gain or preservation
of weight in comparison with placebo. THC also improved depression and “tran-
quillity” scores, but somnolence, dizziness and disassociation were troublesome
in a quarter of the patients and led to 9 dropouts. A more recent study (Jatoi et al.
2002) compared dronabinol alone (2.5 mg BD) or in combination with megestrol
acetate (MA: 800 mg/day) with MA alone in 469 patients with advanced cancer
who were troubled with recent poor appetite or weight loss of at least 2.268 kg
(5 lb). MA alone was significantly superior to dronabinol alone (p = 0.0001 for
appetite; p = 0.02 for weight gain), and the addition of dronabinol to MA resulted
in no significant improvements in appetite or weight over those that occurred with
MA alone. Impotence was a significant problem for MA-treated men. The relative
absence of typical THC-related unwanted effects suggests a sub-optimal dose.

Progressive weight loss is a major problem in AIDS. Beal and colleagues (1995)
carried out a randomised, controlled trial of dronabinol in 139 late-stage AIDS pa-
tients (of whom 88 were “evaluable”) who had experienced at least 2.5 kg reduction
from their normal weight. Oral THC 5 mg daily significantly improved appetite
in comparison with placebo (p < 0.015) and also reduced nausea (p = 0.05). There
was a trend towards mood improvement in the dronabinol group (p = 0.06) and
there was a tendency toward weight gain. THC produced significantly more ad-
verse effects than placebo (p < 0.001), the most frequent being euphoria, dizziness,
“thinking abnormalities”, and sedation, but three quarters of these fell into the
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mild or moderate categories. Drop out rates between active and placebo groups
were similar. Beal et al. (1997) followed up 94 patients from this study for a fur-
ther 12 months. These subjects continued to receive dronabinol 2.5 mg once or
twice daily, and consistent improvement in appetite was noted, typically at least
twice baseline levels. Unwanted effects were as expected from a THC-containing
medicine but were generally well tolerated.

Apart from appetite improvement, AIDS patients have reported a number of
other benefits from cannabis including reduction in nausea, reduced anxiety, relief
of aches and pains, improved sleep, and inhibition of oral candidiasis (Grinspoon
and Bakalar 1993; Plasse et al. 1991). Commonest reasons for smoking cannabis
given in a recently published survey (Sidney 2001) of HIV-positive subjects were to
feel better mentally or reduce stress (79%), improve appetite or gain weight (67%)
and decrease nausea (66%).

The study team who conducted the U.S. Institute of Medicine Review (1999)
concluded (page 177), “For patients such as those with AIDS or who are undergo-
ing chemotherapy, and who suffer simultaneously from severe pain, nausea, and
appetite loss, cannabinoid drugs might offer broad-spectrum relief not found in
any other single medication.”

Concern has been expressed that HIV-infected individuals may be more vulner-
able to the immunosuppressive effects of cannabis or THC. Kaslow and colleagues
(1989) monitored the progress of nearly 5,000 HIV-positive men for 18 months
and found no evidence that use of psychoactive substances (including cannabis)
had any discernable effect upon T helper lymphocyte counts or progression to
AIDS. A randomised controlled trial (Bredt et al. 2002) compared the effects of
marijuana cigarettes (0.9 g, 3.95% THC, up to 3 daily), dronabinol (2.5 mg up
to 3 times daily) and placebo over a 3-week treatment period in 62 HIV-positive
subjects being treated with protease inhibitor anti-retroviral drugs. Neither active
treatment produced any significant effects on the percentage of CD4+ and CD8+

T cells, T cell activation, changes in cytokine flow cytometry, natural killer cell
number and function, or in a lymphoproliferation assay. Within the limitations of
a short-term study, the authors concluded that there were no detrimental effects
of cannabinoids on any of the immune parameters measured. A separate analysis
of the same patient group (Abrams et al. 2003) revealed no significant effects on
viral load as represented by HIV RNA levels.

Another condition frequently associated with decreased appetite and malnutri-
tion is senile dementia of Alzheimer type. Eleven patients with Alzheimer’s disease
were treated for 12 weeks on an alternating schedule of dronabinol (THC: 2.5 mg
twice daily) and placebo (6 weeks of each treatment). The dronabinol treatment
resulted in substantial weight gains and a decline in disturbed behaviour (Volicer
et al. 1997). No serious side-effects were observed. One patient had a seizure and
was removed from the study, but the investigators were unsure whether this was
attributable to dronabinol. Patel and colleagues (2003) recently reported an open
study in this population. Forty-eight patients with Alzheimer’s disease with uncon-
trolled agitation and anorexia were given dronabinol 5–10 mg daily for a month.
The authors reported weight gain in all patients.
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2.6
Appetite Suppression in Obesity

A growing understanding of the role of central cannabinoid systems in the reg-
ulation of appetite (Williams and Kirkham 1999) has raised the possibility that
blocking CB1 receptors might inhibit appetite (Kirkham 2003). Testing this hy-
pothesis has become a possibility with the development of the selective CB1 recep-
tor antagonist SR141716A (rimonabant). Studies in various animal models have
demonstrated that this produces marked reduction of food intake, body weight
and adiposity (e.g. Ravinet et al. 2002).

At the time of writing, seven phase III clinical trials are in progress focusing on
rimonabant’s effect on weight loss and smoking cessation. None of these has yet
been published in peer-reviewed journals, but two have been completed and the
results presented at a U.S. cardiology conference in 2004. According to information
supplied by the manufacturer, overweight patients treated with rimonabant 20 mg
daily for 1 year lost significantly more weight than placebo patients (p < 0.001).
Improvement in some associated cardiovascular risk factors (e.g. waist circum-
ference, HDL cholesterol and triglyceride plasma levels, C-reactive protein levels)
were also reported. Unwanted effects were described as consisting mainly of mild
and transient nausea and dizziness, though twice as many patients dropped out on
rimonabant 20 mg than placebo. A second study suggested that smokers seeking
abstinencewere twiceas likely tobe successfulwhen treatedwith rimonabant20mg
for 10 weeks in comparison with placebo (p = 0.002). Rimonabant also appeared
to protect against the weight gain commonly seen following smoking cessation.
Once again, however, there were twice as many dropouts on active treatment. It
must be noted that these results await peer review.

2.7
Glaucoma

Glaucoma is the commonest cause of blindness in the Western World. Raised intra-
ocular pressure (IOP) is usually due to an obstruction to the outflow of aqueous
humour at the front of the eye, and by far the commonest deficit is primary
open-angle (chronic simple) glaucoma. A range of topical and systemic drugs are
used to treat this, but efficacy is variable and there are many possible unwanted
effects.

The discovery that cannabis lowers IOP was first reported by Hepler and Frank
(1971), and the mechanism by which this is achieved still remains to be clarified.
Controlled studies in healthy subjects (Hepler et al. 1976; Perez-Reyes et al. 1976;
Jones et al. 1981) have shown that oral, injected or smoked THC produces dose-
related reductions of IOP as much as 30% below baseline, though tolerance may
occur on chronic dosing.

In the1970s, anecdotal reportsof symptomreliefby smokedmarijuanaappeared
and a small number of glaucoma patients successfully argued in the U.S. for legal
access to the drug (Grinspoon and Bakalar 1993). Hepler and colleagues (1976)
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carried out a pilot study of smoked marijuana and oral THC (15 mg) in 11 patients.
IOP reductions averaging 30% were seen in 7, whilst 4 had no response.

Two small placebo-controlled studies of smoked and topical THC confirmed
a significant IOP reduction in glaucoma patients. Merrit and colleagues (1980)
compared smoked THC (2%) with placebo in a double-blind parallel-group study
in 18 patients. IOP was significantly reduced in comparison with placebo between
1.5 and 2.5 h after dosing. Unfortunately, these effects were accompanied by reduc-
tions in blood pressure, increases in heart rate, and “alterations in mental status”
which were not propitious for clinical utility. Merritt (1981) went on to investigate
THC eye-drops in a double-blind, placebo-controlled study in 8 patients. Dose-
related reductions in IOP were recorded using 0.05% and 1% drops with minimal
unwanted effects. Parallel reductions were noted in the untreated eye, suggesting
a systemic rather than a local mode of action.

It is now apparent that raised IOP is not the only pathological mechanism in
glaucoma. Impaired auto-regulation in arteries supplying the optic nerve head
may interfere with perfusion and cause neural damage (Prunte et al. 1998). The
discovery that CB1 receptors are present in micro-vasculature (Sugiura et al. 1998)
and the ability of endogenous cannabinoids to produce vasodilation (Sugiura et
al. 1998) suggests the possibility that exogenous cannabinoids may alleviate this
deficit. Antioxidant and N-methyl-d-aspartate (NMDA) receptor neuroprotective
properties of cannabinoids (Hampson et al. 1998) raise the hope that they might
improve survival of ischaemic retinal ganglion cells. Future prospects have been
reviewed by Jarvinen et al. (2002). Non-irritant local delivery using cyclodextrins
and non-psychoactive cannabinoids offers considerable promise.

2.8
Epilepsy

Epilepsy afflicts around 1% of the world’s population, and historically was an
important target for medicinal cannabis (O’Shaugnessy 1843; Reynolds 1890).
Modern anti-epileptic drugs fail to provide satisfactory control in up to 30% of
patients, and all can produce disabling or even life-threatening unwanted effects.

A confusing picture emerges when cannabinoids are evaluated in animal models
of epilepsy (Karler and Turkanis 1981; Consroe and Snider 1986). CBD has anti-
convulsant properties with a spectrum distinct from standard anticonvulsants, ap-
parently not hampered by the development of tolerance but with a varying profile
according to the species tested. THC can produce seizures in some circumstances
but is anticonvulsant in others. In a recent study, THC (10 mg/kg) completely abol-
ished spontaneous seizures in the rat pilocarpine model of epilepsy (Wallace et al.
2003). The results also indicated that endogenous cannabinoid tone may modulate
seizure termination and duration via the CB1 receptor.

Human research data are almost non-existent. There are anecdotal reports of
beneficial effects of cannabis in human epileptics (Grinspoon and Bakalar 1993)
and a couple of published single case reports. A man with grand mal epilepsy
stopped taking his anticonvulsants and suffered no fits for 6 months. He then
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smoked cannabis on seven occasions over a 3-week period and suffered three fits
during this time, though these were unrelated to periods of intoxication (Keeler
and Reifler 1967). In contrast, a young man whose seizure control was poor began
smoking 2–5 cannabis cigarettes nightly in addition to his conventional medication
and found this terminated his seizures (Consroe et al. 1975).

One solitary controlled trial is on record, comparing CBD (200–300 mg daily
for up to 4.5 months added to standard therapy) with placebo in a double-blind,
parallel-group design in 15 poorly controlled patients with “secondary generalised
epilepsy” (Cunha et al. 1980). Half the CBD patients remained “almost free” of
fits throughout the experiment and all but one of the others showed “partial
improvement”. With a single exception, the placebo patients remained unchanged.
Drowsiness in a quarter of the patients was the only unwanted effect associated
with CBD.

In view of the continuing uncertainty as to whether cannabis and its constituents
pose a risk to individuals with past or present epilepsy or on the contrary offer
a novel mode of treatment, a properly powered controlled trial is urgently required.

2.9
Psychiatric Disorders

There is some evidence that nabilone may have an anxiolytic effect. Fabre and
McLendon (1981) compared nabilone 3 mg daily with placebo in a randomised,
double-blind, parallel-group study in 20 anxious patients. “Dramatic improve-
ments” in anxiety scores were reported for nabilone relative to placebo (p < 0.001).
Commonest unwanted effects were dry mouth, dry eyes and drowsiness. Ilaria et al.
(1981) compared nabilone 2–5 mg daily with placebo in a double-blind crossover
study over a 2-week period in 11 anxious patients. Significant improvements in out-
come scores were accompanied by postural hypotension in most patients, though
this tended to tolerate out over time.

Cannabis and THC are known in certain circumstances to induce anxiety or
panic, and Zuardi and colleagues (1982) reported that CBD antagonises anxiogenic
effects of THC along with some other marijuana-like effects in healthy volunteers.
At a dose of 300 mg orally it reduced anxiety in comparison with placebo in
a simulated public speaking task (Zuardi et al. 1993). CBD was also found to behave
like an atypical antipsychotic in the apomorphine-induced stereotypy model in
rodents (Zuardi et al. 1991). In a report of a single case, CBD (in doses up to
1500 mg/day) was found to improve psychotic symptoms without toxic effects
in a psychotic patient who had experienced intolerable unwanted effects with
haloperidol (Zuardi et al. 1995).

A controlled trial in 15 insomniac volunteers suggested that CBD (160 mg) may
be an effective hypnotic (Carlini and Cunha 1981), but in a more recent sleep
laboratory study in healthy subjects (Nicholson et al. 2004) much smaller doses of
CBD (5 and 15 mg) appeared to have alerting properties. When CBD (15 mg) was
given in combinationwithTHC(15mg)at 10pm, it counteracted themorning-after
sedative effects seen when THC was given alone and increased wakeful activity
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during sleep. Effects on sleep architecture were modest, but some effects of both
cannabinoids on slow wave sleep were reported. Overall, these results suggest that
the improvement in sleep quality frequently reported in clinical trials is mainly
due to nocturnal symptom relief rather than a primary hypnotic effect.

THC (0.1 mg/kg) was reported to have anti-depressant properties in cancer
patients (Regelson et al. 1976). There are anecdotal reports that cannabis may act
as a mood stabiliser in bipolar affective disorder (Grinspoon and Bakalar 1998).

The discovery that the endogenous cannabinoid system has a central function
in extinction of aversive memories (Marsicano et al. 2002) raises the fascinating
possibility that CB1 agonists may prove therapeutic in phobias or post-traumatic
stress disorder.

2.10
Asthma

Although cannabis was used as a bronchodilator in the nineteenth century, modern
human research seems to have been limited to a brief period in the 1970s. Small
controlled studies in asthmatic volunteers (Tashkin et al. 1974; Williams et al.
1976; Tashkin et al. 1977) showed that oral, smoked and aerosolised THC had
significantbronchodilator activity comparable to thatof salbutamol, thoughslower
in onset. Dose-related tachycardia and intoxication occurred at higher doses. An
inhaled aerosol avoided systemic absorption of THC but induced cough and chest
discomfort, which limited its usefulness.

3
Safety Issues with Cannabis-Based Medicines

Cannabis is known to demonstrate very low acute toxicity. To the best of this
author’s knowledge, it remains the case that no human death has been reliably
ascribed to cannabis toxicity alone. It has been estimated, based on extrapolation
from mouse to man, that the lethal dose to effective dose ratio is around 40,000:1
(Grinspoon and Bakalar 1993, p 138). Minor adverse events (AEs) including intoxi-
cation, dizziness and dry mouth occur frequently with THC-containing medicines,
but are generally mild or moderate in intensity and well tolerated by patients. In
a recent large study (Zajicek et al. 2003), out of 417 patients allocated to THC or
cannabis extract, only 9 patients discontinued treatment because of intolerable
AEs, and serious or life-threatening AEs were no more frequent following active
treatments than placebo.

Cannabis and THC are known to increase heart rate, cardiac output and supine
blood pressure, and can cause orthostatic hypotension (Jones 2002). Because of the
resulting increase in cardiac work, cannabis and THC are probably best avoided by
patients with clinically significant cardiovascular disorders. Cardiovascular effects
tend to tolerate out over chronic dosing (Benowitz and Jones 1981). A survey of
myocardial infarction survivors set out to investigate whether smoking marijuana
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might have been a trigger for this event (Mittleman et al. 2001). Unfortunately,
only 124 of the 3,882 patients surveyed admitted to smoking marijuana. The risk
of infarction appeared to be elevated 4.8 times over baseline during the 60 min
following marijuana use but decreased rapidly thereafter. However, this conclusion
has been much criticised, not least because the sample of subjects upon which it
is based (those who had smoked cannabis within 1 h of infarction) amounted to
only 9 individuals, of whom 3 admitted at least one other “triggering activity”
(e.g. cocaine use or sexual intercourse). Epidemiological data on 65,000 patients
in the San Francisco Bay Area do not support an increased risk of cardiac events
in cannabis smokers (Sidney et al. 1997).

Animal and human data regarding effects of recreational cannabis on fertility,
pregnancy and birth outcomes, teratogenicity, and possible neurodevelopment
effects on the infant are conflicting and no clear conclusions are possible. In these
circumstances, it would be prudent for couples seeking to conceive and pregnant
women to avoid cannabis-based medicines. THC is transferred into breast milk
and may reach concentrations eight times higher than those in maternal plasma
(Astley and Little 1990).

3.1
Cognitive/Motor Effects

Any medicine containing THC may produce similar acute cognitive effects to
recreational cannabis if taken in sufficient dosage. These effects include: euphoria,
sensory enhancement, increased social conviviality, and a sense of relaxation and
contentment; perceptual effects including distorted time and space estimation and
alteration in sensory modalities; impairment in both sustained and divided at-
tention; impairment in reaction time, motor control and dexterity; impairment in
various aspects of memory and higher cognitive function including associative and
abstractive processes, planning and organisational strategies (reviewed by Solowij
1998: pp 29–40). The possible implications for those receiving cannabis-based
medicines who wish to continue driving have been reviewed by Hadorn (2004). In-
terestingly, analysis of responsibility for traffic collisions has repeatedly indicated
that drivers with only cannabis in their systems (and especially no alcohol) were, if
anything, less culpable than drug-free drivers. In prospective studies using driving
simulators or road tests, cannabis does impair subjects’ ability to maintain road
position and constant following distances. However, cannabis users generally seem
aware of being impaired and compensate by driving more cautiously. Alcohol con-
sistently produced greater impairment than cannabis in comparable social doses,
tended to induce more aggressive driving and, in contrast to cannabis smokers,
alcohol subjects lacked insight into their impairment and thus made no attempt
to compensate. These studies suggest that, as should be the case with many other
prescribed drugs, patients receiving cannabis-based medicines should simply be
warned to avoid driving and other potentially hazardous tasks at any time they
feel impaired.
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Do any of these acute deficits persist after cannabis has been discontinued and
fully metabolised? A large and expanding scientific literature has still not fully
resolved this question. Recognising the methodological shortcomings that have
dogged much of this research, Gonzalez et al. (2002) proposed seven “minimal
criteria” which should be applied to any study purporting to explore non-acute
cognitive effects of cannabis: only 13 out of 40 eligible studies met these basic
criteria. The authors point out that negative results have been disseminated in the
media without any acknowledgement of these serious shortcomings.

A major problem lies in distinguishing long-lasting but reversible residual ef-
fects (due to slow metabolism of cannabis components or withdrawal phenomena)
from irreversible effects. Pope et al. (2002) tested 77 current heavy users and 87
controls. The former showed significant memory deficits at 0, 1 and 7 days of
abstinence, but by day 28 were virtually indistinguishable from control subjects.
There was no association between duration of cannabis use and cognitive perfor-
mance after 28 days of abstinence. This conflicts with the finding of Solowij et al.
(2002) that deficits on several neuropsychological measures were correlated with
lifetime duration of cannabis exposure. In seeking to explain this, Pope et al. (2002)
point out that even well-controlled studies depend on the assumption that, after
adjustment for more obvious confounding factors, cannabis users and non-users
are comparable on all factors other than exposure to cannabis. Additionally, heavy
use of an illegal drug may produce non-pharmacological deficits such as family
alienation or school drop-out that impact outcome measures. Grant et al. (2003)
carried out a meta-analysis of studies examining non-acute cognitive effects, and
found no substantial, systematic or detrimental effect of recreational cannabis on
neuropsychological performance. They concluded:

The small magnitude of effect sizes from observations of chronic users of
cannabis suggests that cannabis compounds, if found to have therapeutic
value, should have a good margin of safety from a neurocognitive standpoint
under the more limited conditions of exposure that would likely obtain in
a medical setting.

3.2
Dependency/Abuse

Properties of THC that may have a bearing on its dependency and abuse potential
have been investigated in numerous animal models, but how reliable these may
be in predicting human behaviour is open to question. Despite the cripplingly
expensive War on Drugs, recreational cannabis is still easily available, cheaper
in real terms and used extensively throughout the world, so it seems sensible to
examine what actually happens outside the laboratory.

The evidence for cannabis dependence in humans has been reviewed by Johns
(2001). Characteristic components of a dependence syndrome are the need over
time to take more of the drug to maintain the desired effect (tolerance), a pre-
dictable group of symptoms and signs over a consistent time course when the drug
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is withdrawn, difficulty in keeping consumption under control, and a preoccupa-
tion with the drug that interferes with the normal activities of living.

Tolerance to the subjective effects of marijuana has been reported (Georgotas
and Zeidenberg 1979), and a minority (16%) of regular smokers experienced at
least one of the following symptoms following abrupt withdrawal of cannabis:
irritability, insomnia, tremor, sweating, gastro-intestinal disturbance or appetite
change (Wisbeck et al. 1996). These effects peak between 2 and 6 days after abrupt
withdrawal (Budney et al. 2003). It has been reported that a third of regular
users experienced some difficulty in controlling their use of the drug (Thomas
1996). All research in this area is dogged by serious methodological problems,
including highly selected samples, non-validated measures, poor response rates in
community surveys, and the existence of many confounding variables. However,
it seems reasonable to accept that psychological dependence will occur in a small
minority of cannabis smokers. The existence of a clear-cut physical dependence
syndrome is much less convincing on the basis of the published literature. If it
exists at all, it is probably mild and transient, and is likely to consist of a few days
of sleep disturbance and somatic symptoms of anxiety in heavy daily users who
abstain abruptly.

In an interview study (Robson and Bruce 1997), the dependence potential of
various street drugs was assessed in 201 problem and 380 “social” users of heroin,
cocaine or amphetamine using the well-validated Severity of Dependence Scale
(SDS). Scores (maximum = 15) in the problem group were 12.9 for heroin, 9.6 for
other opioids, 6.1 for amphetamine and 5.5 for crack cocaine. All of these scores
were consistent with findings in other studies. Cannabis SDS score was 2.6 and
comparable with those of LSD (3.1) and ecstasy (1.3), two drugs that are generally
not associated with physical or psychological dependence. In the parallel sample
of social users, the cannabis SDS was similar at 3.4.

Attempting to define and investigate cannabis dependence in patients is still
more challenging, especially if the individual is experiencing a beneficial thera-
peutic effect. Developing an emotional attachment or preoccupation with a drug
that has helped with previously intractable, life-impairing symptoms is a very dif-
ferent matter from becoming over-preoccupied with a recreational drug. It would
hardly be surprising for a patient abruptly denied such a medicine to yearn for
it and become preoccupied with re-establishing a supply. Is the diabetic addicted
to insulin? Experience in the therapeutic setting with much more powerfully ad-
dictive drugs than cannabis is encouraging. For example, the abuse of opiates is
extremely unusual among patients treated appropriately for pain and other symp-
toms (Porter and Jick 1980; Portenoy 1990), and this is very likely to be the case
with cannabis-based medicines. Support for this is provided by the intoxication
data from a recent study (Wade et al. 2004) comparing a THC-containing cannabis
extract (Sativex) with placebo for a 6-week treatment period in patients with MS.
At the end of the trial, all patients re-titrated on to the active medicine for a fur-
ther 4 weeks. Intoxication scores were recorded in a daily diary on a 100 mm VAS
scale shown in Fig. 1. Average peak scores reached only around 20/100, and levels
appeared to diminish over time. There was no evidence that Sativex was abused by
any of these patients.
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Fig. 1. Diary Card intoxication scores. BL, baseline. DB, double-blind. Patients self-titrated active medication
(THC:CBD) or placebo against symptom relief or intolerable unwanted effects. Doses reached a plateau after
4 weeks. Open patients from both arms re-titrated onto active medication. (Reproduced with kind permission
from Arnold Publishers)

3.3
Effects on Mental Health

All the following considerations refer to information derived from recreational
cannabis smokers, and the implications formedicinalusers areunknown.However,
an obvious difference exists between the two groups: the primary intention of the
former is to experience intoxication, whilst the vast majority of the latter seek to
avoid it.

Cannabis smoking is known to produce anxiety, dysphoria, panic, paranoia,
tiredness and low motivation in a proportion of users, particularly younger people
and those with unusual personalities or social disadvantage (Hall et al. 1994). Large
doses can produce a transient “toxic psychosis” with hallucinations and delusions
that generally resolves within a week or so of abstinence (Johns 2001). Although
there are exceptions to this, a consensus view among psychiatrists would be that
recreational cannabis use is likely to aggravate the symptoms and behavioural con-
sequences of pre-existing psychiatric illness (Johns 2001). This would suggest that
patients with existing psychiatric illness or a strong family history should avoid
cannabis-based medicines. Intriguingly, raised concentrations of endocannabi-
noids were discovered in the cerebrospinal fluid of schizophrenia patients in com-
parison with normal controls (Leweke et al. 1999), leading the authors to speculate
that an imbalance in endocannabinoid signalling may contribute to the pathogen-
esis of schizophrenia.

A much more controversial question is whether cannabis might actually be an
independent risk factor for schizophrenia in previously healthy subjects. Undoubt-
edly, cannabis smoking is more prevalent in psychiatric populations (Regier et al.
1990), but retrospective or cross-sectional studies are of no help in evaluating the
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presence or direction of causality. Five prospective studies have been subjected to
critical review (Arsenault et al. 2004). The authors’ conclusion was that cannabis
smoking by young adolescents confers an overall twofold increase in the risk of
developing schizophrenia. However, they state that “cannabis use appears to be nei-
ther a sufficient nor a necessary cause for psychosis. It is a component cause, part
of a complex constellation of factors leading to psychosis”. They further conclude:

Although themajority of youngpeople are able touse cannabis in adolescence
without harm, a vulnerable minority experiences harmful outcomes. The
epidemiological evidence suggests that cannabis use among psychologically
vulnerable adolescents should be strongly discouraged by parents, teachers
and health practitioners alike.

However, the five studies reviewed in this paper have been criticised elsewhere for
methodological shortcomings including: presence of clinical or sub-clinical psy-
chiatric illnessprior to cannabis consumption; lackof a clear temporal linkbetween
cannabis use and subsequent psychiatric illness; poor reliability of the diagnosis of
schizophrenia; confusion between acute toxic states and functional mental illness;
confusion of association with causation; confounding effects of other recreational
drugs and environmental risk factors for mental illness; unreliability of self-report
of an illegal activity; and a lack of a correlation in epidemiological studies between
prevalence of cannabis consumption and schizophrenia. The UK Advisory Council
on the Misuse of Drugs (ACMD) reviewed the evidence in depth and concluded
(2002, p. 8) “... no clear causal link has been demonstrated.” Degenhardt and Hall
reached a similar conclusion (2002): “Time trends in schizophrenia and cannabis
use are not consistent with the hypothesis that cannabis use causes schizophrenia
de novo.”

In conclusion, the link between functional mental illness and recreational
cannabis use in previously healthy subjects with no psychiatric history remains
controversial, and a causative link has not yet been established. However, it would
seem advisable for individuals with existing psychiatric illness or a strong family
history to avoid THC-containing medicines.

4
Future Directions

Notwithstanding all the hard work summarised above, the scientific evaluation
of medicinal cannabis in humans is in its infancy. The role of cannabis-based
medicines in all the clinical indications so far discussed requires clarification
through furtherwell-controlled, adequatelypoweredrandomised trials.Therapidly
expandingknowledgeof the structureand functionof theendocannabinoid system
raises the hope of exciting new pharmacological entities. To give a few examples: It
may be possible to enhance the activity of endocannabinoids by inhibiting degra-
dation mechanisms such as fatty acid amide hydrolase, and since there appears
to be local up-regulation of endocannabinoids in certain pathological conditions,
this gives the added possibility of site selectivity (Baker et al. 2001); the discovery



Human Studies of Cannabinoids and Medicinal Cannabis 745

that the CB2-selective cannabinoid agonist AM1241 suppresses capsaicin-evoked
thermal and mechanical hyperalgesia and allodynia (Hohmann et al. 2004) along
with associated pain behaviour in rats raises the possibility of novel treatments for
pain, free from unwanted psychoactive effects; it may be possible to develop CB1

agonists that do not cross the blood–brain barrier (Chaperon and Thiebot 1999).
Other possibilities are discussed elsewhere in this book, but these developments
are all for the future. Of more immediate concern is the question as to which
new directions are worthy of clinical pursuit with the synthetic and plant-derived
materials available right now?

The answer to that question will reflect to some extent the personal interests of
the respondent, but it seems logical that target conditions should satisfy at least
one of the following two requirements: historical or anecdotal evidence which
suggests that cannabis may be helpful, and currently available treatment is unsat-
isfactory either because of limited efficacy or unacceptable toxicity; the activity
profile of cannabis or its components in some relevant in vitro or in vivo models
indicates a potentially beneficial effect on symptoms/signs or disease progression.
Given the rapid expansion in basic research involving both exogenous and en-
dogenous cannabinoids over recent years, there are many conditions that satisfy
both requirements. The following is by no means an exhaustive list.

4.1
Inflammatory Conditions

These disorders certainly satisfy both the above categories. Musculoskeletal pain
features prominently in historical accounts. In a recent survey (Ware et al. 2003)
of 2,969 people who agreed to fill in a questionnaire about medicinal cannabis,
nearly a quarter gave symptom relief for arthritis as the reason for smoking
cannabis. This was the fourth-commonest indication after chronic pain, MS and
depression. Elucidation of the anti-inflammatory and immunomodulatory effects
of several cannabis constituents (see chapters by Cabral and Staab, this volume, and
Pertwee, also in this volume) has provided a strong scientific rationale for clinical
evaluation. Of particular relevance was the discovery (Malfait et al. 2000) that CBD
given either intraperitoneally or orally inhibited disease progression in a murine
model of rheumatoid arthritis (RA). Clinical improvement and joint protection
were related to a combination of lymphocyte and granulocyte suppression and
inhibition of the inflammatory cytokine tumour necrosis factor (TNF). RA is the
commonest form of inflammatory arthritis and afflicts up to 3% of the population
of Western countries. Non-steroidal anti-inflammatory drugs and corticosteroids
form the backbone of treatment, but are often seriously toxic. TNF antagonism
looks a promising approach (Taylor 2001) but available agents (e.g. etanercept,
infliximab) are expensive and have to be given by injection.

The combination of analgesic and anti-inflammatory effects is also highly rel-
evant for inflammatory bowel conditions such as Crohn’s disease. Dysregulation
of immune mechanisms are strongly implicated in the disease process with ex-
cess production of inflammatory cytokines, particularly TNF, by lymphocytes and



746 P. Robson

macrophages in the gut wall. Disruption of mucosal function leads to chronic diar-
rhoea and weight loss. In these circumstances certain cannabinoids may produce
beneficial symptomatic effects by depressing gastrointestinal motility, delaying
gastric emptying, and inhibiting peristalsis by both central and peripheral mecha-
nisms (Pertwee 2001). Examination of human biopsy specimens has demonstrated
the presence of CB1 receptors in the epithelium and smooth muscle of both normal
and diseased colon, implying a role for the endocannabinoid system in gastroin-
testinal physiology (Wright et al. 2003).

4.2
Chronic Nociceptive Pain

Existing (albeit flawed) research reviewed above suggests that cannabis and THC
offer few advantages over standard treatments for nociceptive pain, but recent
researchhas indicated thatacombinationofTHCwithopioidsmayprovidebenefits
greater than the sum of the two parts. This synergy was certainly recognised by
nineteenth century physicians.

The combination of analgesic agents with different modes of action is a well-
accepted principle (Dahl and Raeder 2000), and the anti-emetic activity of THC is
important since nausea and vomiting are the most troublesome and dose-limiting
unwanted effects of opioids. However, the important work of Welch, Cichewicz and
colleagues shows that the advantages go well beyond this. Small doses of THC not
only enhance the analgesic effects of opioids (Cichewicz and McCarthy 2003) but
also prevent the development of tolerance and physical dependence (Cichewicz
and Welch 2003) and extend the duration of action of both morphine and codeine
(Cichewicz et al. 2003). Clinical research to explore the exciting potential of this
combination in humans is urgently required, and at the time of writing a large
multi-centre study of THC in combination with patient-controlled morphine anal-
gesia in postoperative patients is getting underway in the UK.

4.3
Neuroprotection

Brain trauma or ischaemia and a range of neurodegenerative disorders includ-
ing MS, Parkinson’s disease, Huntington’s disease, Alzheimer’s disease and motor
neuron disease share common mechanisms of neuron damage. These include ex-
citotoxic effects resulting from excessive release of glutamate, which massively
increases intracellular calcium concentration through overstimulation of NMDA,
S-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate
receptors, and damage from reactive oxygen species. Following the demonstra-
tion by Hampson and colleagues (1998) that both THC and CBD could protect
against these effects in vitro, there is now a considerable literature in this area
(see chapters by Pertwee and Guzmán, this volume). Encouraging results have
been found in animal models of cerebral ischaemia, closed head injury, Hunting-
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ton’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (SOD1 model), and
soman-induced seizures. Vulnerability to excitotoxicity is probably a major factor
in the progression of MS, so the discovery that CB1 agonists limit neurodegenera-
tion in an animal model of MS (Pryce et al. 2003) is of considerable interest. This
gives potential significance to the observation by Zajicek et al. (2003) that MS pa-
tients receiving THC or a cannabis extract experienced fewer hospital admissions
for relapse than placebo patients.

The investigation of neuroprotective activity in humans poses daunting ethical,
financial and methodological challenges. Timely enrollment of stroke and trauma
patients is difficult, and the inherent variability in progression of neurodegener-
ative conditions means large numbers of subjects are needed. Outcome measures
are often unreliable or expensive. Brain imaging techniques are likely to be central.
These include structural and function magnetic resonance imaging, magnetic res-
onance spectroscopy, positron emission tomography, and single-photon emission
computerised tomography. Unfortunately, in many conditions lesions revealed by
these techniques show little relation to clinical disease progression, and still more
focused measures may be required such as imaging the MRS neuronal marker
N-acetylaspartate in MS (Mathews et al. 1998).

Dexanabinol (HU-211), a non-psychoactive synthetic cannabinoid, has been
the subject of the only controlled study yet to be reported in humans (Knoller et
al. 2002). In a randomised, double-blind comparison with placebo, single doses
of either 48 or 150 mg dexanabinol were given intravenously to neurosurgical
inpatients within 6 h of severe closed head injury. Since outcome measures did not
indicate adose-related response, comparisonsweremadebetweencombinedactive
dose groups and placebo. Significant beneficial effects on intracranial pressure and
cerebral perfusion pressure independent of systemic blood pressure were seen in
the active treatment groups. Neurological outcome as assessed by the Glasgow
scale was better (p = 0.04) in the combined active groups at 3 months, but this was
no longer significant (p = 0.14) at 6 months. Dexanabinol appeared well tolerated
and there was no significant difference between placebo and active groups in the
incidence of unwanted effects.

4.4
Anti-cancer Effects

The symptomatic benefits of cannabis and its derivatives in patients with cancer
has been discussed above, but considerable evidence has accumulated from in vitro
and in vivo animal studies that cannabinoids may inhibit the growth of various
types of tumour cell (For a review see Guzmán’s contribution in this volume and
Guzmán 2003). Possible mechanisms include the selective promotion of cancer cell
apoptosis and inhibition of tumour vascularisation. Preliminary clinical studies
have been initiated but no results reported at the time of writing. An issue to be
determined is whether effects will be apparent at the tissue levels achievable in
humans by systemic dosing—in some circumstances it may be preferable to seek
ways to deliver the cannabinoid direct to the target site (Guzmán 2003).
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4.5
Drug Withdrawal Treatments

In contrast to contemporary concerns about the addictive potential of cannabis,
the drug was used in the nineteenth century in the treatment of dependencies on
various other substances including alcohol, cocaine, chloral hydrate and morphine.
Anyone who discusses the problems of opiate withdrawal with a modern heroin
addict is likely tobe toldof thebeneficial effects ofmarijuana inallayingwithdrawal
symptoms, and this anecdotal evidence is given some scientific credibility by
a number of studies in animals (Hine et al. 1975; Bhargava 1976; Chesher and
Jackson 1985). In animal pain models THC inhibits the development of opioid
tolerance and physical dependence (Chichewicz and Welch 2003). At the time of
writing, the efficacy of a combination of THC and CBD (Sativex) in alleviating
the opioid withdrawal syndrome is being explored in a double-blind, placebo-
controlled study.

There are anecdotal reports that cannabis is useful in countering both the
withdrawal symptoms (Labigalini et al. 1999) and paranoia and weight loss (Dreher
2002) associated with smoking crack cocaine.

See above (Sect. 2.6) for the promising preliminary outcome of a trial evaluating
the CB1 receptor antagonist rimonabant as an aid to abstaining from tobacco
smoking.

4.6
Migraine

This is a common disorder in which attacks, sometimes preceded by an aura,
consist of intense headache along with nausea and sensitivity to light and sound
lasting anywhere from a few hours to several days. In historical times, cannabis
was widely used in the treatment of headache, and there are numerous modern
anecdotes (Grinspoon and Bakalar 1993). The pathology underlying the disorder
remains controversial, but serotonergic, dopaminergic, inflammatory and brain
stem mechanisms have been implicated.

In a detailed review, Russo (2001) considers how cannabinoids may impact on
these systems and makes a compelling case for initiating controlled clinical trials.

4.7
Intractable Breathlessness

A number of lung diseases (e.g. chronic bronchitis and emphysema) are capable
of producing shortness of breath that is often extremely distressing to the patient.
Many of these conditions are irreversible, so it becomes necessary to target the
symptom itself. The sensation of breathlessness is a complicated phenomenon that
seems to depend upon central processing through respiratory and non-respiratory
mechanisms (Guz 1996). Ideally, a treatment would relieve the unpleasant sensa-
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tion without further compromising respiratory function. Opioids and benzodi-
azepines produce some relief but may have the dangerous side-effect of depressing
respiration.

Patients have reported anecdotally that cannabis can relieve breathlessness by
relieving anxiety and promoting relaxation. CB1 receptors are virtually absent from
the part of the brain-stem which drives respiration (Herkenham et al. 1990), so it
seems possible that symptom relief may be achieved without negative effects upon
breathing. THC has been shown to have anxiety-reducing and sedating effects
(Fabre and McLendon 1981; Nicholson et al. 2004), as has CBD in larger doses
(Zuardi et al. 1997). CBD is also thought to have useful modulating effects on some
of the undesirable effects of THC (McPartland and Russo 2001).

At the time of writing, exploratory research of THC/CBD combinations in
refractory breathlessness is getting underway, incorporating careful monitoring of
respiratory function.
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