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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, A®-tetrahydrocannabinol (A°-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 and most of the previous work, which had pointed to a differ-
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.
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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 CB; 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 such as 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,
CB; and CB,, both G protein coupled. CB; receptors are expressed predominantly at
nerve terminals where they mediate inhibition of transmitter release. CB, receptors



2 R.G. Pertwee

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 CB;- and CB,-selective agonists and antagonists and of bioassays
for characterizing such ligands. Cannabinoid receptor antagonists include the
CB;-selective SR141716A, AM251, AM281 and LY320135, and the CB,-selective
SR144528 and AM630. These all behave as inverse agonists, one indication that
CB, and CB, 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 CB; and CB, 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-CBy,
non-CB,, non-TRPV1 targets, for example CB,-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 a,-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 A%-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 Cy; 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 the actions of plant-derived cannabinoids or that have 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, A°-tetrahydrocannabinol (A°-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 A°-THC (reviewed in the chapter by Robson, this vol-
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(=)-Cannabidiol Cannabinol

Fig. 1. The structures of four plant cannabinoids, A°-THC, A8-THC, cannabinol and cannabidiol

o]

O

Nabilone
Fig. 2. The structure of nabilone

ume). Because of its high lipid solubility and low water solubility, A°-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 CBy, cloned in Tom Bonner’s laboratory in the USA
in 1990, and CB,, cloned by Sean Munro in the UK in 1993. Both these receptors
are coupled through Gy, proteins, negatively to adenylate cyclase and positively
to mitogen-activated protein kinase. CB; receptors are also coupled through Gj/,
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 CB; and CB, receptors can enhance
intracellular free Ca** concentrations (Fan and Yazulla 2003; Rubovitch et al. 2002;
Sugiura et al. 1996, 1997, 2000). It is unclear whether this enhancement is Gy,
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mediated. In experiments with NG108-15 cells, Sugiura et al. (1996) found CB;-
mediated increases in intracellular free Ca?* levels to be abolished by pretreatment
with pertussis toxin, pointing to an involvement of Gj, proteins. However, in
experiments with N18TG2 neuroblastoma cells, Rubovich et al. (2002) reported
that pertussis toxin failed to prevent CB;-mediated enhancement of intracellular
free Ca’* 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 Ca®* levels at all. Rubovich et al. (2002) also obtained evidence
that the stimulatory effect of desacetyl-L-nantradol on intracellular Ca®* release
depended on an ability to delay the inactivation of open L-type voltage-dependent
calcium channels and that it was mediated mainly by cyclic AMP-dependent protein
kinase (PKA).

Although there is no doubt that G;, proteins play a major role in cannabinoid
receptor signalling, there is also no doubt that transfected and naturally expressed
CB; receptors can act through G proteins to activate adenylate cyclase (Calandra et
al. 1999; Glass and Felder 1997; Maneuf and Brotchie 1997). The extent to which CB;
receptors signal through G proteins may be determined by CB, receptor location
or by cross-talk with colocalized G protein-coupled non-CB; 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 CB, receptors, one coupled to Gj,, proteins and the other
to Gs. Additional signalling mechanisms for cannabinoid CB; and CB, receptors
have been proposed and descriptions of these can be found elsewhere (Howlett et
al. 2002; see also the chapter by Howlett, this volume).

CB; 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 CB; receptors is heterogeneous and can account for several of the char-
acteristic pharmacological properties of CB; receptor agonists. For example, the
presence of large populations of CB; 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 CB; 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, Ferndndez-Ruiz and Gonzdlez,
and Walker and Hohmann, this volume). Some CB; 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 CB; receptor agonists on release that has been most often observed is
one of inhibition, there has been one report that the CB;/CB, receptor agonist,
R-(+)-WIN55212 (Sect. 3.1), can act through CB; 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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Anandamide
(20:4, n-6) 19

2-Arachidonoyl
glycerol

2-Arachidonyl
glyceryl ether

O-Arachidonoyl
ethanolamine
(virodhamine)

N-Arachidonoyl
dopamine

Fig. 3. The structures of five putative endogenous cannabinoids

cium released from inositol 1,4,5-triphosphate-controlled intracellular stores in
response to a CB; receptor-mediated activation of phospholipase C. CB, 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 CB, than of CB, receptors,
although there is good evidence that CB, receptors can trigger microglial cell mi-
gration (Sect. 4.1.5) and regulate cytokine release. Thus, one property CB; and CB,
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
which have so far proved to be derivatives of arachidonic acid (reviewed in Di Marzo
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),
both of which are synthesized on demand rather than stored. Other compounds 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 CB; 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 CB; and/or CB; 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-CBy, non-CB, pharmacological targets for cannabinoids.

2
Bioassays for Characterizing CB; and CB; 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 CB; and CB, 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 CB,;
or to CB; receptors, whilst the others bind more or less equally well to both these
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Table 1. Typical dissociation constant (Kp) values of radiolabelled ligands at cannabinoid receptor CB; and
(B; binding sites

Radioligand Source of membranes Receptor  Kp (nM) Reference(s)
[BHISR141716A Rat brain® rCBq 0.19-1.20 For references,
Guinea-pig forebrain g-pCB, 1.24 see Pertwee 1999a
['31]AM251 Rat cerebellum 1B, 0.25
BHIR-(+)-WIN55212 Rat cerebellum rCB, 1.89,4.67,8.6
Guinea-pig forebrain g-pCB; 234
Cultured cells? rCB; 2.60
Cultured cells? hCB; 162,11.9
Cultured cells hCB; 37,38
[BH]HU-210 Rat brain minus brain stem (B, 0.045
(HU-243) Cultured cells? hCB, 0.061
[3HICP55940 Cultured cells? hCB, 04t03.3 For references,
Cultured cells? rCB, 4 see Pertwee
Rat brain® rCBq 0.07t02.3 1997, 1999a
Mouse whole brain m(B; 34
Cultured cells hCB; 02t07.4
Cultured cells mCB, 0.39
[3HICP55940 Rat cerebellum rCB, 237 Mauler et al. 2002
Human cerebral cortex hCB; 1.29
Cultured cells hCB; 1.10
Cultured cells hCB; 4.20
[3HIBAY 38-7271 Rat cerebellum rCB, 1.84 Mauler et al. 2002
Human cerebral cortex hCB; 2.10
Cultured cells hCB; 291
Cultured cells hCB; 4.24

g-pCB1, Guinea-pig CB; receptors; h(B; and hCB;, human cannabinoid receptors; mCB; and mCB;, mouse
cannabinoid receptors; rCB; and rCB,, rat cannabinoid receptors.
@Whole brain or a discrete area.

bells transfected with (B4 or CB; receptors.

receptor types. It is noteworthy, therefore, that CB; or CB; 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 CB; or CB, receptors or membranes obtained from brain
(CBy-rich) or spleen (CB;-rich). Some care is needed in interpreting binding data
obtained with brain or spleen membranes. Thus, whilst there is little evidence that
CB, receptors are expressed by central neurons, these receptors are expressed by
microglial cells (Howlett et al. 2002). Similarly, although it is mainly CB, receptors
that are present in spleen, this tissue also expresses some CB; receptors (reviewed
in Howlett et al. 2002; Pertwee 1997). Moreover, there is growing evidence for
the presence in brain and other tissues of non-CB;, non-CB, cannabinoid recep-
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Table 2. Examples of K; values of certain cannabinoid CB; and/or B, receptor agonists for the in vitro
displacement of [PH]CP55940, [*H]HU243 or [H]BAY-38-7271 from (B;- and CB,-specific binding sites

(continued on next page)

Agonist

Reference

(B -selective agonists in order of decreasing CB;/CB; selectivity

ACEA

0-1812
ACPA

2-Arachidonyl glyceryl ether

R-(+)-methanandamide

Agonists without any marked CB or (B, selectivity

Anandamide

BAY 38-7271
2-Arachidonoyl glycerol

0-1057
HU-210

CP55940

A%-THC

Nabilone
AB-THC

Cannabinol

CP56667
R-(+)-WIN55212

(B,

K; value (nM) K; value (nM)
1430 >2,000%0
5.292b 195¢
34P 3,870°
2.2%b 7152b

21.2° >3,000¢
17.9%P 868¢
2020 815¢
28.3 868¢
612b 1,930¢
78.23P 1,926¢
89° 3712
543 1,940
71.72P 2792P
252¢d 58184
1.85 5.96'
47784 1,40084
58.3¢8d 145ed
44 11.2
0.0608 0.524
0.18b 0.17¢
073 0.22
5 1.8
372 2.55
137° 1370
0.58 0.69
0.50%b 2.802b
533 753
39,580 408
40.7 36.4
80.38P 32.2¢
353P 3.9P
5.05 3.13
1.84 2.19
476 39.3¢
44b 44
211.28P 126.4°
308 9.3
1,130 301
61.7 236
9,94 16.2P
4.42b 1.22b

Hillard et al. 1999

Lin etal. 1998

Di Marzo et al. 2001
Hillard et al. 1999
Hanus et al. 2001

Lin etal. 1998
Khanolkar et al. 1996
Goutopoulos et al. 2001

Linetal. 1998
Khanolkar et al. 1996
Showalter et al. 1996
Felder et al. 1995

Hillard et al. 1999
Mechoulam et al. 1995
Mauler et al. 2002
Mechoulam et al. 1995
Ben-Shabat et al. 1998
Pertwee et al. 2000

Felder et al. 1995

Rhee et al. 1997
Showalter et al. 1996

Ross et al. 1999a

Felder et al. 1995
Rinaldi-Carmona et al. 1994
Showalter et al. 1996
Hillard et al. 1999

Felder et al. 1995
Bayewitch et al. 1996
Showalter et al. 1996
Rhee et al. 1997
Rinaldi-Carmona et al. 1994
Iwamura et al. 2001
Gareau et al. 1996
Busch-Petersen et al. 1996
Huffman et al. 1999

Rhee et al. 1997
Showalter et al. 1996
Felder et al. 1995
Showalter et al. 1996
Rinaldi-Carmona et al. 1994
Hillard et al. 1999
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Table 2. (continued)

Agonist (B, (B, Reference
K; value (nM) K; value (nM)
1.89 0.28 Showalter et al. 1996
62.3 33 Felder et al. 1995
123 4.1 Shire et al. 1996
9.87 0.29 lwamura et al. 2001
CB,-selective agonists in order of increasing CB,/CB; selectivity
AM1241 280P 3.4 Ibrahim et al. 2003
3-(1"1’-dimethylbutyl)-1- 677° 34 Huffman et al. 1999
deoxy-A8-THC (JWH-133)
L-759633 1,043 6.4 Ross et al. 1999a
15,850 20 Gareau et al. 1996
L-759656 529P 35 Huffman et al. 1999
7130 57 Huffman et al. 2002
4,888 11.8 Ross et al. 1999a
>20,000 19.4 Gareau et al. 1996
HU-308 >10,000¢P 22.7%4 Hanus et al. 1999

See Figs. 1to 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 (CB;) or spleen tissue (CBy).
“Binding to mouse brain (CB4) or spleen tissue (CB;).

dSpecies unspecified. All other data from experiments with human cannabinoid receptors.
¢Displacement of [ZH]HU243 from (B, - and (B,-specific binding sites.

fDisplacement of [PH]BAY-38-7271 from CB1- and (B,-specific binding sites.

tors to which at least some CB; and/or CB, 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 [**S]guanosine-5'-O-(3-thiotriphosphate) ([*>S]GTPyS) binding assay and the
cyclic AMP assay. The first measures cannabinoid receptor agonist-stimulated
binding to G proteins of the hydrolysis-resistant GTP analogue, [**S]GTPyS,
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. K; values of cannabinoid receptor antagonists/inverse agonists for the in vitro displacement of
[3H]CP55940 from CB1- and CB,-specific binding sites

Ligand (B, (B, Reference
K; value (nM) K; value (nM)

(B -selective antagonists/inverse agonists

NESS 0327 0.000352 218 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
1.98 >1,000° Rinaldi-Carmona et al. 1994
1.8° 5142 Ruiu et al. 2003
AM281 12b 4,200° Lanetal. 1999a
AM257 (compound 12) 7.49° 2,290° Lan et al. 1999b
LY320135 141 14,900 Felder et al. 1998
(B,-selective antagonists/inverse agonists
AM 630 5,152 31.2 Ross et al. 1999a
SR144528 437 0.60 Rinaldi-Carmona et al. 1998
305P 0.30P Rinaldi-Carmona et al. 1998
>10,000 5.6 Ross et al. 1999a
702 0.28° Ruiu et al. 2003
503 1.99 lwamura et al. 2001

See Figs. 10 and 11 for the structures of the compounds listed in this table.

2Binding to mouse brain (CB1) or spleen tissue (CB;).

bBinding to rat cannabinoid receptors on transfected cells or on brain (CB1) or spleen tissue (CBy).
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 CB; or CB; 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 [*>S]GTPyS 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 [**S]GTPyS assay. Presumably
this is because modulation of cyclic AMP production takes place further along the
signalling cascade than [**S]GTPyS binding so that there is greater signal amplifi-
cation. For the [**S]GTPyS 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 [**S]GTPyS binding (signal-to-noise ratio) but also decreases the abso-
lute levels of both agonist-stimulated and basal [*>S]GTPyS 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 A; receptor antagonist (Savinainen
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et al. 2003). It has also proved possible to assay cannabinoid receptor agonists
by exploiting their ability to increase intracellular free Ca?* levels (CB, and CB,
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-a (CB; 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 CB; 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
CB; 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, CB; 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 CB; receptor-mediated, it
is necessary to measure the susceptibility of this compound to antagonism by
a selective CB; 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 (A°-THC) to induce cannabinoid tolerance without affecting the
sensitivity of the twitch response to inhibition by non-cannabinoids (Pertwee
1997).

23
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 CB; 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-CB; 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 CB; 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 CB; 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 CB; receptor selectivity. Some non-CB; receptor ligands do show
activity in all four tetrad tests. These include stearoylethanolamide (Maccarrone
et al. 2002), the anandamide analogue, 0-2093 (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 CB; receptor agonists do show suscep-
tibility to antagonism by SR141716A in this bioassay (reviewed in Howlett et al.
2002).

Other in vivo bioassays for CB, receptor agonists include the dog static ataxia
test, the monkey behavioural test, the rat catalepsy test and the drug discrimination
test, which is usually carried out with monkeys, rats or pigeons (reviewed in Howlett
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 CB; 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).

24
Cannabinoid Receptor Knockout Mice

One important advance has been the development of transgenic CB, -, CB, ™~ and
CB,~~/CB, ™~ mice that lack CB;, CB, or both CB; and CB, 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 CB; and/or CB,
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 CB; and CB,
receptors.
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3
(B, and CB; 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 group consists of dibenzopyran derivatives that are either cannabis-
derived compounds (phytocannabinoids) or their synthetic analogues. Notable
examples are the phytocannabinoids A°-THC, A8-THC and cannabinol (Fig. 1),
and the synthetic cannabinoids, 11-hydroxy-A%-THC-dimethylheptyl (HU-210),
JWH-133, L-759633, L-759656, L-nantradol and desacetyl-L-nantradol (Figs. 4
and 5).

Desacetyl-L-nantradol (R = H)
L-nantradol (R = COCH,)

3-(1',1"-cyclopropyl-heptyl)}-A8-THC

3-(1',1'-dimethyl-cyclohexyl)-A8-THC

Fig. 4. The structures of five synthetic classical cannabinoids
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HO

O JWH-051
(0]

JWH-133
CH,

OCH,

O L-759656
o

JWH-139

L-759633
Fig. 5. The structures of four nonclassical cannabinoids

- Nonclassical cannabinoids consist of bicyclic and tricyclic analogues of A’-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, theaminoalkylindole group of cannabinoid receptor agonists (Fig. 7)
have structures that are completely different from those of other cannabinoids.
Indeed, results from experiments performed with wild-type and mutant CB;
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 CB; 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.

- Members ofthe eicosanoid group of cannabinoid receptor agonists have marked-
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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OH

CH,OH

OCH,

"1y,
0

H,CO

CP55940 HU-308
OH
OH
OH
%Y\N\ h
CP47497

Fig. 6. The structures of four nonclassical cannabinoids. The (+)-enantiomer of CP55940 is CP56667

N

R-(+)-WIN55212 H\/o JWH-015 H
N
C ] ‘mm
k/N OCH,
o o
O OCH,
BML-190
L-768242
N
AM-1241 L

Fig. 7. The structures of R-(+)-WIN55212, JWH-01 5, 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), 0-689 and 0-1812 (Fig. 8) (Howlett et
al. 2002; Pertwee 1999a; Porter et al. 2002).
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NS

I=

0-585:R=H
0-689: R = CH,

R-N-{1-methyl-2-
hydroxyethyl
arachidonamide

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 (-)-A°-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 CB; receptors than
the S-(-)-isomer (Abadji et al. 1994).

Several cannabinoid receptor agonists bind more or less equally well to CB,;
and CB, receptors (Table 2), although they do exhibit different relative intrinsic
activities at these receptors. Among these are HU-210, CP55940, R-(+)-WIN55212,
(-)-A°-THC, anandamide and 2-arachidonoyl glycerol (reviewed in Howlett et al.
2002; Pertwee 1999a).

- HU-210 has particularly high affinity for both CB; and CB, 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 A3-THC with a dimethylheptyl group.

— CP55940 and R-(+)-WIN55212 have CB; and CB, relative intrinsic activities of
the same order as those of HU-210 and, although they have lower CB; and CB,
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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- (-)-A®-THC haslower CB, and CB, 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 CB, than at CB; receptors
to the extent that in one bioassay system it has been found to behave as a CB,
receptor antagonist (Bayewitch et al. 1996). (-)-A?-THC can also produce CB,
receptor antagonism. Thus, it has been found to oppose CB, receptor activation
by the higher efficacy agonist, 2-arachidonoyl glycerol, in hippocampal cultures
that may have contained neurons with rather low CB, receptor density (Kelley
and Thayer 2004). This it did with an ICsy of 42 nM, which is close to its reported
CB; K; values (Table 2).

- Anandamide resembles (-)-A°-THC in its affinity for CB, receptors, in behaving
as a CB; and CB; 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 CB, than CB; intrinsic activity (reviewed in Howlett et al. 2002; Pertwee
1999a). It has also been found that, like (-)-A°-THC, anandamide can behave as
a CB, receptor antagonist in at least one bioassay system (Gonsiorek et al. 2000).
In contrast to R-(+)-WIN55212, which has slightly higher CB, than CB, affinity,
anandamide binds marginally more readily to CB; than to CB, receptors.

- 2-Arachidonoyl glycerol is known to activate both CB; and CB, receptors. It
binds about equally well to both receptor types (Table 2) and has been reported
to exhibit greater CB; intrinsic activity but less CB; potency than CP55940
and greater CB; 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 CB, 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 CB, as with CB; 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 A?-THC that are known to activate cannabinoid
receptors are (-)-A®-THC and cannabinol (reviewed in Pertwee 1999a). Of these,
(-)-A%-THC resembles (-)-A°-THC both in its CB; and CB, receptor affinities
(Table 2) and in its relative intrinsic activity at the CB; receptor (Gérard et al.
1991; Howlett and Fleming 1984; Matsuda et al. 1990). Cannabinol also behaves as
a partial agonist at CB; receptors but has even less relative intrinsic activity than
(-)-A°-THC (Howlett 1987; Matsuda et al. 1990; Petitet et al. 1997, 1998). Whilst
there is one report that cannabinol activates CB, receptors in the cyclic AMP assay
more effectively than A’-THC (Rhee et al. 1997), there is another that in the GTPyS
binding assay, it behaves as a CB, receptor inverse agonist (MacLennan et al. 1998).

As to the endocannabinoid virodhamine, Porter et al. (2002) have shown that
this activates both CB; and CB, receptors. Their experiments with transfected
cells yielded CB; and CB, ECs, values in the GTPyS binding assay of 1.9 and
1.4 pM, respectively, for this endocannabinoid, indicating it to be less potent
than anandamide, 2-arachidonoyl glycerol or R-(+)-WIN55212. The CB; intrinsic
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HO
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BAY 38-7271

COOH

‘ OH
(0] !

1',1"-Dimethylheptyl-A8-THC-11-oic acid
(Ajulemic acid)

Fig. 9. The structures of BAY 38-7271, JTE-907, ajulemic acid and 0-1057

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

Turning now to potent cannabinoid receptor agonists that interact more readily
with CB; or CB, receptors, a number of these have been developed. The starting
point for all current CB,-selective agonists has been anandamide. Thus, results
from binding experiments have shown that it is possible to enhance the marginal
CB; 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 CB; 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 CB;-selectivity in binding assays are ACEA, ACPA and a cyano
analogue of methanandamide (O-1812) (Table 2; Fig. 8). All three behave as potent
CB, 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. K; values of certain other ligands for the in vitro displacement of [PH]CP55940 or [*H]HU243? from
(B1- and CB;-specific binding sites

Ligand (B, (B, Reference
Kivalue (nM) K value (nM)

CB1-selective ligands in order of decreasing CB1/CB; selectivity

R-N-(1-methyl-2-hydroxyethyl)- 7.42b¢ 1,952 Goutopoulos et al. 2001
2-R-methyl-arachidonamide

0-585 8.6° 3240 Showalter et al. 1996

0-689 5.7° 1320 Showalter et al. 1996

Ligands without any marked (B or CB; selectivity

Ajulemic acid (CT-3) 32.33¢ 170.5° Rhee et al. 1997

11-0H-cannabinol-DMH 0.13¢ 0.2 Rhee et al. 1997

3-(1,1"-dimethyl-cyclohexyl)-A8-THC 0.57 0.65 Krishnamurthy et al. 2003

11-OH-cannabinol 383¢ 26.6° Rhee et al. 1997

A°-THC-DMH 0.2412¢ 0.199° Rhee et al. 1997

Cannabinol-DMH 22¢ 1.52 Rhee et al. 1997

Cannabidiol 4,350 2,860 Showalter et al. 1996

>10%¢ >10%¢ Bisogno et al. 2001

11-OH-A-THC 25.8%¢ 7.4 Rhee et al. 1997

1-Deoxy-A8-THC-DMH 23¢ 29 Huffman et al. 1996

3-(1,1"-cyclopropyl-heptyl)-A8-THC 0.44¢ 0.864 Papahatjis et al. 2002

0-1184 5.25 741 Ross et al. 1999b

cis (6aS, 10a$)-3-(1,1/-DMH)- 1,990 >10,000 Showalter et al. 1996
11-hydroxy-A8-THC (HU-211)

Abnormal-cannabidiol >10,000 >10,000 Showalter et al. 1996

CB,-selective ligands in order of increasing CB1/CB; selectivity

JWH-015 383 13.8 Showalter et al. 1996

1-Deoxy-11-hydroxy- 1.2 0.032 Huffman et al. 1996
A8-THC-DMH (JWH-051)

JTE-907 2,370 359 Iwamura et al. 2001

L-768242 1,917 12 Gallant et al. 1996

3-(1"1"-dimethylpropyl)- 2,290¢ 14 Huffman et al. 1999
1-deoxy-A8-THC (JWH-139)

3-(1"1-dimethylhexyl)- 3,134¢ 18 Huffman et al. 2002
1-methoxy-A8-THC

1-Deoxy-A8-THC >10,000¢ 32 Huffman et al. 1999

SeeFigs. 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.

“Binding to rat cannabinoid receptors on transfected cells or on brain (CB4) or spleen tissue (CB;).
dBinding to mouse brain (CB) or spleen tissue (CB,).

€Species 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 CB, 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
CB;-selectivity in binding assays (Table 4), has less metabolic stability than R-
(+)-methanandamide (Goutopoulos et al. 2001). Another CB;-selective agonist of
note is the endocannabinoid 2-arachidonyl glyceryl ether (Hanus et al. 2001), the
CB, 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 CB; receptors than either CP55940 or 2-arachidonoyl glycerol
(Savinainen et al. 2001, 2003; Suhara et al. 2000, 2001).

The best CB;,-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 CB, than to CB; receptors (Table 2)
and have also been shown to behave as potent CB,-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)-A3-THC hydrochloride (0-1057). 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 CB; receptors and 6.5 times less at CB, 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 CB; and CB, affinities of A3-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 CB; and CB; Receptor Antagonists

3.21
Selective CB; Receptor Antagonists

The first selective CB, 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 CB; receptors, both in vitro
and in vivo (reviewed in Howlett et al. 2002; Pertwee 1997). It binds with signifi-
cantly higher affinity to CB; than CB, receptors (Table 3), lacks significant affinity
for a wide range of non-cannabinoid receptors and does not exhibit detectable
agonist activity at CB; and CB; receptors (Hirst et al. 1996; Rinaldi-Carmona et al.
1994, 1996a,b; Shire et al. 1996). Other established CB;-selective antagonists are
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Fig. 10. The structures of several CB1- or CB,-selective antagonists/inverse agonists

LY320135, AM251 and AM281 (Fig. 10). LY320135, developed by Eli Lilly, also binds
with lower affinity to CB; than CB, receptors (Table 3). However, its CB; 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),
receptors (Ki<10 pM) and, at higher concentrations, to histamine H; receptors
(K1=12.9 uM), a;- and a;-adrenoceptors and dopamine D; and D, receptors
(Felder etal. 1998). AM251 and AM281 are both structural analogues of SR141716A.
They have been found to displace [*H]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 CB; than CB, 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; Héjos and Freund 2002a; Lan et al. 1999a; Simoneau et al. 2001).

Although SR141716A is CB; -selective, it is not CB;-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 CB; receptors when it is applied to tissues that contain both CB;
and CB, receptors, this is not so for higher concentrations of SR141716A (Table 3).
Results obtained in vitro from functional bioassays also suggest that CB; 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 uM (Berdyshev
et al. 2001) and antagonize anandamide-induced vasodilation in the mesenteric
arteries of CB; ™/~ mice at 1 and 5 uM (J4rai et al. 1999). In addition there are
reports that at concentrations above 1 uM, 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 A; 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 uM SR141716A in CB; '~ mouse hippocam-
pal slices but not by 2 pM AM251 in rat hippocampal slices (Hdjos and Freund
2002a; Héjos et al. 2001).

3.2.2
Selective CB, Receptor Antagonists

The most important selective CB;, receptor antagonists are the diarylpyrazole
SR144528 and the aminoalkylindole 6-iodopravadoline (AM630) (Fig. 10). Both
bind with markedly higher affinity to CB, than CB, receptors (Table 3) and prevent
or reverse in vitro effects mediated by CB, 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 CB,-like receptor that is activated by palmitoylethanolamide, aligand
that does not have significant CB; receptor affinity (Sect. 4.1.3). Interestingly, it has
proved possible to develop diarylpyrazoles with even greater CB, 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 CB,;
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 CB; receptor inverse agonist
(Landsman et al. 1998; Vdsquez et al. 2003).

33
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 CB, 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 (Vésquez et al. 2003), AM281 (Cosenza et al. 2000; Gifford et al. 1997; Izzo et
al. 2000; Vdsquez et al. 2003), LY320135 (Felder et al. 1998) and AM630 (Sect. 3.2.2)
at CB; 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 CB, 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 CB; or CB,
receptor signalling. Two other compounds, the CB,-selective ligands JTE-907 and
BML-190 (Figs. 7 and 9), also behave as CB, receptor inverse agonists (Iwamura et
al. 2001; New and Wong 2003). However, whether JTE-907 or BML-190 produces
antagonism at CB, receptors has not been reported.

Whereas some inverse cannabimimetic effects of SR141716A may be produced
as aresult 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 CB; receptors that are opposite in
direction from those elicited by conventional agonists. This turn has been taken to
indicate that CB, 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 CB; agonists than in producing inverse effects at CB; receptors by
itself (e.g. Sim-Selley et al. 2001). This raises the possibilities, first, that SR141716A
may be a neutral CB; receptor antagonist at low concentrations that exhibits
additional CB, inverse agonist activity only at higher concentrations, and secondly,
that SR141716A may have two sites of action on the CB; 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 itislikely that atleast some of the inverse effects produced by SR144528
or AM630 at CB; 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)CB,-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 CB, receptor than in terms of antagonism of
endogenously released endocannabinoids. This is because 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 CB; and CB, 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 CB; 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 GTPyS
binding to whole brain membranes obtained from CB; '~ mice (enhancement) op-
posite to that produced by R-(+)-WIN55212 or anandamide (inhibition) (Breivogel
etal.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 CB,; recep-
tors (Sim-Selley et al. 2001). Indeed, it is already known that SR141716A not only
binds to CB; receptors at concentrations in the high nanomolar range and above
(Table 3) but also behaves as a CB; receptor inverse agonist at such concentrations,
as measured by inhibition of [**S]GTPyS binding to hCB, receptors on CHO cell
membranes (MacLennan et al. 1998).

34
Neutral Antagonism at Cannabinoid Receptors

An important recent pharmacological objective has been the development of
cannabinoid receptor ligands for CB; and CB, 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-A8-THC (O-1184; Fig. 11 and Table 4), as this behaves as a high-affinity, low-
efficacy agonist at CB, receptors and as a high-affinity, low-efficacy inverse agonist
at CB, 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 CB; receptor antagonist
and is markedly more potent and CB;-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 CB; 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 Kp (85.7 nM) that is close to its K; for displacing
[*H]CP55940 from CB, receptors (114 nM). The conclusion that 0-2654 may be
a neutral antagonist is based on the observation that at concentrations of up to
10 pM, it exhibits no detectable CB; 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 0-1184 and of some putative neutral cannabinoid receptor antagonists

preparation. Nor does it share the ability of the CB; partial agonist, O-1184, to
inhibit these contractions (Ross et al. 1999b). 0-2050, a sulphonamide analogue
of A®-THC with an acetylenic side chain also behaves as a neutral CB; receptor
antagonist in the mouse vas deferens (Martin et al. 2002). Another compound that
seems to be a neutral CB; antagonist is VCHSR (Fig. 11). This is an analogue of
SR141716A that lacks hydrogen bonding capability in its C3 substituent region and
has a CB; K; value in the low nanomolar range. VCHSR (1 pM) has been found to
share the ability of SR141716A to attenuate R-(+)-WIN55212-induced inhibition of
Ca** current in rat superior cervical ganglion neurons expressing the human CB,
receptor but to differ from SR141716A in not affecting Ca®* current in these neu-
rons when administered by itself at 1 or 10 uM (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 CB, 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
0-2050, resemble SR141716A (Sect. 3.3) in exhibiting inverse agonist properties at
concentrations above those at which they behave as neutral antagonists.



26 R.G. Pertwee

4
Other Pharmacological Targets for Cannabinoids in Mammalian Tissues

As discussed in greater detail elsewhere (Hdjos 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 CB; and CB, receptors, there are other
pharmacological targets in mammalian tissues with which atleast some established
CB, and/or CB, receptor agonists can interact to elicit pharmacological responses.

4.1
Receptors

4.1.1
Vanilloid Receptors

It is now generally accepted that the endogenous CB;/CB, 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 a non-selective cation channel that is present on sensory neurons 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, vasodilation and bronchoconstriction. 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
etal. 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 CB;/CB,
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 CB; receptors is
the synthetic anandamide analogue O-1861 (Fig. 8) (Di Marzo et al. 2001). TRPV1
and CB, 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 CB; 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 CB; and TRPV 1 receptors, activation of the CB; 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 CB,
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 CB; 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 CB; and CB, 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 CB; and
TRPV1 receptors are co-expressed on the same neurons (reviewed in Ross 2003).

4.1.2
CB; Receptor Subtypes

Shire et al. (1995) have isolated a spliced variant of CB; cDNA (CB,4) from a human
lung cDNA library. CB;, mRNA is present in human brain tissue, its distribution
pattern matching that of CB; mRNA. It has also been detected in peripheral tissues.
The spliced variant resembles the CB; receptor in its affinity for A°-THC, CP55940
and R-(+)-WIN55212, and it also has at least two signal transduction mechanisms
in common with the CB; receptor (Rinaldi-Carmona et al. 1996a). However, the
central and peripheral concentrations of CB;, mRNA are far below those of CB,
mRNA (Shire et al. 1995). Onaivi et al. (1996) have discovered three distinct CB;
mRNAs in brain tissue from C57BL/6 mice, although only one CB; receptor cDNA.
C57BL/6 mice were less sensitive to the hypothermic and antinociceptive effects of
A°-THC than two other mouse strains in which only one CB; 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 CB,;
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 CB; 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.

413
CB,-Like Receptors

It is possible that palmitoylethanolamide may produce antinociception in rat and
mouse models of inflammatory or neuropathic pain by acting on a CB,-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 CB, 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 CB,-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 CB; 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 CB; receptors at
concentrations below 1 or 10 uM (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 than additively in the mouse formalin paw and abdominal stretch
tests—also supports the hypothesis that they have different antinociceptive mech-
anisms (Calignano et al. 1998, 2001).

4.1.4
Neuronal Non-CB,, Non-CB,, Non-TRPV1 Receptors

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

Evidence for the presence of a G protein-coupled non-CB;, non-CB, receptor for
anandamide and R-(+)-WIN55212 has come from experiments in which it was
found that [**S]GTPyS binding to whole-brain membranes from CB;~~ C57BL/6
mice or to cerebellar homogenates from CB;”~ 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 [**S]GTPyS binding to CB, ™~ 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 TRPV 1 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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- Itis not sensitive to activation by the established CB,/CB, receptor agonists, A°-
THC, CP55940 or HU-210 (Breivogel et al. 2001; Di Marzo et al. 2000; Monory
et al. 2002).

- Tt is not coupled to adenylate cyclase, at least in the cerebellum of CB, '~ CD1
mice (Monory et al. 2002).

- It differs from the CB, 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 [’H]CP55940 on CB, ™/~ C57BL/6 mouse
brain membranes (Breivogel et al. 2001).

It has also been found that [*H]R-(+)-WIN55212 undergoes selective binding to
CB; ™~ C57BL/6 membranes obtained from brain areas in which R-(+)-WIN55212
enhances [*>S]GTPyS binding (cerebral cortex, hippocampus and brain stem)
(Breivogel et al. 2001). Furthermore, CB, '~ C57BL/6 brain areas that are unre-
sponsive to R-(+)-WIN55212-induced enhancement of [*>S]GTPyS binding seem
to lack [*H]R-(+)-WIN55212 binding sites (Breivogel et al. 2001). It is notewor-
thy, however, that some WIN55212-sensitive brain areas of CB;~~ C57BL/6 mice
(midbrain and diencephalon) and of CB;”~ CD1 mice (cerebellum) also seem
to lack [*H]R-(+)-WIN55212 binding sites (Breivogel et al. 2001; Ledent et al.
1999; Monory et al. 2002). Although CB,~'~ C57BL/6 mouse brain does contain
specific binding sites for both [*H]SR141716A and [*H]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 CB, receptor is the ability to mediate antinociception,
catalepsy and hypokinesia. Thus, whilst A°>-THC produced these effects only in the
wild-type mice, anandamide was essentially as potent and effective in producing
these effects in CB; ™~ as in CB;*/* 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 [*H]SR141716A on CB,~~ C57BL/6 mouse brain membranes may explain the
ability of SR141716A both to inhibit [**S]GTPyS binding to such membranes
(Breivogel et al. 2001) and to reduce milk intake and survival of newborn CB; ™/~
C57BL/6 mice (Fride et al. 2003).

Central TRPV1-Like Receptors

Evidence has emerged for the presence of G protein-coupled, non-CB; 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 CB;*/* 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 CB; receptor immunostaining on axonal terminals
that form glutamatergic synapses in rat hippocampus (Hdjos and Freund 2002a;
Hidjos et al. 2000, 2001). Similar results have been obtained in experiments with
CB,™'~ CD1 mouse hippocampal slices (H4jos et al. 2001). R-(+)-WIN55212 also
inhibits potassium-evoked glutamate release from hippocampal synaptosomes
obtained from rats or from CB;** or CB;”~ mice in an SR141716A- and AM251-
independent manner (Kofalvi 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 (Hdjos and Freund
2002a). Because the peripheral TRPV1 receptor is neither activated by R-(+)-
WINS55212 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 GTPyS binding to brain mem-
branes, and secondly whether R-(+)-WIN55212-induced enhancement of GTPyS
binding to CB;”~ 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 CAL1 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 CB; receptor
antagonist AM281. Given the results obtained by Héjos 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 y-
aminobutyric acid (GABA)ergic transmission. If anandamide was acting through
vanilloid-like receptors, then it apparently activates them more readily than CB;
receptors, which contrasts with reports that this endocannabinoid interacts less
potently with established TRPV1 receptors than with CB; 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 CB; 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 amanner thatis CB;-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-CB,, non-CB; molec-
ular target that is thought to mediate its enhancement of GTPyS binding to central
neuronal membranes (see above). Thus, although R-(+)-WIN55212 does suppress
evoked EPSCs and paired pulse facilitation in CB;™~ CD1 mouse hippocampal
slices (Hdjos et al. 2001), it does not enhance GTPyS binding to CB, '~ CD1 mouse
hippocampal membranes (Monory et al. 2002). Also, whilst CP55940 suppresses
evoked EPSCs in rat hippocampal slices (Hdjos and Freund 2002a) and potassium-
evoked glutamate release from rat hippocampal synaptosomes (Kofalvi et al. 2003),
it does not share the ability of R-(+)-WIN55212 or anandamide to enhance GTPyS
binding to CB; = 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 A’-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 CB; and CB, receptor-independent, as this relaxant effect of
A°-THC was not prevented by 300 nM SR141716A or by 30 nM AM251 and as
the CB;/CB, 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 A’-THC. The possibility, that
A°-THC was acting through ionotropic or metabotropic glutamate receptors was
also excluded. Other observations made in this investigation were that A’-THC-
and cannabinol-induced activation of CGRP release from rat arterial segments
could be prevented by capsaicin pretreatment and that A’-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 A’>-THC and cannabinol, and in contrast to both capsaicin
and anandamide, A°-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 A°>~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-I;, non-I, subtype of the putative imidazo-
line receptor that is both CB; receptor-like and a,-adrenoceptor-like and that
mediates inhibition of evoked noradrenaline release when activated (reviewed in
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Gothertetal. 1999; Molderings and Gothert 1999; Pertwee 2004a). There is evidence
that this putative receptor can be activated both by the cannabinoids—CP55940,
R-(+)-WIN55212 and anandamide—and by non-CB;, non-CB;, ligands such as
aganodine and clonidine, and that this activation is sensitive to antagonism by
SR141716A (1 uM), LY320135 (0.1 or 1 pM) and rauwolscine (30 uM) (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 CB, recep-
tors. Thus, the inhibitory effects of anandamide on electrically evoked release of
[*H]acetylcholine and on electrically evoked contractions of this isolated tissue
preparation were insensitive to antagonism by 1 pM capsazepine. They were also
much less sensitive to antagonism by SR141716A than expected for CB,-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-CB; 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 CB, 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 pM, the CB,-
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 A°-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 CB,-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 CB,-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-CBy, non-CB, 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
CB, or CB; 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 A°>-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 CB; receptors (Ho and Hiley 2003; Jdrai et al. 1999; Offertdler
et al. 2003; Showalter et al. 1996). Second, anandamide, methanandamide and
abnormal-cannabidiol also relax precontracted buffer-perfused mesenteric arte-
rial beds of CB;~~ knockout or CB;~-/CB,'~ double-knockout C57BL6] mice
(Jdrai et al. 1999). Third, the CB;-selective antagonist AM281 (1 pM) and the
CB;-selective antagonist AM630 (10 uM) 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 CB; receptors (Ho and Hiley 2003;
Jérai 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; Jdrai et al. 1999; Offertéler et al. 2003).

Abnormal cannabidiol

bt
L

éHa 0-1918
Fig. 12. The structures of abnormal cannabidiol, 0-1602 and 0-1918
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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 CB; and CB, receptors and, at concentrations of 1 to 30 pM, opposes
abnormal-cannabidiol and anandamide-induced relaxations of rat arterial seg-
ments and does not reduce vasomotor tone when administered alone (Offertdler
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 CB,/CB; receptor agonist HU -210 (Offertdler et al. 2003). Cannabidiol also
behaves as a selective abnormal-cannabidiol receptor antagonist in both the rat
mesenteric arterial bed and the anaesthetized mouse (Jdrai et al. 1999). However, in
contrast to 0-1918, it has been found to share the ability of abnormal-cannabidiol
to relax rat precontracted mesenteric arterial segments (Offertdler 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 (BK¢,) 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; Jdrai et al. 1999; Offertéler 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 Gy,
protein-coupled and susceptible to antagonism by 0-1918 (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 0-1918 and lack of sensitivity to activation
by A°-THC, at least at concentrations below 3 uM. 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 (ECso=25 nM). This endocannabinoid seems to
act through both microglial CB, 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 CB, 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 CB; -selective agonist
ACPA (Sect. 3.1), induces microglial cell migration at concentrations well below
those at which it has been reported to bind to CB, receptors, as this compound
appears to induce migration by acting on both abnormal-cannabidiol-sensitive
receptors and CB, 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 CB, 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-CB;, non-CB,,
non-CB;,-like, non-TRPV1, non-abnormal-cannabidiol Gi/G,-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-CB;, non-CB,,
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-a (Facchinetti et al. 2003).

Mouse Vas Deferens

A finding that abnormal-cannabidiol and cannabidiol can attenuate phenylephrine-
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 a;-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-HT; receptors (Cheer et al. 1999), 5-HT5 receptors (Barann
et al. 2002; Fan 1995; Godlewski et al. 2003; Oz et al. 2002), a;-adrenoceptors
(Sect. 4.1.5), M; and M4 muscarinic receptors (Christopoulos and Wilson 2001)
and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) GLU,; and
GLU 3 glutamate receptors (Akinshola et al. 1999a,b). The functional consequences
of occupation of the proposed allosteric sites on 5-HT), receptors (by HU-210) and
on M; and M, receptors (by anandamide, methanandamide and SR141716A) have
yet to be determined. However, cannabinoids have been found to inhibit currents
triggered by the activation of GLU,; and GLU 3 receptors (anandamide) or 5-HT;
receptors (A°-THC, R-(+)-WIN55212, anandamide, JWH-015 (Fig. 7), CP55940
and the CB, receptor antagonist, LY320135). Cannabinoids have also been found
to attenuate the von Bezold-Jarisch reflex induced in urethane-anaesthetized rats
by 5-HTj; receptor activation (CP55940 and R-(+)-WIN55212) and to oppose a;-
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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 CB; receptors (Devlin and Christopoulos 2002). Importantly, cannabinoids in-
hibited 5-HT; receptor currents in transfected human embryonic kidney cells
with a rank order of potency, A°-THC>R-(+)-WIN55212>anandamide>JWH-
015>LY320135>CP55940 (Barann et al. 2002), that does not correlate with their
CB, or CB, receptor affinities or intrinsic activities (Sect. 3). The ICs values of these
ligands were 38, 104, 130, 147, 523 and 648 nM, respectively (Barann et al. 2002).
In contrast, the ICs, values of anandamide for inhibition of kainate-activated cur-
rents in GLU,;- and GLU z3-transfected Xenopus laevis oocytes exceeded 100 pM
(Akinshola et al. 1999b). In addition, some cannabinoids, including anandamide,
methanandamide, R-(+)-WIN55212, A°>-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 CB; and CB, receptors and of G proteins (Chemin et al. 2001).
Evidence has also recently emerged for the presence of an allosteric site on the
cannabinoid CB; receptor (R. Pertwee, R. Ross and M. Price, unpublished).

4.3
Some CB1- and CB,-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 CB; or CB; receptors as it is exhibited both by the CB;/CB, agonists
A°-THC, HU-210 and CP55940, and by the non-psychoactive phytocannabinoid
cannabidiol (Fig. 1) and the cis (6aS, 10aS) enantiomer of 11-hydroxy-A8-THC-
dimethylheptyl, HU-211 (Fig. 4), neither of which has significant affinity for CB,
or CB, receptors (Table 4). Moreover, neurons of CB;”~ mice are no less well
protected from oxidative stress by phenolic cannabinoids than neurons of CB, **
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-p-aspartate (NMDA) receptors and to inhibit tumour necrosis factor-
a 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 (CB; 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
CB,/CB, 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 CB,-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 a; -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 CB,; and CB; 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 CB; and CB, recep-
torsare (+)-(3S, 45)-4'-dimethylheptyl-cannabidiol and (+)-(3S, 4S)-7-hydroxy-4'-
dimethylheptyl-cannabidiol (Bisogno et al. 2001). Several (-)-(3R, 4R)-analogues
of cannabidiol with high CB; and CB, affinities have also been developed, for
example 0-1660, O-1871 and 0-1422 (Wiley et al. 2002). Whether these (+)-(3S,
45)- 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 CB,-selective agonist is HU-308 (Sect. 3.1), whilst an-
other cannabidiol analogue, O-2654, behaves as a reasonably potent CB, 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 pM in y-irradiated HL-60 cells, at 12.7 uM in non-irradiated HL-60 cells
and at 25 pM but not 10 pM 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 y-irradiated or non-irradiated monocytes obtained from
normal individuals (Gallily et al. 2003).

5
CB1 Receptor Oligomerization

There is some evidence that the CB; 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 D, and opioid receptors)
(Wager-Miller et al. 2002). Resulting cross-talk between CB; and non CB; receptors
may involve the sequestration of G proteins either from other receptor types by CB,
receptors (reviewed in Pertwee 2003) or conversely, from CB; 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 CB; and dopamine D, receptors (Jarrahian et al.
2004) suggest that D, receptors can sequester Gaj/, S0 as to cause co-expressed CB;
receptors to switch coupling from Gary/, to Ga. Interestingly, Jarrahian et al. (2004)
also found that in the human embryonic kidney cells expressing both CB; and D,
receptors, persistent activation of the D, receptors promoted the re-establishment
of CB; receptor coupling with Gaj/,. Results from other in vitro experiments have
provided evidence that in the presence of ongoing Gas-mediated adenylate cyclase
stimulation by adenosine A, receptor activation, D, and CB; receptor agonists
can interact synergistically through their respective receptors to produce further
adenylate cyclase stimulation via By-subunits released from Ga;/, (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,
CB, and CB,, 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 CB;- and CB,-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 CB; and CB, 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-CB;, non-CB; 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 CB; or CB, 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-CB;, non-
CB, 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. CB;-
CB,) or different pharmacological targets for cannabinoids (e.g. between CB, and
abnormal cannabidiol receptors), or between cannabinoid and non-cannabinoid
targets (e.g. between CB; and dopamine D, 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: CBy, char-
acterized in neuronal cells and brain, and CB,, characterized in immune cells
and tissues. CB; and CB, 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 (Gil,2 and 3, and Gol
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 Ca** fluxes and
stimulation of phospholipases A and C. Stimulation of CB; and CB; 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 CB, receptor regulates K*
and Ca®* 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 - Ca’* - 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: CB;, found in neuronal cells and
brain, and CB,, 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 A°-tetrahydrocannabinol (A°-THC) reported to be in the
range of 500 to 12,500 (Seeman et al. 1972; Roth and Williams 1979). A°-THC in the
3 pMto 10 pM 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 Mg?** 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, [*H]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). [*H]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 [*’H]CP55940 binding could be attributed to two receptor types:
the CB; receptor cloned from rat and human brain ¢cDNA libraries (Matsuda et al.
1990; Gerard et al. 1990), and the CB, 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 CB; and
CB; receptors was identified. Increased potency and efficacy for both receptors was
found for HU210, a dimethylheptyl analog of A°-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 CB; 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 CB, receptor antagonist,
SR144528, has structural similarities to the CB; receptor antagonist (Rinaldi-
Carmona et al. 1998). These compounds have been the prevalent ligands utilized
in studies of signal transduction pathways for cannabinoid receptors.
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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 CB, 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 CB; receptors (Howlett et al. 1988; Pinto et
al. 1994) and cell lines expressing recombinant CB; receptors (Matsuda et al.
1990; Felder et al. 1993, 1995; Vogel et al. 1993). CB; 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). CB, 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. CB; 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 CB, receptor (Rueda
et al. 2002). CB; 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 CB; 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 CB, receptors, and in CHO cells expressing recombinant CB, 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 CB, 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 (CB,;) 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
AMP production could depend upon which isoform of 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 CB, or CB, 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 (& 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 GBy dimers released from Gi due to cannabinoid receptor
stimulation (Rhee et al. 1998).

A third mechanism could be the direct interaction between CB; receptors and
Gs. Evidence for this mechanism has come from findings that pertussis toxin treat-
ment of neurons and CHO cells expressing recombinant CB, 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 D, dopamine
and CB; receptors into HEK293 cells, and found that the expression of D, 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 Gail could overcome
the stimulatory component led these researchers to suggest that the D, dopamine
receptors could sequester Gi proteins, resembling the response to pertussis toxin
treatment, and thereby preclude their coupling to the CB; receptors (Jarrahian etal.
2004). The CB; 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
A°-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, A°-THC, and anandamide behaved as partial agonists for this
response.

3
Cannabinoid Receptor-Mediated Ca?* Fluxes and Phospholipases C and A

Cannabinoid and endocannabinoid compounds increased intracellular free Ca?*
as determined by fura-2 fluorescence in undifferentiated N18TG2 neuroblastoma
and NG108-15 neuroblastoma-glioma hybrid cells (Sugiura et al. 1996, 1997a,
1999). The CB; 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 Ca’* influx into N18TG2 neuroblastoma cells,
the evidence suggests that desacetyllevonantradol stimulated Ca®* uptake via CB,
receptor coupling to Gs, cyclic AMP production, and PKA activation (Bash et al.
2003). Further evidence suggested that a second component of Ca** influx was due
to CB; receptor coupling to Gi/o, leading to receptor Tyr kinase transactivation,
PKC phosphorylation, and regulation of MAPK (Rubovitch et al. 2004). Evidence
for a CB, receptor-mediated Tyr phosphorylation of N18TG2 cell proteins that can
be immunoprecipitated with the CB; 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)-Ca** mobilization pathway. In studies
using Ca®* reporter fura-2 fluorometry, Ca** mobilization in N18TG2 neuroblas-
toma cells was blocked by a phospholipase C (PLC) inhibitor, indicating that PLC
could be the effector (Sugiura et al. 1996, 1997a). CB, receptor activation in cul-
tured cerebellar granule cells resulted in an augmented Ca?* signal in response to
depolarization by glutamate receptors or high K™ (Netzeband et al. 1999). In these
cells, Ca?* was mobilized from a caffeine-sensitive and IP; receptor-sensitive pool.
This Ca?* signal was attenuated by SR141716, pertussis toxin, and a PLC inhibitor
(Netzeband et al. 1999), indicative of a CB; receptor-mediated PLC mechanism for
Ca** mobilization from endoplasmic reticulum stores.

The primary evidence against a PLC-mediated pathway is that agonist-stimulated
CB; receptors that were heterologously expressed in competent CHO cells failed to
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couple to IP; 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 CB, receptors (Felder et al. 1992, 1993, 1995).

Some evidence exists for phospholipase A, (PLA;) 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 lon 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-
geted at investigating a mechanism for the anticonvulsant properties of cannabidiol
and mixed excitatory properties of A’-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 A’-THC and 11-OH-A°-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 Ca%*-Channels

The first reports of the CB; receptor and Gi/o protein regulation of Ca** cur-
rents described a cannabinoid agonist-mediated inhibition of N-type voltage-gated
Ca’* 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 Ca?* levels, 2-AG and anandamide inhibited the
depolarization-evoked intracellular Ca?* 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 Ca" currents were inhibited by WIN55212-2 and anandamide in AtT-
20 pituitary cells expressing recombinant CB;, but not CB, receptors (Mackie
et al. 1995). Pertussis toxin-sensitivity indicated that Gi/o proteins mediated the
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response. P/Q-type Ca®* 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
CB; receptors and Gi/o proteins.

L-type Ca?* currents were inhibited by anandamide and WIN55212-2 in cat
brain arterial smooth muscle cells that endogenously express the CB; receptor
(Gebremedhin et al. 1999). This response was blocked by SR141716 and pertussis
toxin, indicating a critical role for CB; receptors and Gi/o. Regulation of L-type
Ca’* 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 CB, receptors, cannabinoid
receptor agonists anandamide and WIN55212-2 activated the inwardly rectifying
K* currents (Kj;). This was a pertussis toxin-sensitive response, indicating the
mediation by Gi/o proteins (Mackie et al. 1995; Henry and Chavkin 1995; McAllister
etal. 1999). A reduction in cyclic AMP and PKA activity was not 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 CB; receptor and G
Protein-Coupled Inwardly-Rectifying K* (GIRK1) and GIRK4 channels.

43
Depolarization-Induced Suppression of Inhibition and Excitation

The above-described neurophysiological mechanisms of CB; 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 CB; antagonist SR141716 and was absent in CB; receptor (-
/-) knock-out mice, implicating release of endocannabinoids and participation
of presynaptic CB; 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 CB, receptors on presynaptic terminals of
a subclass of interneurons in the hippocampus, leading to decreased release of
y-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 Ca?* 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 Ca?* levels via activated voltage-gated Ca**
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 Ca* (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 Ca®* 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 A’>-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 CB; 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 CB, receptors coupled to Gi/o
could utilize the Gy 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 CB, 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). A°~-THC, HU210, and
CP55940 produced an SR141716-sensitive activation of the PKB isoform I in the
human astrocytoma cell line U373MG and in CHO cells expressing recombinant
CB, receptors (Galve-Roperh et al. 2002; Gomez et al. 2000). A°-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. CB, receptor/Gi-mediated inhibition of cyclic AMP production and
reduction of PKA activity would promote a net dephosphorylation of 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 CB; receptors
in U373MG human astrocytoma cells (Bouaboula et al. 1995a). Administration
of A°-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.

CB, receptors promoted the phosphorylation of 42/p44 MAPK in cultured hu-
man promyelocytic-HL60 cells, and in CHO cells expressing recombinant CB,
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 CB, receptors in HL60 cells inasmuch
as cannabinoid agonists failed to activate PKB/Akt (Gomez del Pulgar et al. 2000).
Stimulation of CB, receptors by 2-AG in rat RTMGLI 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 Ca?* 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 CB, receptors in HL60 promyelocytes
(Bouaboula et al. 1996). A gene expression profile for CB; 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 CB; receptors (Rueda et al. 2000) and in human vein endothelial cells
possessing endogenous CB; receptors (Liu et al. 2000). Anandamide, 2-AG, and
A°-THC activated p38 MAPK via the CB; 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 CB; 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-CB;, non-
CB, receptor-mediated process that involves anandamide and membrane lipids
(Sarker and Maruyama 2003). In a second example, cannabinol and A’-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-CBy,
non-CB, 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 CB; 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 CB; receptors and neuronal
NOS (nNOS) regulation is believed to be important for mediating the effects of
A®-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
CB; receptors in rat median eminence slices, but it was not clear from these studies



64 A.C. Howlett

whether NOS in neurons was responsible (Prevot et al. 1998). The presence of Ca?* -
dependent constitutive NOS in N18 neuroblastoma homogenates was 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 CB; -like receptor (Stefano et al. 1997a,b). Antagonism
by the NOS inhibitor L-N-arg-methyl ester is evidence that this CB;-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 CB;-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 CB; receptors.
NO production in cultured human arterial endothelial cells followed a rapid in-
tracellular Ca?>* mobilization (Fimiani et al. 1999b; Mombouli et al. 1999). The
generation of NO in saphenous vein endothelial cells required extracellular Ca**
(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 Ca?*-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 CB; 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 E, (Guhring
et al. 2002). Another example is the potential for NO to activate the anandamide
transporter leading to increased intracellular accumulation of anandamide where
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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-y
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
CB; 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). A°-
THC inhibited iNOS induction in RAW264.7 macrophage cells by a mechanism
that involves CB, receptors and a reduction in cyclic AMP (Jeon et al. 1996). A
final common pathway for the CB;- and CB,-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 CB; Receptor Signals Through G Proteins

Studies from our own laboratory have investigated domains of the CB; 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
CB, receptor was immunoprecipitated from detergent-solubilized rat brain mem-
branes, Gao and various Gai subtypes were found to be associated with the CB;
receptor (Houston and Howlett 1998; Mukhopadhyay et al. 2000; Mukhopadhyay
and Howlett 2001). Similar immunoprecipitation of CB, receptors solubilized from
N18TG2 neuroblastoma cell membranes revealed an association with Gail, Gai2,
and Gai3. Pertussis toxin treatment disrupted the CB; receptor-Ga 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 CB; 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 CB; receptor with Gao or Gai3 (Mukhopadhyay et al. 2000;
Mukhopadhyay and Howlett 2001). Because this peptide failed to disrupt the CB,
receptor interaction with Gail or Gai2, it is believed that the C-terminal IC4 do-
main interacts primarily with Gao or Gai3 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
Gao or Gai3. CB; receptor mutants that are truncated two residues distal to the
palmitoylated cys showed perturbed regulation of Ca®* currents (Nie and Lewis
2001). However, mutants truncated such that the entire IC4 region was deleted were
devoid of Ca?* 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 CB; receptor
were able to disrupt the CB; receptor association with Gail or Gai2 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 Gail or Gai2
(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 Gail (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 Gail (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
CB, 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 CB; receptor. Shim and colleagues (Shim et al. 2003) have developed a CB;
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
conformation of theligand thatis necessary to conform to the ground-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 CB, receptor. Reggio’s laboratory
has envisioned that helical translocation may occur in a manner similar to what
has been predicted for rhodopsin and the §-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 A°-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).

CB, 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
CB, 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 A?-THC treatment
abrogated G protein activation by cannabinoid receptors ([**S]GTPyS 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
[**S]GTPyS 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 A°-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-
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posure to A°-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 CB; receptor
is important for regulation of coupling to G proteins and subsequent signaling.
A critical Sers;; 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 CB; receptors to regulate GIRK channels and inhibit P/Q-type
Ca?* channels (Garcia et al. 1998). Studies of site-mutations of Sers,s and Serusg
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 B-arrestin 2 (Jin et al. 1999). CB, 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 A°-THC, and then tested for their antinociceptive
response to a dose of A°-THC. The tolerance to A°-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 CB, and CB, 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,
Ca’*, and perhaps IP;. CB, 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 CB; 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 CB; and CB, cannabinoid receptors are members of the G protein-
coupled receptor family. There is also evidence for additional cannabinoid recep-
tor subtypes. The CB; and CB, 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 CB; recep-
tor mediating desensitization and internalization have also been discovered. The
known genetic structures of the CB; and CB, 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 Cannabinoid receptor - Mutagenesis - Polymorphism - Gene regulation,
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 (-)-A°-tetrahydrocannabinol (A°-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 (CB;) 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 Ca?* 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 [A°-THC, A3-
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 CB, 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 CB; 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 CB; 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 CB, receptor was isolated by a polymerase chain
reaction (PCR)-based strategy designed to isolate GPCRs in differentiated myeloid
cells (Munro et al. 1993). The CB, 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 CB,, and a dis-
tinct yet similar binding profile, and thus represents a receptor subtype. The CB,
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 firstligand, arachidonoyl ethanolamide
(anandamide, AEA) was isolated from porcine brain; it competed for binding to
the CB, receptor and inhibited electrically stimulated contractions of the mouse
vas deferens in the same manner as A’-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 CB,
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 CB; receptor (Hanus et al.
2001). N-Arachidonoyl-dopamine (NADA), is primarily a vanilloid receptor ag-
onist, but has some activity at CB; receptors as well (Huang et al. 2002). Palmi-
toylethanolamide (PEA) has been suggested as a possible endogenous ligand at the
CB, receptor (Facci et al. 1995). However, subsequent studies showed no affinity
for palmitoylethanolamide at the CB; 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-
ladin ether,and NADA also act at the vanilloid receptor (transient receptor potential
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, A°>~THC and cannabinol at high
(20 uM) 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 CB; 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 CB; receptor is local-
ized predominantly in the central nervous system (CNS), whereas the CB, receptor
is located primarily in the immune system. The CB; 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, A°-THC and other psychoactive cannabi-
noids, but not cannabidiol (which lacks CNS activity) 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 CB; mRNA also paral-
leled that of cannabinoid receptor binding in rat brain. Analysis of the primary
amino acid sequence of the CB; 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 CB; receptor based on their
model is shown in Fig. 1.

The CB, receptor was also isolated by its homology to other GPCRs, using a
PCR-based approach in myeloid cells (Munro et al. 1993). The human CB, receptor
cDNA was isolated from the human promyelocytic cell line, HL60. The clone has
44% amino acid sequence identity overall with the CB; clone, and percentage
similarity rises to 68% in the TM domains. The amino acid residues conserved
between CB; and CB, are shaded in Fig. 1. The localization of the CB, 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 CB; and CB, 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 CB4 receptor. The amino acids shared with the CB; 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 CB, receptor have an affinity for CP 55,940
that is similar to those expressing the CB; receptor (Felder et al. 1995; Munro et
al. 1993; Showalter et al. 1996). Furthermore, the affinities for A°~-THC, 11-OH-A°-
THC, anandamide and cannabidiol at the CB, receptor are comparable to the brain
(Showalter et al. 1996) receptor. In contrast, cannabinol (which is known to be ten
times less potent than A°-THC at the CB, receptor) was found to be equipotent to
A®-THC at the CB, 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 CB; and CB,
selective serve as lead compounds in the design of even more selective ligands.
The affinity of SR141716A (the CB; receptor antagonist) is at least 50-fold higher
at the CB; receptor than at the CB, 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.



86 M.E. Abood
CBl 1 MEKSILDGLAD TTFRTITTDL LYVGSNDIQY EDIKGDMASKE LGYFPQKFPL 50
CB2 st ORI S BT SR e R e
CB1 51 TSFRGSPFQE KMTAGDNPQL VPADQVNITE FYNKSLSSFK ENEENIQCGE 100
CB2 1 G Rnens  siavims . .MEECWVTE IANGSKDGLD SN........ 20
o 5 5 o e e 5 o i T 2 s e 5 B R 5 I B 50 i I v o o B 2
223333333 3334444444 4455555555 55566 3
890123456 7890123456 7890123456 78901 7
CBl 101 NFMDIECFMV LNPSQQLAIA VLSLTLGTFT VLENLLVLCV ILHSRSLRCR 150
CB2 21 ...PMKDYMI LSGPQKTAVA VLCTLLGLLS ALENVAVLYL ILSSHQLRRK 67
2222222222 2222222222 2222222222 333333 3333333333
3344444444 5555555555 5566666666 222222 2223333333
8901234567 8901234567 8901234567 123456 7890123456
CB1 151 PSYHFIGSLA VADLLGSVIF VYSFIDFHVF HRKDSRNVFL FKLGGVTASF 200
CB2 68 PSYLFIGSLA GADFLASVVF ACSFVNFHVF HGVDSKAVFL LKIGSVTMTF 117
3333333333 3333333333 44 4444444444 4444444444
3334444444 4445555555 33 4444444444 5555555555
7890123456 7890123456 89 0123456789 0123456789
CB1 201 TASVGSLFLT AIDRYISIHR PLAYKRIVTR PKAVVAFCLM WTIAIVIAVL 250
CB2 118 TASVGSLLLT AIDRYLCLRY PPSYKALLTR GRGLVTLGIM WVLSALVSYL 167
4444 55555555555 5555555555 5555555555
6666 3 3333344444 4444455555 5555566666
0123 4 5678901234 5678901234 5678901234
CB1 251 PLLGWNCEKL QSVCSDIFPH IDETYLMFWI GVTSVLLLFI VYAYMYILWK 300
CB2 168 PLMGWTCC.. PRPCSELFPL IPNDYLLSWL LFIAFLFSGI IYTYGHVLWK 215
666666666 6666666666
222222333 3333333444
456789012 3456789012
CB1 301 AHSHAVEMIQ RGTQKSIIIH TSEDGKVQVT RPDQARMDIR LAKTLVLILV 350
CB2 216 AHQHVASL.. ....vvenn- .SGHQDRQVP GMAERMRLDVE LAKTLGLVLAE 252
bE66H666666 6666666666 TIT77 177719371977 FTI10INT107
4444444555 5555555666 33333 3334444444 4445555555
3456789012 3456789012 23456 7890123456 7890123456
CB1 351 VLIICWGPLL AIMVYDVFGK MNKLIKTVFA FCSMLCLLNS TVNPIIYALR 400
CB2 253 VLLICWFPVL ALMAHSLATT LSDQVKKAFA FCSMLCLINS MVNPVIYALR 302
b I A B O B Y O
5555666666 666
7890123456 789
CB1 401 SKDLRHAFRS MFPSCEGTAQ PLDNSMGDSD CLHKHANNAA SV.HRAAESC 449
CB2 303 SGEIR..... . .SSAHHCLA HWKKCVRGLG SEAKEEAPRS SVTETEADGK 345
CB1 450 IKSTVKIAKV TMSVSTDTSA EAL* 472
CB2 346 ITPWPDSRDL DLSDC*.... .... 360

Fig. 2. An alignment of the human CB; and CB; 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 CB;
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 CB;
receptor as compared to binding in brain homogenates using [*°H]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 CB; receptor (Shire et al. 1995). This alternative splice form (CB;4)
is unusual in that it is generated from the mRNA encoding CB;, and not from a
separate exon (Shire et al. 1995). When expressed, the CB;4 clone would translate
to a receptor truncated by 61 amino acid residues with 28 amino acid residues
different at the NH,-terminal. This might lead to a receptor with altered ligand-
binding properties. CB;, expression has been detected in many tissues by RT-PCR
(Table 1). It will be important to confirm that the CB,, 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
CB, or CB;a peptides would be useful to detect these proteins. The CB;4 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).

The mouse CB; gene and cDNA sequences have been reported (Abood etal. 1997;
Chakrabarti et al. 1995; Ho and Zhao 1996). Sequence analysis of the mouse CB,
clones also indicates a high degree of conservation among species. The mouse and

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

(B 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) (174 W5.43(280)
W5.43(280) 179 V5.46(282)
W6.48(357) W6.48(357)
Anandamide binding CB; receptor WIN 55,212-2 binding
F3.25(190) SR144528 binding $3.31(112)
K3.28(192) S4.53(161) F5.46(197)
S4.57(165)
175
All ligand binding lost (conformational changes)
Y5.39(Y275in CB1,Y190in CB;)  C174in (B, (179in (B,
D3.49(130) in (B, W4.50(158) in CB, W4.64(172) in (B,

L5.50(201) in CB, Y7.53(299) in (B,
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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
CB, 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 CB; 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 CB; 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 CB, gene (Shire et al. 1995). These data suggest the existence of splice
variants of the CB; 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 CB; genes (Bonner 1996).

The CB; 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 CB, 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 CB,, and 24% with CB, (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 CB; and CB, receptors originated in a deuterostomian invertebrate
(Elphick et al. 2003).

The CB, 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 CB, receptor shows less homology between species than does
CB;; for instance, the human and mouse CB, 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 CB, (Brown et al. 2002).

There is also an intron in the C-terminus of the CB, receptor. This intron is
also species-specific; it is only present in the rat CB, receptor (Brown et al. 2002).
This may give rise to rat-specific pharmacology of the CB, receptor. We found
differences in ligand recognition with a number of compounds at the rat CB,
receptor compared to the human CB, 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 CB; 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 CB; and CB, genes have not been mapped. From
what we know so far, the diversity in the regulatory regions of the CB; and CB;
genes may provide flexibility in gene regulation.
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4
Ligand Recognition at the CB; 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 CB;
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 CB; 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 CB, receptor (Song et al. 1999). Receptor chimera studies of
the CB; and CB, receptors have demonstrated that the region delimited by the
fourth and fifth TM domains of the CB; receptor is crucial for the binding of
the CB; receptor antagonist SR141716A, but not CP 55,940, and that this same
region in the CB, receptor is crucial for the binding of WIN 55,212-2 and the CB,
receptor antagonist SR144528 (Shire et al. 1996a, 1999). These results reinforce the
hypothesis that the aminoalkylindole-binding region at the CB; 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 can be replaced without affecting affinity; therefore hydrogen bonding
may not be the primary interaction of these compounds at the CB, 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 CB; 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 CB; affinity, suggests that aro-
matic stacking, rather than hydrogen bonding, may be the primary interaction for
aminoalkylindoles at the CB; 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 CBy, 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 CBy,
190 in mouse CB;), 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 CB; 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 CB; 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 CB; 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
CB; 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
CB,, 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
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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 CB; results in a dramatic reduction of
CP 55,940 affinity (Murphy and Kendall 2003), but in mouse CB;, 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 CB; can result in
structural differences in ligand recognition.

5
Ligand Recognition at the CB, Receptor

5.1
Identification of Amino Acids Which Discriminate CB1 and CB, Receptor Subtypes

The CB,; and CB, 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
etal. 1995; Pertwee 1997). There are several ligands which are CB; - or CB,-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-A3-THC showed no affinity for the CB; receptor but has good
affinity (K;=32 nM) for the CB, 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 A°>-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 CB, and CB, receptors even when they lack a phenolic hydroxyl (Gareau et
al. 1996; Huffman et al. 1996). Moreover, these ligands are CB,-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 CB, and CB,
receptors, appears to mediate different functional roles in the receptor subtypes.
K3.28(192) in the CB; receptor is critically important for ligand recognition for
several agonists (CP 55,940, HU-210, A°>-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 CB, receptor (K109) to alanine or arginine resulted in fully func-
tional CB, 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 CB, mutant
in contrast to K192A CB,. 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 CB; vs CB,. A unique feature identified in the
CP 55,940/CB;, binding site was a hydrogen bonding cluster formed by a serine,
threonine, and an asparagine. In the CP 55,940/CB; docking studies this cluster is
not present. This suggested that when CB, K109 was mutated to A, the hydrogen
bonding cluster could compensate for receptor binding to CP 55,940, whereas when
CB, K192 was mutated to A this compensation did not occur. To test this hypothesis
the CB, 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 CB; K1924, ex-
cept only 10% vs full inhibition of cyclic 3’,5'-adenosine monophosphate (cAMP)
accumulation could be produce even in the presence of 10 pM WIN 55,212-2. Re-
ceptor expression was determined by immunofluorescence. The WT CB, 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
CB, 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 CB; receptors. Another important feature of WIN 55,212-2
is that it has a higher affinity for the CB, 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 CB, vs a valine (V282) in CB;, which could provide
greater aromatic stacking and may impart the selectivity of WIN 55,212-2 for CB,.
Therefore, valine and phenylalanine were switched between the receptors. The
CB1V282F mutant bound WIN 55,212-2 in a similar fashion to WT CB,, whereas
the CB, F197V mutant adopted CB; 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.

Atthe same time, the role of TM3 in WIN 55,212-2 selectivity was reported (Chin
etal. 1999). In this investigation, a CB;/CB, chimera was constructed, CBy,,(TM3),
in which the TM3 of CB, was replaced with the corresponding region of CB,. The
CBy/,(TM3) mutant bound WIN 55,212-2, and the other related aminoalkylindole
analogs (JWHO15 and JWHO018) with WT CB, affinities. These results suggested
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that the TM3 of the cannabinoid receptor imparts selectivity of aminoalkylindoles
to CB,. When individual amino acid changes were evaluated, S112(3.31) in CB,,
which corresponded to G195 in CB;, was the amino acid responsible for CB,
selectivity of aminoalkylindoles. Tao et al. (1998) also reported that mutation of
$112 in the K109AS112G mutation resulted in dramatic effects on ligand binding.

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

A sandwich chimera was next constructed where the CB; receptor TM4-e2-TM5
region was replaced with the CB, receptor regions (Shire et al. 1996a). This chimera
resembled the WT CB, receptor, strengthening the findings that these regions are
important for CB; receptor selectivity of SR 141716A. A sandwich chimera was
then created in which just the CB; receptor e2 region was replaced with the CB,
receptor e2 region; SR141716A binding was almost identical to the WT CB,, but
in this case CP 55,940 binding was lost. A smaller sandwich chimera was also
created in which just the CB; receptor e2 region between conserved cysteines was
replaced with the corresponding CB, receptor regions; this mutation resulted in a
sequestration of the receptor.

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

Onenotable difference between cannabinoid receptors and many other GPCRs s
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 sulthydryl bonds with cysteines in
neighboring TM domains and to stabilize the receptor. When C257 and C264 in the
third EC domain of the CB, 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
CB, 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 CB,
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 CB, 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 [*H]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 S$4.57(165) to alanines also resulted in the loss of SR144528 binding and func-
tional activity. These serines are alanines in the CB; receptor, which supports a
direct ligand-residue interaction at CB,. Several other mutations were analyzed
that did not affect SR144528 binding. In the corresponding molecular model of
CB,, 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 CB, receptor (Song et al. 1999) and WIN 55,212-2 and
SR141716A in the CB; 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
CB; [Y5.39(275)] and CB, [Y5.39(190)] receptors is a tyrosine residue. Creat-
ing a tyrosine-to-phenylalanine mutation in both CB; and CB, resulted in subtle
alterations in receptor affinity and signal transduction. In contrast, a tyrosine-
to-isoleucine mutation in CB; and CB; 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 CB; and 5.39(190) in CB, is
essential to maintain cannabinoid ligand WT affinity; while the CB; 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 CB; and CB,
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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 CB;, 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 CB, 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),Y motif in TM7 also plays an im-
portant role in the CB, 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

71
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 CB; receptors was first noted when SR141716A4, initially described
as a CB; antagonist, was found to have inverse agonist properties (Bouaboula
et al. 1997). In transfected CHO cells expressing CB;, cannabinoid agonists acti-
vated mitogen-activated protein kinase (MAPK) activity (Bouaboula et al. 1997).
However, basal MAPK activity was higher in CB,-transfected cells as compared
to untransfected cells, suggesting the presence of autoactivated CB; receptors.
SR141716A not only antagonized the agonist effect on MAPK, but also reduced
basal MAPK activity in CB; -transfected but not untransfected cells. Similarly, basal
cAMP levels were reduced, and SR141716A raised basal cAMP levels in transfected
cells. The ECs for SR141716A was similar to its ICsq, suggesting that these effects
arearesult of direct binding to unoccupied (precoupled) CB; receptors and not due
to the presence of endogenous ligands in the cultures. A significantly higher ECs
would be predicted if endogenous agonists were competing with SR141716A. Sub-
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sequent studies extended these findings to CB; receptor-activated guanosine-5'-
O-(3-thiotriphosphate) (GTPyS) binding (Landsman et al. 1997) and inhibition of
calcium conductance (Pan et al. 1998). Additionally, CB; receptors can sequester G
proteins, making them unavailable to couple to other receptors (Vasquez and Lewis
1999). SR141716A is also an inverse agonist when CB; 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 CB, 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 CB; 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
CB; inactive state (Singh et al. 2002). Previous modeling studies have suggested
that a F3.36/W6.48 interaction requires a F3.36 trans y1/W6.48 g+ y1 rotameric
state. SR141716A stabilizes this F3.36/W6.48 aromatic stacking interaction, while
WIN55,212-2 favors a F3.36 g+ y1/W6.48 trans y1 state (Singh et al. 2002). Cannabi-
noid receptor activation of GIRK1/4 channels in Xenopus oocytes was used to assess
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

(B, receptor (B receptor
D2.50(163/164) D2.50(80)
F3.36(201) R3.50(131)
16.34(341) and A6.35(342) Y2.51(132)
C-terminus (401-417) Y5.58(207)

A6.34(244)
13

(320
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levels of constitutive activity compared to WT CB,. This result supports the hy-
pothesis of a y1 rotamer “toggle” switch (W6.48 y1 g+, F3.36 y1 trans) — (W6.48
x1 trans, F3.36 y1 g+) for activation of CB;.

7.2
Residues Involved in Activation of CB,

Studies to date have indicated that not only are sets of different amino acids 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 etal. 1998; Kearn et al. 1999; Mukhopadhyay et al. 2000; Selley et al. 1996; Tao
etal. 1999). The different sites of ligand-receptor interaction may promote different
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 active CB; receptor that coupled to G; in preference to G; (Abadjietal.
1999). The predominant coupling of the WT CB; receptor is to Gj; coupling to G5 can
usually only be demonstrated in the presence of pertussis toxin, which uncouples
receptors from Gj,, proteins (Glass and Felder 1997). A swap of two adjacent
residues in the carboxyl terminus of the third intracellular loop/bottom of helix 6,
16.34(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 peptides derived from the CB; receptor, Howlett’s laboratory has
demonstrated that the amino terminal side of the intracellular (i3) loop can interact
with G;, 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 CB; 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 G; and G, 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 CB; does not activate G; (Mukhopadhyay et
al. 1999, 2000).

Residues in the C-terminus have also been shown to be important in G protein
coupling and sequestration (Nie and Lewis 2001a,b). Truncation of the CB; receptor
atresidue 417 attenuates G protein coupling, and truncation at residue 400 abolishes
the inhibition of calcium channels produced by CB, 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 CB; 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 CB; 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 CB; 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 a-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
(B Receptor Activation and Constitutive Activity

8.1
Constitutive Activity

The CB, receptor has also been shown to be constitutively active (Bouaboula
et al. 1999a). Furthermore, CB, receptors expressed in CHO cells also sequester
G; proteins; the CB, 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). CB,
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
CB; Receptor Activation

As with the CB, receptor, mutation of the highly conserved aspartate residue in
the second TM domain of the CB, 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 CB, 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 CB, 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 CB; and CB, receptors, this
amino acid in the CB; receptor was partly responsible for enhancing G protein
coupling to G (Abadji et al. 1999).

The presence of a tyrosine residue conserved between CB; and CB,,Y5.58(207),
is critical for signal transduction in the CB, receptor (Song and Feng 2002). The
Y5.58A mutant receptor retained ligand binding, albeit with an eightfold reduced
affinity for [PH]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
CB; 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 CB, receptor (Feng and Song 2001). These data
demonstrate the importance of residues in the C-terminal domain to functional
coupling in the CB, receptor.

9
CB1 Receptor Polymorphisms in Addiction and Disease

The CB; 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 CB, 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 CB; 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 CB;
receptor is critical for this p-opioid receptor effect (Chen et al. 1990; Mascia et al.
1999; Tanda et al. 1997). In addition to increasing mesolimbic dopamine, A°-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 A°-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 A’-THC in the elevated plus-maze test of anxiety was also shown in three
mouse strains (Onaivi et al. 1995). Two different doses of A°>~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 CB; receptor function (Basavarajappa and
Hungund 2001).

The CB; receptor has been cloned and sequenced from two strains of mice,
C57BL/6 (Chakrabarti et al. 1995) and 129S] (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 129S] strain. Sequence analysis of the C57BL/6 CB,; receptor
cDNA (accession No. U17985), indicates three amino acid differences compared
to that obtained from the 129S] 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 CB; receptor (Chin et al. 1998, 1999; Song and Bonner 1996;
Tao et al. 1999). CB, receptor polymorphisms may underlie differential sensitiv-
ity to A°-THC. In addition, a recent report showed distinct differences in CB;
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 CB; responses.

Human CB; receptor polymorphisms have been identified. One study found a
positive association between a microsatellite polymorphism in the CB; 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 CB, 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 CB; and CB, 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 1216V. 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; Lamlum et al. 2000)]. CB; receptor polymorphisms may affect 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). B-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 A°>~THC (Abood et al. 1993).
However, in mice tolerant to CP 55,940, cannabinoid receptor downregulation in
cerebella is concomitant with increased levels of receptor mRNA, 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
course of changes in cannabinoid-stimulated [**S]GTPyS binding and cannabinoid
receptor binding in both rat brain sections and membranes, following daily A°-
THC treatments for 3, 7, 14, and 21 days, found time-dependent decreases in both
[**S]GTPyS and [PH]JWIN 55212-2 and [*H]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 CB; receptor was examined (Zhuang et al. 1998). They found that CB; 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, [*>S]GTPyS 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 CB; receptor involved in receptor regulation following chronic agonist expo-
sure. Rapid internalization of CB; 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 CB, 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
CB; 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
$317in (B, D2.50(164) in CB,
S426in (By C-terminus 458-472 in (B,
S430in (B,
$352in (B,

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 CB, receptor is also desensitized and internalized following agonist treat-
mentinvitro (Bouaboula et al. 1999b). These studies, conducted in CB, -transfected
CHO cells, demonstrated that phosphorylation at S352 appears to play a key role in
the loss of responsiveness of the CB, receptor. Furthermore, SR144528 could regen-
erate the desensitized CB, receptors by activating a phosphatase that dephospho-
rylated the receptor. Hence the pharmacological properties and phosphorylation
state of the CB, 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, CB; mRNA
levelsin the striatum increased 50% as compared to control rats (Mailleux and Van-
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 CB; 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.

CB 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 CB, 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). CB; 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 CB, receptor expression was in the original
cloning paper; CB, 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). CB, 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 CB, is in a common virus integration site, and it is overexpressed in
retrovirally transformed mouse myeloid leukemias (Valk et al. 1997). Furthermore,
CB; is aberrantly expressed in several human myeloid cell lines and primary acute
myeloid leukemia samples, whereas normal bone marrow precursor cells do not
express CB; (Alberich Jorda et al. 2004).

Evidence for CB, receptor expression has not been found in normal human
CNS; however, CB, has been found in Alzheimer’s brains (Benito et al. 2003).
CB, 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 CB; 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).

CB; 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 CB; receptor knockout mice lost responsiveness to
most cannabinoids, A°-THC still produced antinociception in the tail-flick test of
analgesia (Zimmer et al. 1999). Further characterization of this non-CB; A°-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 CB; receptor knockout mice (Di
Marzo et al. 2000). Furthermore, anandamide-stimulated GTPyS 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 GTPyS activity in CB; knockout mice.
This same phenomenon has also been demonstrated in a second strain of CB;
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 CB; receptor knockout animals.

An “abnormal cannabidiol receptor” has also been characterized. Cannabi-
noids, including anandamide, elicit cardiovascular effects via peripherally located
CB; 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 CB; receptors, caused hypotension and mesenteric vasodilation in WT
mice and in mice lacking CB; receptors or both CB; and CB, 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 CB;/CB, 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 0-1918 (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 CB, receptor (Facci et al. 1995). However, it has a low affinity for the cloned
human CB, receptor (Showalter et al. 1996). This difference suggested that there
may be species differences with the CB, receptor, as have been found with other
GPCRs, but the cloned rat and mouse CB, 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 CB;, CB,, or abn-cbd antagonists, suggesting it acts via its own
GPCR (Franklin et al. 2003).

In summary, thereis compelling evidence for the existence of additional 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 CB;- and CB,-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 and behavioural responses. To date, three lines of CB; knockout
mice have been established independently in different laboratories. This chapter
reviews the main results obtained with these lines of CB; knockout mice in several
physiological responses that have been previously related to the activity of the en-
docannabinoid system. Studies using CB; 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 CB; cannabinoid receptor is involved in the control of pain by acting at pe-
ripheral, spinal and supraspinal levels. The involvement of the CB; cannabinoid
receptor in the behavioural and biochemical processes underlying drug addiction
has also been investigated. These CB; 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, y-aminobutyric acid
(GABA), and cholecystokinin (CCK), which could explain some of the responses
observed after the stimulation of the CB; cannabinoid receptor. This review pro-
vides an update of the apparently controversial data reported in the literature using
the three different lines of CB; 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 CB; 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 CB; cannabinoid
receptors that have been reported in knockout mice, rather than review the general
physiology of the CB; cannabinoid receptors.

1
Generation of CB; Knockout Mice

The murine CB, receptor is encoded by the CnrI gene on chromosome 4. Like many
other G protein-coupled receptors (GPCRs), the entire CB; receptor is encoded by
a single large exon. To date three lines of CB; 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
than 10 generations to C57BL/6] mice, thus generating a congenic strain in which all
animals are genetically homogeneous. Marsicano and colleagues (2002) generated
a third line of mice that carries a CB; 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 CB, receptor. They are
fertile, care for their offspring, and do not show any behavioural abnormalities that
would be obvious to the casual observer. However, CB;-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 CB; 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). CB; receptor knockouts have been extensively studied to determine whether
such compensatory changes occur in the absence of CB; receptors.

Binding of the CB;-specific agonist CP55,940 was completely abolished in CB,;
knockout mice (Zimmer et al. 1999), and neither CP55,940 nor HU-210 [nor A°-
tetrahydrocannabinol (THC)] stimulated [**S]GTP binding in brain tissues from
these animals (Breivogel et al. 2001). These results indicated that the CB; receptor
is the only target for these ligands. A 50% reduction of CB; sites was also observed
in heterozygous mice when WIN55,212-2 was used. However, the maximal stimu-
lation of [*S]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 [**S]GTP binding by WIN55,212-2 was
still observed in homozygous mutant animals, strongly indicating that there is
also a non-CB; target for this compound. Di Marzo and colleagues analysed anan-
damide levels in wild-type and CB;-deficient animals (Di Marzo et al. 2000). They
found that, in the absence of CB; 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 CB; receptor may control anandamide biosynthesis. In contrast, Maccarone
and co-workers reported that anandamide hydrolysis, mediated by FAAH, was
age-dependently increased in CB;-deficient, but not in wild-type, mice (Maccar-
rone et al. 2001). Old CB; 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
(B4 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 CB;-deficient
animals, demonstrating that they are mediated by CB; receptors (Zimmer et al.
1999). An endocannabinoid tone in the regulation of locomotor activity has been
suggested, because the CB; 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 CB; 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, because CB; knockout mice apparently have higher
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 CB; re-
ceptors in the basal ganglia (Rodriguez de Fonseca et al. 1998). In the striatum,
CB, 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 y-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 CB; knockout mice, which also contained the highest CB; receptor densities
(Steiner et al. 1999). Enkephalin expression was also elevated in CB; knockout
mice, but unrelated to CB; receptor densities. These results are consistent with
a local CB; inhibition of striato-nigral neurons, whilst effects on striato-pallidal
neurons probably involve network-level alterations.
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4
(B, 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 CB; 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 CB; knockout mice have supported and clarified the previous data
reported by using different pharmacological approaches. Thus, it has been shown
that CB; 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 CB; 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 CB; knockout mice with a
CD1 background. In agreement, the administration of SR141716A mimicked the
phenotype of CB;-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 CB; 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 CB; than in wild-type mice, whereas CB;
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 CB; 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 CB; 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 CB; 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 CB; knockout mice (Marsicano et al. 2002).

Studies using CB; 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 CB; knockout mice and wild-type littermates
in the elevated plus-maze, showing that surprisingly, the cannabinoid antagonist
reduced anxiety in both wild-type and CB; knockout mice (Haller et al. 2002).
This result shows a discrepancy between genetic and pharmacological blockade
of the CB; 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 “CB;”
or “CBy” 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 CB; cannabinoid receptors demonstrate the
existence of an endogenous cannabinoid tonus modulating mood through the
stimulation of these CB; receptors and also support the possible existence of
a third cannabinoid receptor, which seems to play an opposite role to the CB,
receptor in emotional control. CB; 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 CB; receptors would explain
the different effects that cannabinoids can have on anxiety.

5
CB; 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
and Martin 1996) and short-term memory (Molina-Holgado et al. 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 CB; 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 CB; 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 CB; knockout mice (Bshme et al. 2000).
On the other hand, CB; knockout mice have been reported to exhibit similar
acquisition rates in the Morris water maze as wild-type littermates, whilst CB,
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, CB; 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 CB; 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, CB,
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, CB; cannabinoid receptor-positive interneurons are distinctive in forming
inhibitory synapses with particularly fast kinetics. These GABAergic interneurons
seem to control plasticity at excitatory synapses, and thus the blockade of 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
(B, 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 studies using selective CB; receptor antagonists (Varga et al. 1995;
Lake et al. 1997) have suggested that some of these cardiovascular responses are
mediated by CB; receptors.

Considering the pharmacological effects of cannabinoids, it was somewhat sur-
prising to see that basal blood pressure and heart rate were normal in CB; -deficient
mice, thus suggesting that endogenous cannabinoids do not exert a tonic control
on these cardiovascular parameters. However, when the CB; agonists anandamide
or WIN55,212-2 were administered to CB; 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
CB; -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 CB; receptors, indicating that a metabolic product of 2-AG elicits
cardiovascular effects that are not mediated by CB, receptors (Jarai et al. 2000).

Interestingly, “abnormal cannabidiol”, a neurobiologically inactive cannabi-
noid, causes hypotension and mesenteric vasodilation in mice lacking CB; and
CB, 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 pug/kg LPS caused a similar hypotension in phenobarbital
anaesthetised wild-type animals and in mice deficient in CB; or both CB; and
CB; 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-CB; receptors.

7
Participation of the CB; Cannabinoid Receptors in the Control of Pain

Cannabinoids produce antinociception through multiple mechanisms at periph-
eral, spinal and supraspinal levels through CB; and CB, 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, CB; cannabi-
noid receptors are abundant in the dorsal horn responsible for pain transmission.
Most primary afferent neurons that express CB; receptor mRNA are those with
larger diameter fibres involved in the transmission of non-nociceptive-sensitive
inputs (Hohmann and Herkenham 1998). However, CB; 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). CB; cannabinoid receptor mRNA was also highly
expressed in dorsal root ganglion cells (Hohmann 2002; Bridges et al. 2003). At
this level, CB; cannabinoid receptor stimulation seems to produce a presynaptic
inhibition of Ca?* channels, attenuating the release of neurotransmitters (Millns
et al. 2001).

On peripheral terminals, the activation of CB; and CB, 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 CB, receptors in
animal models of persistent pain and the existence of a synergism between CB; -
and CB,-mediated responses at this level (Malan et al. 2002). However, other studies
do not support such a role of peripheral cannabinoid receptors (Di Marzo et al.
2000). CB; receptor activation can also inhibit oedema and plasma extravasations
produced by inflammation at a peripheral level (Malan et al. 2002). Cannabinoid
CB, 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 CB; knockout mice, depending on the genetic construction of the
knockout mice. In CB; 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, CB,
knockout mice on an inbred C57BL/6] 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 CB; agonists produce similar behavioural effects
in wild-type mice. Moreover, intrathecally administered SR141716A or antisense
knockdown of spinal CB; 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
CB; cannabinoid receptors. Thus, CB; knockout mice exposed to an experimental
colitis, induced by intrarectal DNBS, exhibited a higher sensibility to chemical-
induced visceral inflammation. Pharmacological blockade of CB; receptors with
the selective antagonist SR141716A led to a worsening of colitis similar to that ob-
served in CB,-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 CB; 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 §-opioid agonists
[D-penicillamine*® Jenkephalin (DPDPE) and deltorphin II and by the selective
k-opioid agonist U-50,488H were unchanged (Valverde et al. 2000b). Therefore,
CB, receptors do not seem to be involved in the antinociceptive responses in-
duced by exogenous opioids. However, CB,; 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 CB; 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 CB; 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 8- and k-opioid receptors (Castane et al. 2003).

There is increasing evidence to support a role for peripheral CB, 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 CB, cannabinoid receptor expression, specifically located
in the lumbar spinal cord (Malan et al. 2002). Thus, a selective induction of spinal
CB, 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
(B, 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
dose and the experimental conditions. Thus, THC produced place preference 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-naive 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 CB; cannabinoid
receptors is implicated in the reinforcing properties of all these cannabinoid com-
pounds because the CB; 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, CB; 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 CB; cannabinoid receptor antagonist SR141716A
to animals (mouse, rat and dog) chronically treated with THC has been shown to
precipitate different somatic manifestations of cannabinoid withdrawal. 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;
Aceto etal. 1996; Cook et al. 1998; Hutcheson et al. 1998). CB; cannabinoid receptors
are responsible for the somatic manifestations of cannabinoid withdrawal. Indeed,
CB, -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 CB; 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 alink 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 CB; cannabinoid receptors. These studies underlie the relevance of
CB; 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 CB; 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 CB; 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 CB; knockout mice clearly demonstrated the important role played by
the CB, cannabinoid receptors in the physical manifestations of the morphine with-
drawal syndrome. Thus, a robust decrease in the severity of naloxone-precipitated
morphine withdrawal syndrome was reported in CB; 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-
drawal manifestations (Mas-Nieto etal. 2001). Early studies have also demonstrated
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 p-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 p-knockout
mice and completely blocked in mice lacking k-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 x-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 p- and §-opioid receptors (Castane 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 p-, 8- or k-opioid receptor knockout mice (Ghozland et al. 2002). In
contrast, another study reported a decrease in the severity of cannabinoid with-
drawal syndrome in p-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 p-, 6-
opioid receptor knockout mice (Castane et al. 2003), suggesting that a cooperative
action of p- and é-opioid receptors is required for the entire expression of THC
dependence.

Alltheseresultsindicate that the bi-directional interactions between the endoge-
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
(Di Chiara 1998). Psychostimulants facilitate this dopaminergic neurotransmission
by different mechanisms, including the enhancement of extracellular dopamine
concentrations, mainly through inhibition of the dopamine transporter. On the
other hand, CB; 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 CB; 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 CB; knockout mice
(Martin et al. 2000). In addition, acute self-administration of cocaine, performed
during a single session, was also maintained in mice lacking CB; 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 CB;
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
CB; antagonist SR141716A completely reversed these effects of WIN55,212-2, in-
dicating that the reinforcing effects of CB;-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 CB; 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-
broventricular MDMA self-administration in rats (Braida and Sala 2002). 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 studies have suggested a possible functional interaction between cannabi-
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 CB; cannabinoid receptors. Thus, whereas the severity of nicotine withdrawal
syndrome was not affected in CB; knockout mice, the rewarding properties of
nicotine, evaluated in the conditioned place preference assay, was abolished in
these animals (Castane et al. 2003). In contrast, the absence of CB; 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 CB; knockout mice (Castane 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 CB; 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. CB, 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-
cannabinoids and down-regulates brain CB; receptors and their function (Basavara-
jappa and Hungund 2002), supporting the hypothesis of an interaction between
these two drugs. Pharmacological studies reported that blocking the CB; 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 CB; 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
CB,; knockout mice on a C57BL/6] genetic background (Hungund et al. 2003).
Furthermore, ethanol did not cause release of dopamine in the nucleus accumbens
in CB; 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 CB; 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/6] mice that was reduced in CB,
knockout mice. The administration of the antagonist SR141716A to young wild-
type mice reduced ethanol preference to the level exhibited by CB; knockout mice.
Ethanol preference declined in old wild-type mice (26-48 weeks), and this reached
a level similar to that observed in CB; knockout mice (similar for young and old
animals). Ethanol preference in old CB; 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
CB, knockout mice. Thus, Racz et al. (2003) reported that CB; knockout mice (on
a C57BL/6] 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 CB;
knockout mice (Racz et al. 2003). Activation of the CB; 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 CB; cannabinoid receptor gene polymorphism with the
severity of withdrawal symptoms in humans (Schmidt et al. 2002).

Recently, a new CB, 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 CB,
cannabinoid receptor in ethanol 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 CB; knockout mice.

10
(B4 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. CB; 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 CB; 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 (CB, */*, 29%; CB, /-, 47,7%;
CB, ™7, 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 CB, 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 CB;-
deficient animals (Di Marzo et al. 2001). Wild-type mice that were treated with
3mg/kg SR141716A 10 min before the start of the testing period also showed a lower
food intake, similar to that of CB; knockouts. The orexigenic effects of cannabi-
noids are thought to be mediated by hypothalamic CB, receptors, although the CB,;
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, CB, 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 Ca?*-dependent postsy-
naptically localized enzymes (Bisogno et al. 2003). Activation of the presynaptic
CB, receptors exerts diverse effects on synaptic functions, including the acti-
vation of inwardly rectifying K* channels, the inhibition of voltage-gated Ca**
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 Ca’** 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 CB;-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 CB; 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 CB; 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 CB, receptors on hippocampal glutamatergic terminals and have reported
that CB,-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-CB,; 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 CB; 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 CB; and CB, 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-CB; and
non-CB, 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
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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 (-)-A°-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 CB; (and later also CB,) 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 in 1995 (Di Marzo and Fontana 1995)] and the proteins 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 CB; and CB, receptors (Mechoulam et al. 1995; Sugiura et
al. 1995). The end of the 1990s brought: (1) the finding of the biochemical pathways
and theidentification of the first enzymes for the formation and inactivation of AEA
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), and as-yet-uncharacterized binding sites in the vascular
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 Ca** influx, which causes activation of Ca**-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 Ca**-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 Ca?* -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
confirmed the occurrence of N-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 Ca** for optimal activity (Ueda etal. 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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metalloproteinase family of hydrolases of the B-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 Ca?" 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 Ca** 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 A; (PLA;), 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
CSE, probably is. While an enhancement of intracellular Ca®* is necessary and suf-
ficient for AEA biosynthesis, 2-AG formation is triggered also, but not only, by
Ca“-mobi]izing 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 (DAGLa and DAGLS) have been
cloned and enzymatically characterized (Bisogno et al. 2003). They are located in
the plasma membrane, are stimulated by Ca?*, 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 DAGLa and DAGLS 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 DAGLa and DAGLS in several cell lines correlates with their
ability to produce 2-AG following stimulation with ionomycin.

- Inhibition of DAGLa and DAGLS 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 DAGL« 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
enzymatic hydrolysis of a particular type of lysophosphatidic acid, 2-arachidonoyl-
sn-glycero-3-phosphate (Nakane et al. 2002).

23
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
Ca**-independent or a non-phospholipid-mediated pathway for the formation of
this putative endocannabinoid in neurons.
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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 CB,;
receptors and a partial agonist at CB, receptors, and anandamide a possible antag-
onistat cannabinoid CB, receptors and a partial agonist at CB; receptors, this possi-
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 formation of NADA from arachidonic acid and dopam-
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.]. Walker
and V. Di Marzo, unpublished observations). Clearly, further studies are needed
to understand the biosynthetic mechanism for this putative endocannabinoid.

24
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 PLA; inhibitor (E)-6-(bromomethylene)-tetrahydro-
3-(1-naphthalenyl)-2H-pyran-2-one (BITNP), could block the activity of crude
preparations of the Ca?*-dependent trans-acylase. Regarding 2-AG, Bisogno et al.
(1999b) found that the PLA, 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, DAGLa and DAGLS, at concentrations (ICso=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:

- Cellsloaded 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 CB; 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 CB,;
and CB,. 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 Ca®* 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
(t12 <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, 2002¢; 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).



158 V. Marzo et al.

- Substances that inhibit the EMT enhance responses to exogenous AEA that are
elicited at extracellular sites (i.e. at CB; 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.

- Aselective 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
inactivation mechanism. FAAH is probably the same enzyme identified in the 1970s
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, the enzyme has an alkaline optimal pH and is found in intracellular
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membranes; what was originally thought to be the hydrophobic domain responsible
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 CB; and CB, 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 CB; 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 CB; 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
was hypothesized shortly after the discovery and definition of 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 areview 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 CB; and CB,,
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 F,, (Matias et al. 2004), and prostaglandin E, glycerol ester
(Nirodi et al. 2004). Prostamides, however, are rather stable to further metabolism,
except for prostamide E,, which undergoes slow dehydration/isomerization to
prostamide B, (Kozak et al. 2001), whereas prostaglandin E, 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 TRPV 1 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-a (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
cases compounds active on other molecular targets,and hence represent an unusual
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 CB, receptors has not been investigated.

34
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 IC5, 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
PLA,; inhibitors, and were also found to interfere with CB, receptor activity. Oth-
ers, such as the still widely used palmitylsulphonyl fluoride (AM374) (Deutsch et
al. 1997a), appeared to be more selective towards CB; receptors but have never
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been tested against PLA; 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 (IC5q values in the low uM range), but was tested against CB; and
CB; receptors and PLA; 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, 0-1624, is quite potent and selective
vs CB; 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
these compounds, URB-597,is very potent and very selective for FAAH, although
it was not tested against PLA,. 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 ICs values in the 1- to 10-uM 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-1and OMDM-2 are the first selective inhibitors of AEA cellular uptake 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 CB; and CB;, Receptors

By definition (Di Marzo and Fontana 1995), endocannabinoids act primarily at
cannabinoid CB; and/or CB, receptors, and they do so with varying affinity and
efficacy. AEA, NADA and 2-AGE are more selective for CB,, with the following
rank of affinity: AEA>2-AGE>NADA. 2-AG has almost the same affinity for both
receptors, and its K 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-y-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 Ca®*
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 Ca’* transients in neuroblastoma cells
via CB; 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
Ca’* channels in rat sympathetic neurons previously injected with cDNA encoding
human CB; (Guo and Ikeda 2004). Indeed, AEA behaves as a partial agonist at CB;
in most assays of functional activity, and is almost functionally inactive on CB, (see
McAllister and Glass 2002 for review). Virodhamine acts as an antagonist for CB;
and a partial agonist for CB,, 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-CB;,
non-CB, 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 Ca?* signalling in astrocytes (Venance et al.
1995). Indeed, a GPCR with a distribution different from CB; 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 CB; 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; 2002¢; Brooks et al.
2002).

- “AEA/abnormal-cannabidiol receptors”: another possible GPCR for AEA and for
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, 0-1918 (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 this AEA congener (Calignano et 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 Ca?* and K* across the cell mem-
brane are targeted directly by sub-micromolar concentrations of AEA (Di Marzo
et al. 2002b). These are:

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

- T-type Ca?* 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, Ca**-influx and cell depolarization)
is at least fivefold lower than its average potency at CB; 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
TRPVI1-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 TRPV 1 in store-operated Ca?* -
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,
depending on whetheritacts on CB; or TRPV1 receptors, blockade of CB; 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
CB; 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 ANKTMI 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

The pharmacology of endocannabinoids overlaps with that of THC to a great 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 CB; and
CB; 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
CB, 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 CB;, 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 THGC, is still active in at least three of the four tetrad tests when these
are carried out in transgenic mice lacking a functional CB,; 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 CB;-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 CB; 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
of pharmacological differences between THC and endocannabinoids (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 Ca?* 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 CB; 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 (Jdrai et
al. 2000), recent data suggest that 2-AGE (noladin) acts via a novel non CB;/CB,
Gijo-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 CB; 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 CB; 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 CB; 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 animal models of both acute and chronic disorders. In particular,
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. 2001¢; Cota et al. 2003)

- Suppressing aversive memories, via inhibition of y-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 CB; 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
endocannabinoids have a neuroprotective 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. 2003¢)
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- In B-amyloid-treated rats (a model of Alzheimer’s disease), in the hippocampus
(authors’ own unpublished results)

- Inmicewith chronic relapsing experimental allergic encephalomyelitis (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 CB; blockers (Di Marzo et al. 2000b;
Mazzola et al. 2003). Furthermore, these effects may result, in some cases, in a
compensatory down-regulation of CB; receptor expression (Silverdale et al. 2001;
Berrendero et al. 2001). In contrast, in animal models of Huntington’s chorea there
is a loss of CB;-expressing fibres from the basal ganglia even at the early stages
of the disorder, and this results in reduced levels of both endocannabinoids and
CB; 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. 2001¢; 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 CB; “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 CB; receptor expression levels are also enhanced in three mouse
models of intestinal disorders, i.e.:

- Small intestine inflammation (Izzo et al. 2001)
- Choleratoxin-induced intestinal hyper-secretion and diarrhoea (Izzo et al. 2003)

- Peritonitis-induced paralytic ileus (Mascolo et al. 2002)
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While enhanced signalling at CB; 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 CB; 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 CB; or CB, 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 hypersecretion and diarrhoea (Izzo et 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.

Keywords Fatty acid amide hydrolase - Monoacylglycerol lipase - Transporter -
Carrier - Anandamide - 2-Arachidonoylglycerol - N-Arachidonoylethanolamine
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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
(DiMarzo, 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 CB; 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 CB; receptor in striatal slices (Ronesi et
al. 2004).

In light of the widespread role of the eCB/CB, 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 (K,
3-12 pM 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).

23
Mechanisms of FAAH Regulation

Expression of FAAH is up-regulated by progesterone and leptin and down-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; Xiao etal. 2002). The FAAH promoter region also contains 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 Cy 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.

24
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 CB; 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 ICsy values (Lang et al. 1996; Deutsch et al. 1997b). These acyl
sulfonyl fluorides display reasonable separation between FAAH inhibition and CB,
receptor binding, especially for those with a longer saturated alkyl chain (K; for
CB, receptor, AM374:520 nM; AM381:19 pM; Deutsch et al. 1997b).

Another series was derived from inhibitors of phospholipase A, (PLA;) and
exploits the preference of FAAH for substrates with long, unsaturated acyl chains.
Arachidonoyltrifluoromethylketone (ATEMK) is a reversible inhibitor of AEA hy-
drolysis at low micromolar range (Maurelli et al. 1995; Ueda et al. 1995; Beltramo et
al. 1997a; Deutsch etal. 1997a), probably by forming a stabilized adduct of 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 PLA; with an ICsy of 2-15 uM (Street et al. 1993; Riendeau et al. 1994) and
it binds to CB; 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 PLA, (Street et al. 1993; Lio et al. 1996). It also interacts
with CB, 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
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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 PLA,, but it binds to neuronal CB;
receptors at concentrations similar to those producing FAAH inhibition (K 1.3 uM;
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 PLA; and the CB; 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 CB; receptors and cPLA, (Bisogno et al. 1998). More re-
cently, Boger et al. (2000) reported a new class of a-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 a-keto oxa-
zolopyridine ring with a weakly basic nitrogen. These compounds inhibit FAAH
reversibly at a picomolar or low nanomolar range, including A*!°-octadecynoyl-a-
keto-oxazolopyridine, which exhibits a K; 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 CB; or CB; receptors or inhibit
MGL or AEA cellular uptake, act by carbamoylation of the active site serine residue.
The most potent of the series is URB597 (Kathuria et al. 2003). Of added significance
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 fatty acid derivatives can inhibit FAAH-mediated catabolism
of AEA by virtue of the fact that they function as alternative substrates. For example,
N-arachidonoylglycine does not bind to CB; or CB, 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 CB, 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 (ICsy values of 10~°-10* 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 uM (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
areactive serine, and by mercurials, indicating the presence of essential sulthydryl
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 GXS12,XG 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 Vp,y for the hydrolysis
of 2-AG, suggesting there is a greater pool of substrate available at the plasma
membrane.
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34
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 pM) 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 few studies have compared the rates of hydrolysis of various monoacylesters.
In macrophages the 1(3)-monoglycerols of arachidonic acid, y-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 K, 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. K, values for monoacylglycerol hydrolysis by MGL-like enzymatic activities

Tissue Substrate Km (UM)  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 Torngvist and Belfrage 1976

in detergent
Human neutrophil supernatants  2-Arachidonoylglycerol 34 Balsinde et al. 1991




Modulators of Endocannabinoid Enzymic Hydrolysisand Membrane Transport 197

35
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(3-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-p-aspartate (NMDA) receptors in spinal cord neurons in

Table 3. Inhibitors of MGL activity

Inhibitor Tissue ICsp or % inhibition Reference
(concentration)

DFP Purified from adipocyte 100% (10 pM) Tornquist 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 uM Saario et al. 2004

MAFP Porcine brain cytosol 2nM 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 2nM 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 uM Goparaju et al. 1999
Platelet membranes 7.5% (10 uM) Di Marzo et al. 1999
Macrophage membranes 89% (10 uM) Di Marzo et al. 1999
Rat brain cytosol 25uM Dinh et al. 2002
Rat cerebellar membranes 66 uM Saario et al. 2004

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

URB597 Rat brain cytosol 0(30uM) 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 PLA,, 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 ICsy 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 CB; and TPRV1 receptors. Interestingly,
UCM707 has relatively high affinity for the CB, receptor (67 nM). UCM707 is
hydrolyzed by FAAH with an ICsq of 30 pM (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 than C6 glioma cells (Fowler et al. 2004). Their affinities for inhibition of uptake
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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multiple sclerosis alone and can produce potentiation of exogenously administered
AEA (de Lago et al. 2004). However, the role of the CB; 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 uM 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 CB; and CB, 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 CB; and CB,, the two known Gj/, protein-
coupled cannabinoid receptors, as well as the isolation and characterization of two
families of endogenous cannabinergicligands represented by arachidonoylethanol-
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-
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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, A’-tetrahydrocannabinol (A?-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 CB; and CB;,
the two known Gy, protein-coupled cannabinoid receptors (Devane et al. 1988;
Gerard et al. 1990; Matsuda et al. 1990; Munro et al. 1993). CB; 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 CB, receptor appears to be associated exclusively with the immune
system. Itis 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).

CB, and CB; 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 CB, receptors (Gerard et al. 1990) have been cloned and
show 97%-99% sequence identity across species, while the mouse CB; (Shire et al.
1996a,b) exhibits 82% sequence identity with the human clone (Munro et al. 1993).
CB; and CB, share common signal transduction pathways, such as inhibition of
adenylyl cyclase and stimulation of mitogen-activated protein kinase. However,
unlike CB;, CB, 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
etal.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 CB; and CB, 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 (CB; and CB,) 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
K; values of individual ligands as measures of their relative abilities to recognize
their binding sites. However, it is well known that the K; 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 K; 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
(-)-A°-THC (1, Fig. 1), the more stable and almost equipotent isomer (-)-A%-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 CB, 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 CB, (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

7o

1 2

(-)-A%-THC (Marinol) (-)-A8-THC

Ki =39.5 nM (CB1) Ki = 47.6 nM (CB1)
=40.0 nM (CB2) =39.3 nM (CB2)

Fig. 1. The structures of (-)-A°-and (-)-A8-tetrahydrocannabinol (THC)
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6 7 8
JWH-133 Desacetyllevonantradol Nabitan
Ki =677 nM (CB1) Ki=0.6 nM (CB1)
=3.4nM (CB2)

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 CB; and
CB, cannabinoid receptors (e.g., 10, 11, 12, Fig. 3) while in vitro pharmacological
testing found the dithiolane analog 10 to be a potent CB;-selective agonist (Pa-
pahatjis et al. 2003). The results of these studies suggest the presence of a subsite
within the CB; and CB; 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 A3-THC (13, Fig. 3) (Khanolkar et
al. 2000; Palmer et al. 2002) exhibits considerable affinity and selectivity for CB,;
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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9 10 11
(-)-AR-THC-DMH AMG-3 AMG-36
Ki=0.9nM (CB1) Ki= 0.3 nM (CB1) Ki=0.4nM (CB1)
=1.4 nM (CB2) =0.5nM (CB2) =1.9nM (CB2)

?\O --7:\0

O -

12 13
AMG-41 AM-411 AM-906
Ki = 0.4 nM (CB1) Ki = 6.8 nM (CB1) Ki= 0.8 nM (CB1)
= 0.9 nM (CB2) =52.0 nM {CB2) = 9.5 nM (CB2)

Fig. 3. Representative C-1 side chain-modified analogs

Fig. 4. Molecular modeling of (-)-A8-THC ligands with different substitution in the C-1” side chain position
using molecular mechanics/molecular dynamics. CB1/CB; receptor-excluded volume map (red contours) and
essential volume map (white grid) for the C-1” subsite in AB-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 CB, 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 CB; and CB, (e.g.,
19, Fig. 5). In another variation, novel tetracyclic analogs of A3-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 CB; and CB,. Thus,
(-)-11-hydroxydimethylheptyl-A3-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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HU-210
i Ki=3.1 nM (CB1)
Ki= 0.7 nM (CB1) .
=0.2 nM (CB2) 31.4 nM (CB2)

Nabilone (Cesamet)

Ki = 2.2 nM (CB1)
=1.8 nM (CB2)

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 (9a and 983). Although both isomers are biologically active, the
p-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 a-axial isomers
(Devane et al. 1992a; Wilson et al. 1976; Yan et al. 1994). The preference for the 943
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-A?-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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NAH—- OH

OH
CH,)sCH
SAH—= ( 2)5 3
26
(-}-CP-55,940 (-1-CP-47.497
Ki= 0.6 nM (CB1) Ki=2.1 nM (CB1)
=0.7 nM (CB2)
OH HO

(-)-CP-55,244 HU-308
Ki=0.1nM (CB1) Ki = >10,000 nM (CB1)
=22.7 nM (CB2)

Fig. 7. Non-classical cannabinoid receptor ligands

55,940 (25) a crystalline ligand exhibiting high affinity for both CB; and CB,
as well as a high degree of stereoselectivity. ["H]CP-55,940, the tritiated analog,
was the key compound that led to the discovery of CB; (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 CB; selectivity.

23
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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Ki = 2.2 nM (CB1) Ki = 2.2 nM (CB1)
= 3.4 nM (CB2) = 4.3 nM (CB2)

A ((\o
OH AM938 AMA4030

Ki = 1.2 nM (CB1) Ki = 0.7 nM (CB1)
= 0.3 nM (CB2) = 8.6 nM (CB2)

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 CB; and CB,
active sites than their non-classical counterparts. Receptor binding data showed
that at C-6 the equatorial -hydroxypropyl analog had higher affinity than its a-
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 68-hydroxypropyl
chain (e.g., 31 and 32, Fig. 8).

The affinity data for CB;/CB; receptors shown in Fig. 8 for analogs 31 and 32 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.

24
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 CB;
and CB, agonist with a slight preference for CB,. Cannabinergic activity resides
principally with only one optical antipode and is more potent than A°-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 CB,/CB; 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:

241
SAR of Aminoalkylindoles

C-3 Substituents Pravadoline (34, Fig.9), which carries a p-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 -CHs, -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 (IC5p = 19 nM) than the 2-napthoyl
analog (ICsp = 128 nM). Replacement of the naphthyl ring with an alkyl (e.g., CH3)
or alkenyl [(CH3),C=CH] groups results in complete loss of CB; receptor affinity
(K;>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 CB, affinity compared to
pravadoline. Later, it was shown that the CB, and CB, 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 CB; 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
AAT analogs such as 33 is the preferred conformation for interaction at both CB,;
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Fig. 9. (-3 modified cannabinergic aminoalkylindoles

and CB, 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 CB, affinity
(K; =8nM) and selectivity (CB;/CB, = 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 CB, receptor (K; = 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 CB; affinity (K; =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-Cbond. 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 CB,-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 CB, 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-AAls) (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 CB; and CB, receptors with a preference for CB,. 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-2 Substituents 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 CB, 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 CB, receptor (K; = 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 CB; receptor (K; = 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 -CHsz, -OCHj3, -F, -Br, or -OH groups at
C-5 of pravadoline diminishes affinity. Conversely, C-6 substitution with -CH3, -
OCHj3, 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 CB, (Hosohata et al. 1997a,b;
Pertwee et al. 1995). This compound was shown to be a potent and selective
antagonist/inverse agonist for CB, 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-alkylindoles, replacement of the indole phenyl ring with a cyclohexyl ring led to
an analog with reduced affinities for both CB; and CB; (Tarzia et al. 2003). Removal
of the phenyl ring in AAIs or non-AAlIs 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 CB; and CB; (ECsp =13.3 nM for rCB; and 6.8 nM for hCB,)
comparable to WIN-55,212-2.
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25
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 CB; receptor ligand has
served as a unique pharmacological and biochemical tool for further character-
ization of the CB; 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 CB, agonists after intraperitoneal (i.p.) or oral
administration (Rinaldi-Carmona et al. 1994).

Other diarylpyrazole ligands that have contributed to our understanding of CB,
pharmacology are AM251 and AM281 (Lan et al. 1999), both of which are CB;
antagonist/inverse agonists (47 and 48 respectively, Fig. 11) capable of displacing
[*H]SR141716A and [*H]CP-55,940 in CB, receptor membrane preparations. Both
AM251 and AM281 share the ability of SR141716A to attenuate the responses to
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46 47 48
SR-141716A AM251 AM281
Ki=11.5nM (CB1) Ki=7.5nM (CB1) Ki=12 nM (CB1)
= 1640 nM (CB2) = 2290 nM (CB2) = 4200 nM (CB2)
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SR-144528 50
Ki = 437nM (CB1) -
= 0.6 nM (CB2) Ki = 6.9nM (CB1)

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 “CB;-selective” role
than SR141716A (Hajos and Freund 2002). In addition to AM630, the most no-
table CB, receptor antagonist/inverse agonist is SR144528, a diarylpyrazole (49,
Fig. 11) developed by Sanofi, exhibiting 700-fold selectivity for the CB, receptor
over CB; (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 CB,;
affinity and subtype selectivity (Barth and Rinaldi-Carmona 1999; Lan et al. 1999).
Its replacement with 1-(5-isothiocyanato)-pentyl group decreased CB; 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 (Shim et al. 2002). Optimal selectivity
for CB; 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-
methoxy groupsled tolow-affinity analogs (Katoch-Rouse et al. 2003). Replacement
of the 2,4-dichlorophenyl by unsubstituted cycloalkyl groups decreased both CB,
and CB, affinities, while the 3-methyl and 4-methylcyclohexyl analogs exhibited
moderate improvement in CB, 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 CB; affinity. Re-
placement of the piperidinyl group with the respective five- or seven-membered
heterocyclic rings or by a cyclohexyl group does not alter CB; binding affin-
ity, while replacement with a morpholine group or linear alkyl chains leads to
reduction in CB; 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 CB; 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 CB, 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 CB, 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 CB; affinity and CB;/CB; selectivity. AM251 has proved
to be an excellent CB; probe and is widely used as a standard. Conversely, re-
placement of the aromatic ring with alkyl groups abolishes CB, 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 CB;-selective
ligands in which the 4- and 5-substituents are conformationally restricted through
the formation of a relatively rigid tricyclic system. In these compounds the 4-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 CB; 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 CB, 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 CB,; selectivity (e.g., 51,
Fig. 12). Another novel class of CB; 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. ['**1]JAM281, an '**I-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 CB; receptor with mod-
erate affinity (K; =61 nM), has low affinity for the CB, receptor (K; =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-y-linolenoylethanolamide and
7,10,13,16-docosatetraenoylethanolamide, also were isolated subsequently from
porcine brain and shown to bind with high affinity to CB; (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 CB; and CB, 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 CB; and CB; 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 CB; receptor (K; =21.2 nM) and
cause sedation, hypothermia, intestinal immobility, and mild antinociception in

52 53
Anandamide 2-Arachidonoyl Glycerol
Ki= 61nM (CB1) Ki= 472 nM (CB1)
= 1930 nM (CB2) = 1400 nM (CB2)
OH

2-Arachidonyl glyceryl ether
(Noladin ether)
Ki= 21.2nM (CB1)
=>3000 nM (CB2)

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 Ca?* 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 CB;-selective ligands and
bind poorly to the peripheral CB, receptor. Therefore, the following discussion
will focus on the endocannabinoid ligand SAR for the CB, receptor.

O A. Polar Head
N/\/OH

B. Hydrophobic Tail

Fig. 14. Structural features of anandamide

Modification of N-Hydroxyethyl Group One carbon homologation to the N-
hydroxypropyl analog increases CB; 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 CB; 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 CB,-selective compound (55,
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55 56
ACPA AMB8B3
Ki= 2.2 nM (CB1) Ki= 9.9nM(CB1)
= 715 nM (CB2) = 226 nM (CB2)

57
AMB881, Chloroanandamide AM356, R-(+)-methanandamide
Ki= 5.3 nM (CB1) Ki=17.9 nM (CB1)
= 95nM (CB2) = 868 nM (CB2)

Fig. 15. High-affinity head group analogs of anandamide

Fig. 15). N-Allyl (56, Fig. 15) and N-propargyl analogs also show high CB, 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 CB; (Adams et al. 1995a,b; Lin et al.
1998). The above data suggest that anandamide analogs can interact with the CB;
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. To address this shortcoming, four chiral anandamide analogs possessing
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 CB, 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 CB; 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 CB,;
affinity also exhibited lower susceptibility to enzymatic hydrolysis. Introduction of
larger alkyl groups, e.g., ethyl or isopropyl, has a detrimental effect on CB, 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 CB; (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 CB; (Sheskin et al. 1997), while cy-
clization of the head group into an oxazoline ring diminishes affinity (Lin et al.
1998).

Modification of the Amide Group Replacement of the amido group by a thioamido
group results in reduced affinity for CB;. 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 CB; 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
CB,. 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).

ST @;q

AM1174 Retroanandamde 55nM (CB1)

Ki= 114 nM(CB1)
= 3540 nM (CB2)

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 CB; 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 CB, 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 CB; 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 CB, 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, itis unclear whether the hairpin conformation is also the conformation
at the CB; 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 CB; 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 CB; binding
sites. This it was postulated that a similar substitution in anandamide should result

61 0-1860

Ki = 1.0nM (CB1)with PMSF Ki= 2.2nM (CB1)
= >10,000nM (CB2)

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
CB, affinity, whereas a hydroxyl group diminishes CB; affinity.

2.7
Other Cannabinergic Classes

A notable CB, receptor-selective antagonist that also exhibits inverse CB; receptor
agonist properties in some assay systems is LY320135 (63, Fig. 18). This ligand was
developed by Eli Lilly (Felder et al. 1998) and shares the ability of SR141716A to bind
preferentially to CB;. However, it has lower affinity for CB; than SR141716A and
also binds to muscarinic and 5-HT, receptors at low micromolar concentrations
(Felder etal. 1998). LY320135 also shares the ability of SR141716A to exhibit inverse
agonist activity at some signal transduction pathways of the CB; receptor.
Aventis reported (Mignani et al. 2000) a new class of CB; 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
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Fig. 18. Structurally novel cannabinergic ligands
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to the CB; 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 etal. 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 CB, ligand (K; = 0.46-1.85 nM; rat brain, human cortex, and re-
combinant human CB; receptor) (Mauler et al. 2003).

Researchers at Japan Tobacco (Osaka, Japan) reported the CB, 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 CB, 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-A%-
THC (67, Fig. 19) was reported in 1992 and was shown to covalently attach to CB,;
(Charalambous et al. 1992).

Second generation covalent probes carrying isothiocyanato or azido groups with
improved affinities for both CB; and CB; were also reported and shown to label
these receptors. The best known of these are (-)-11-hydroxy-7’-isothiocyanato-
1',1'-dimethylheptyl-A3-THC (68, Fig. 19) and (-)-11-hydroxy-7'-azido-1’,1’-di-
methylheptyl-A8-THC (69, Fig. 19) (Yan et al. 1994).

A significant improvement in the design of these new probes was the introduc-
tion of a '?°I-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 CB,
and CB; 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 CB; and CB, 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 ligands?

HU-210 K; (nM)
(B, (B,
(6aR,10aR) (-) 0.7 0.2
(6as,10as) (+) Does not bind significantly
Cl
/
N‘N
0]
H4C.. 1l
5C N)*“N—S:O
H
Cl
SLV-319 Ki (nM)
(B4 (B,
45(-) 7.8 7,943
4R(+) 894 >1000

WIN-55,212-2 Ki (nM)

By (B,
R(+) 1.9 0.3
5(-) 6300 >1000

(CHy)sCH;

3

OH
AM4030 K; (nM)

(B, (B,
(65,6aR,9R,10aR) (=) 0.6 1.1
(6R6aS5,95,10aS) (+)  94.8 124.8

AM1241 Ki (nM)
(B (B,

R(+) 139.7 14

S(=) 2049 160.5

AM356 Ki (nM)

(By (B,
R(+ 17.9 868
S(= 309 8220

3The 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 CB, receptor being a case in point where the homology be-
tween the commonly used mouse spleen CB, 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).

(-)-A°-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 A°-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 (-)-A°-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-A®-THC] is one of the most
potent cannabinoids known. It acts through CB; and CB, 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-p-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 CB; 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 CB; with high affinity and selectivity (CB; = 7.8 nM, CB, =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 CB; (1.9 nM) and
CB; (0.3 nM) whereas its (-)-isomer, WIN-55,212-3 does not bind significantly to
CB, and CB; (both >1000 nM) (Pertwee 1997; Xie et al. 1995). The aminoalkylin-
dole AM1241 exhibits high CB; 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 CB, affinity and selectivity (CB; =139.7 nM;
CB, =1.4 nM) than S-(-)-AM1241 (CB; =2049 nM; CB,; =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 (CB; = 17.9 nM) for CB, receptor than that of anandamide and
17 times higher than that of S-(-) methanandamide (CB; =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 CB,/CB,
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 The cannabinoid CB; and CB, receptors belong to the class A, 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 CB;, while the SAR of
CB; ligands is only now emerging in the literature. This chapter focuses both
on recent CB; and CB; SAR and on the pharmacophores for ligand recognition
at the CB; 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
wellasligand SAR and the CB mutation literature. This chapter discusses 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 CB; and the CB, 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 (CB;) was reported by Matsuda and co-workers
(1990). Subsequently, the primary amino acid sequences of an amino terminus
variant CB; receptor (Shire et al. 1995), as well as the CB; sequence in human
brain and in mouse were reported (Abood et al. 1997; Gerard et al. 1991). A helix
net representation of the human CB; receptor sequence is presented in Fig. 1. In
addition to being found in the central nervous system (CNS), mRNA for CB, has
also been identified in testis (Gerard et al. 1991). The CB; 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 CB; 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) CB,
receptors, 70% exist in the inactive state (R) and 30% exist in the activated state
(R¥).

The second cannabinoid receptor sub-type, CB,, was derived from a human
promyelocytic leukemia cell HL60 ¢cDNA library (Munro et al. 1993). The human
CB; receptor exhibits 68% identity to the human CB; receptor within the trans-
membrane regions, 44% identity throughout the whole protein. The CB, 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 CB, receptor sequence is presented
in Fig. 2. Unlike the CB, receptor, which is highly conserved across human, rat, and
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Fig. 1. A helix net representation of the human (B receptor sequence. (Gerard et al. 1991)
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Fig. 2. A helix net representation of the human CB; receptor sequence. (Munro et al. 1993)

mouse, the CB, receptor is much more divergent. Sequence analysis of the coding
region of the rat CB, genomic clone indicates 93% amino acid identity between rat
and mouse and 81% amino acid identity between rat and human. CB, 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 CB; receptor transduces signals in response to CNS-active constituents of
Cannabis sativa, such as the classical cannabinoid (CB) (-)-trans-A°-tetrahydro-
cannabinol [(-)-A°-THC (1)] and to three other structural classes of ligands, the
non-classical CBs typified by (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 CBligand (CB; K; =472 + 55nM; CB, K; = 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 CB; Receptor Antagonists/Inverse Agonists

The first CB; 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 CB; affinity (K;=1.98 £13 nM), but very
low affinity for CB,. 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 CB; agonists after intraperitoneal (IP) or oral
administration (Rinaldi-Carmona et al. 1994). Several other CB,; 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 CB; receptor, as well as in bi-
ological preparations endogenously expressing CB;. Bouaboula and co-workers

Me NH
3
I\
NT
cl
cl
cl
SR 141716A SR 144528
(cB1) (CB2)

7 8



252 PH. Reggio

(1997) reported that CHO cells transfected with human CB; 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 CB, receptors in inhibiting Ca** currents that was
not due to endogenous agonist. These investigators reported that SR141716A an-
tagonized the Ca?* current inhibition induced by the CB agonist, WIN55,212-2,
in neurons heterologously expressing either rat or human CB,; receptors. Further,
when applied alone, SR141716A increased the Ca®* current, with an ECsq of 32 nM,
via a pertussis toxin-sensitive pathway, indicating that SR141716A can act as an
inverse agonist by reversal of tonic CB; receptor activity. Howlett and co-workers
(Meschler et al. 2000) demonstrated that constitutive activity is demonstrable in
neuronal cells that endogenously express CB; (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 CB; 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.

13
CB; Antagonists

The first CB, 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 CB, receptors
(Ki=0.60£0.13 nM). SR144528 displays a 700-fold lower affinity for both the rat
brain and cloned human CB; receptors. CB, 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 CB, (Iwamura et al. 2001) and AM630 has been
reported to be a CB,-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 (CoOMFA) 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 from this approach depends heavily on the quality of the receptor model,
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 A 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 CB; 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 CB,
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 CB,. 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. Anoccluded region behind C-9 (classical), C-1 (non-classical) of the carbocyclic
ring (ring C; see 1) 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 A’-THC (1). Results
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indicated that the protons of hydroxyl groups at positions corresponding to the
Cl11 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 (-)-A®-tetrahydrocannabinol (A3-THC) and respective cannabidiol
analogs for the CB; and CB, cannabinoid receptors (Papahatjis et al. 2002). For
novel analogs of A3-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 A®-THC, including a 3-(1-heptynyl) analog synthesized in a
PB-11-HHC (10) series and a potent 1’-dithiolane derivative. No analog had the side
chainin 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 CB; and CB; at the level of the benzylic side chain carbon. To study the

CH; CH,OH
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CH,
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stereochemical requirements of the side chain, Busch-Petersen (1996) synthesized
a series of f-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 CB; (K;=0.89 nM) and
showing the widest separation between CB; and CB; 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 A8-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 CB; and CB,, 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 CB; and CB,, 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 CB, 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 A3-THC (9) (Keimowitz et al.
2000). A series of 36 side chain-substituted A®*-THCs with a wide range of pharma-
cological potency and CB, 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).
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3.2
Ligand-Receptor Studies for Classical/Non-classical CB Binding to CB,

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
CB; 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.

33
(B, Selective Classical/Non-classical CBs Break CB1 SAR rules

In recent years, it has become clear that one way to develop CB,-selective com-
pounds is to violate long accepted pharmacophore requirements for binding to CB,
(see consensus pharmacophore list above). In particular, CB,-selective compounds
have emerged through changes in the phenolic hydroxyl region and through short-
ening of the alkyl side chain.

3341
Phenolic Hydroxyl

Huffman was first to show that removal of the phenolic hydroxyl of 11-hydroxy-A3-
tetrahydrocannabinol-1’, 1’-dimethylheptyl (HU-210, 12) results in a CB;-selective
compound (13) with high affinity for both the CB; and CB, receptors (CB,
K;=1.2%0.1 nM, CB, K;=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 CB,-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-A8-THC-DMH still resulted in a ligand with good CB; affinity
(CB; Ki=23+7 nM) and CB; selectivity (CB; K;=2.9 + 1.6 nM) (Huffman et al.
1996). O,2-propano-9f-OH-11-nor-HHC (14), a rigidified C-1 ether, has also been
reported to have good CB; affinity (Kj =26 +2 nM) and a 4.5-fold CB, 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
K; =40.2£13.5 nM at the CB, receptor (Melvin et al. 1993). In this case, however,
although CB; affinity is retained, the deoxy analog does have an attenuated affinity
relative to that of CP-55,940 (2) whose CB; K; =0.137 £ 0.038 nM. The affinity dif-
ference between 1-deoxy-11-hydroxy-A%-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 CB; and CB,. When the free
phenols at C1 and C3 in this series (with DMH side chains) were etherified, CB,-
selective compounds resulted [e.g., 0-1966A (16), CB; K; = 5,055+ 984 nM; CB,
K; =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 CB,-selective (CB; K;>10uM; CB,
K;=22.7+3.9 nM).

CHz0H

0-1966A HU-308
16 17 18
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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 CB, 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 CB, receptor clearly can accommodate shorter alkyl side
chains than can CB,. This group reported that 1-deoxy-3(1'-1'-dimethylbutyl)-
A8-THC (18) had high CB, affinity [K; =3.4 + 1.0 nM], but 200-fold lower affin-
ity for CB; (K; =677 £132 nM) (Huffman et al. 1998, 1999). 1-deoxy-3(n-butyl)-
A®-THC (CB; Kj=2791+820 nM; CB, K;=53.8+8.0 nM) and 1-deoxy-A3-THC
(CB; K;>10,000 nM; CB, K; =31.6 + 8.7 nM) were also CB,-selective. 1-deoxy-A3-
THCs with 1’, 1’-dimethyl-pentyl and hexyl side chains at C-3 bound weakly to
CB; (Ki=338+76 nM, K; =295+ 52 nM), but maintained high CB, affinity (CB,
Ki=10%2 nM to CB; K; =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)-A8-tetrahydrocannabinol, 1-deoxy-11-hydroxy-3-(1’,1’-dimethyl-
alkyl)-A3-tetrahydrocannabinol and 11-hydroxy-1-methoxy-3-(1/,1’-dimethyl-
alkyl)-A3-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 CB, receptor than for the CB, receptor; however, only 1-methoxy-
3-(1,1'-dimethylhexyl)-A3-THC has effectively no affinity for the CB; receptor
(Ki=3134%110 nM) and high affinity for CB, (K; =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-Cl11 torsion angle
in anandamide, for example (see 4 for numbering system).
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4.1
Endocannabinoid SAR

411
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 CB; 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 CB; 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, A’-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

0 CHy

(R)-(+)-methanandamide

20

9-nor-9p-0H-HHC
2
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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
CB; receptor. 2D drawings of anandamide and PGB,-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 [*H]CP-55,940 binding to CB; in
concentrations as great as 100 pM. Barnett-Norris and co-workers 1998) reported
conformational memories (CM) results for PGB,-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 CB; 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 CB, 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
CB, affinity (Nget al. 1999). However, norarachidonyl ureas showed generally good
binding affinities for the CB; receptor (K; = 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 CB, affinity than AEA, while the 1’-S-methyl isomer had two-fold
lower CB; affinitythan AEA. R-Methanandamide (20) also was found to be 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 CB, affinity than the R(-)-isomer (Abadji et al. 1994; Berglund et al.
1998). Introduction of larger alkyl groups had a detrimental effect on CB, affinity
(Adams et al. 1995a). A series of C1’-C2 dimethyl anandamide analogs revealed
stereochemical requirements of the CB; binding pocket, as only the R,R isomer,
(R)-N-(1-methyl-2-hydroxyethyl)-2-(R)-methyl-arachidonamide, had significant
affinity for CB; (Kj =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 CB; affinity than AEA,
while higher homologs had reduced CB; 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 CB, affinity
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(K;=7.3 nM) than anandamide itself (K; = 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 CB;-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 CB; 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 CB; (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
similarities withA®-THC (1). A J-shaped or looped conformation of 4 was 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-94-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 and co-workers (Berglund et al. 2000) used the Tong pharmacophore (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 CB; and CB, 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 CB; 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).

43
Ligand-Receptor Modeling Studies of Endocannabinoid Binding

Endocannabinoid SAR indicates that the CB; 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 CB; 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
(K;=34.4£3.2 nM), 20:4,n-6 (K;=39.2+5.7 nM), 20:3,n-6 (K;=53.4%5.5 nM);
and 20:2,n-6 (K;>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 A (5.3-6.2) for 20:2,n-6; 4.4 A (4.1-4.7) for 20:3,n-6;
4.0 A (3.7-4.2) for 20:4,n-6; and 4.0 A (3.6-4.5) for 22:4,n-6. These results suggest
that higher CB, affinity is associated with endocannabinoids that can form tightly
curved structures.

In order to identify a head group orientation that results in high CB; 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 (K;=389+72 nM), and (S)-N-(1-methyl-2-hydroxyethyl)-2-(R)-methyl-
arachidonamide (K; =233 = 69 nM) (Goutopoulos et al. 2001) using CM and com-
puter receptor docking studies in an active state (R*) model of CB; (Barnett-
Norris et al. 2002b). These studies suggested that the high CB, 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 CB;. In this position in the CB; binding pocket, F2.57(170) and
F3.25(189) have C-Hr interactions with the C5-C6 and C11-C12 acyl chain double
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bonds, respectively. This binding site is supported by: NMR solution studies of AEA
that have shown the persistence of this same AEA headgroup intramolecular hydro-
gen bond (Bonechi et al. 2001); CB; K3.28A mutation studies that show that K3.28
is critical for the binding of AEA at CB; (Song and Bonner 1996); and recent CB;
F3.25A mutation studies that suggest that F3.25 is an interaction site for AEA at CB,
(McAllister et al. 2003). Taken together, these studies suggest that anandamide and
its congeners must adopt tightly curved U/J-shaped conformations at CB;, and sug-
gest that the TMH 2-3-6-7 region is the endocannabinoid-binding region at CB;.

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)/16.46(354)
(which form a groove on CB; 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 V6.43/16.46 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
WINS55,212-2 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 AAlIs, 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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2]
5-Cis s-trans Z-naphthylidene indene E-naphthylidene indene
23 24 25 26

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 CB,
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). CB,/CB, binding assays revealed that the E-naphthylidene indene (26)
has significantly higher CB; and CB, affinity (R=H CB; K; =2.72+0.22 nM, CB,
K;=2.72+0.32 nM; R = Me CB; K; =2.89 £ 0.41 nM, CB, K; =2.05 £ 0.22 nM) than
the corresponding Z isomer (25) (R=H CB; K;=148+29 nM, CB, K;=132.0%
45.6 nM; R=Me CB; K;=1945%94 nM, CB; K;=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 CB; and CB, 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
at CB,. These investigators presented two pharmacophoric models developed using
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-A
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
CB; receptor based on pK; values measured using radioligand binding assays for
[*H]CP-55,940 and [*H]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 pK; values for the training set com-
pounds to displace [PH]WIN55,212-2 were plotted against pK; values predicted for
the same compounds to displace [*H]CP-55,940, the correlation was moderately
strong (R* = 0.73). These authors found that the variation in binding affinity among
AAlswas dominated by steric interactions at the receptor site. For CoOMFA 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 AAls, these investiga-
tors propose that the CB; 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 CB; 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 A’-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 CB; 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 A°-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 CB; receptor (Huffman et al. 1994).
Huffman also showed that the morpholino ring can be replaced by an alkyl side
chain and retain good CB; 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 A’-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 CB, 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 CB; receptor by hydrogen bonding to the carbonyl group. Indoles (27) for
which R; =H and R, =H, CHj3, or OCH; were to found have significant (CB;
K;=17-23 nM) receptor affinity, somewhat less than that of the corresponding
naphthoylindoles (28; R; =H, R, = H, CHj3, or OCH3). A cannabimimetic E-indene
hydrocarbon (29), which lacks any hydrogen bonding capability, was synthesized
and found to have a CB; K;=26*4 nM. These results suggest that hydrogen
bonding of the AAI carbonyl to CB; is not crucial for binding.

5.2
Ligand-Receptor Studies of Aminoalkylindole Binding

Reggio and co-workers constructed a pharmacophore for AAI binding at CB,/CB,
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 CB;
and that the aromatic residue-rich TMH 3-4-5-6 region in CB; and CB; constitutes
the binding pocket for AAIs at the CB receptors (Song et al. 1999). These investi-
gators used their CB; and CB, receptor models to identify F5.46 in CB, (a residue
that is aromatic only in CB,) as the residue responsible for the higher affinity of
WINS55,212-2 for CB,. 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 CB; 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-CB; aromatic cluster. Results
of CB; 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;
Ri=H, R;=0CH;) and its 2-methyl congener (28; R;=CH;, R;=
OCH3) vs indolyl-1-naphthylmethanes (27; R; = H, R, = OCH3) and (27; R; = CH3,
R, =0CH3), 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 CB; receptor (Huffman et
al. 2003).

In summary, there is a great divergence between pharmacophores established
for AAI binding at CB,. 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 CB;. 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 CB 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 CB; affinity (Huffman et al. 2003; Reggio et
al. 1998) argues against the morpholino nitrogen or carbonyl oxygen serving as
key interaction sites at CB;. Instead, it appears that the aromatic rings are key to
the receptor interactions of the AAIs at CB; (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
agonistin host cells transfected with exogenous CB; receptor, as well as in biological
preparations endogenously expressing CB; (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 CB; 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 A°-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-y-[*>S] 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 A 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 CB; 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).

Razdan and co-workers synthesized and evaluated a series of SR141716A analogs
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 A°-THC
(1). In contrast, antagonism of A°-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 CB, 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 CB; 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
was measured by reversed-phase high-pressureliquid 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
9B-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 CB; (Hurst
etal. 2002). A mutant thermodynamic cycle was used to show that K3.28 is a direct
interaction site for SR141716A in the inactive state of CB;. Modeling studies of the
CB, 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. CB; 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 CB,; reported by Salo and co-workers identified
aromatic stacking interactions for SR141716A in the same aromatic cluster region
of CB;, 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 CB;, affinity and selectivity. These com-
pounds were not screened for agonism/antagonism.

Stoit and colleagues reported that benzocycloheptapyrazoles constitute a class
of very potent CB; receptor antagonists in vitro (Stoit et al. 2002), while Mignani
and co-workers have reported that diarylmethyleneazetidine compounds also act
as CB; 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 CB; (Ruiu et al. 2003). Lange and co-workers re-
ported a series of novel 3,4-diarylpyrazolines which elicited potent in vitro CB,;



Cannabinoid Receptors and Their Ligands: Ligand—Ligand and Ligand—Receptor Modeling Approaches 273

antagonistic activities and in general exhibited high CB; vs CB; 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 CB; antagonist SR141716A and for every structural class of CB,
agonist. Attempts at creating a unified pharmacophore for all CB, ligands have not
met with success. This is likely because CB; ligands do not share a single binding
site. CB;-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 CB; and CB; receptor models.

Many future challenges for SAR and pharmacophore development still exist. No
pharmacophores have yet been developed for agonist or antagonist recognition
at CB,. 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. CB;, CB;), 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 CB;- and CB,-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 CB;/CB,-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 A°-tetrahydrocannabinol, the main psy-
choactive constituent of the drug cannabis (Howlett et al. 2002). Two G protein-
coupled cannabinoid receptors have been identified in humans and other mammals
and are known as CB; and CB, (Matsuda et al. 1990; Munro et al. 1993). CB; is ex-
pressed by neurons and mediates effects of cannabis on the central nervous system
(CNS) whereas CB, is associated with cells in the immune system. Following the
discovery of CB; and CB,, 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 CB; 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 Egertova et al. (1998) and elaborated on by Elphick and Egertova
(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 Egertovd (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 A6 fatty acid desaturase, A6 fatty acid elongase and A5
fatty acid desaturase (Nakamura and Nara 2003). Interestingly, zebrafish have a sin-
gle gene encoding an enzyme with both A5 and A6 fatty acid desaturase activities,
whereas the nematode C. elegans , like mammals, has two genes encoding a A5 fatty
acid desaturase and a A6 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.

23
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 A; 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 DAGLa and DAGLS
(Bisogno et al. 2003). Importantly, heterologous expression of DAGLa or DAGLS
conferred increased formation of 2-AG from sn-1-stearoyl-2-arachidonoyl-glycerol
as a substrate, demonstrating that these enzymes can catalyse synthesis of 2-AG
in cells. Therefore, expression of DAGLa or DAGLS in cells and tissues may serve
as molecular markers for cells that generate 2-AG in vivo. Consistent with this
notion, DAGLa« is expressed in the dendrites of cerebellar Purkinje cells, neurons
which are sources of endocannabinoids that act as retrograde signalling molecules
by activating presynaptic CB; receptors located on the axons of cerebellar granule
cells (Kreitzer and Regehr 2002).

Genes encoding orthologues of DAGLa and DAGLS 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).

24
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



The Phylogenetic Distribution and Evolutionary Origins of Endocannabinoid Signalling 289

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 CB;/CB,-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 CB, Cannabinoid Receptors

Genes encoding orthologues of the mammalian CB; and CB, receptors have been
identified in the puffer fish Fugu rubripes (Yamaguchi et al. 1996; Elphick 2002).
This indicates that the existence of CB; and CB, 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, CB;-type genes have
also been identified in birds and amphibians (Soderstrom and Johnson 2000, 2001;
Soderstrom et al. 2000). Thus far, the Fugu CB, 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
CB;-and CB;,-type genes in this species.

An interesting feature of the puffer fish Fugu rubripes is that it has one CB, gene
(Elphick 2002) but two CB;-type genes (CB;a and CB,p; 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 CB, gene in Fugu.

Although both CB; and CB, genes have been found in the “higher” vertebrates,
it remains to be established if CB; and CB, 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 CB; and CB, 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 CB; and CB, (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 CB; and CB, receptors predates a duplication event that gave rise to
CB; and CB; 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 CB; and CB, 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 Egertovd 2001). Moreover, these species also do not have ortho-
logues of the G protein-coupled receptors in vertebrates that are most closely
related to CB; and CB,—lysophospholipid receptors and melanocortin receptors
(Elphick and Egertovd 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 (Egertova 1999; Elphick and Egertovd 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 Mpytilus 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 CB, 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 CB,; 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 Egertovd 2001;
Elphick et al. 2003), how then can the existence of cannabinoid binding sites in
Mpytilus 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 CB;/CB,-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 CB, and CB, 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 CB;/CB,-
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, VRI is not activated by “classical”
A9—tetrahydrocannabinol-like cannabinoid agonists. Therefore, VR1 is an endo-
cannabinoid receptor but not a cannabinoid receptor. Unlike CB; and CB,, 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)
andin 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 A°-tetrahydrocannabinol as well
as being implicated in the detection of noxious cold (Jordt et al. 2004). However,
the physiological relevance of the effect of A°-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 ANKTMI.

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 for NAEs in cell membranes from the plant species Nicotiana tabacum
(tabacco) and Arabidopsis . If molecular characterisation of a putative NAE receptor
in plants can be accomplished, this may provide a fascinating example of how plants
have independently exploited NAEs as signalling molecules.

So far, the best-characterised example of endocannabinoid signalling in eukary-
otes is CB;/CB,-mediated processes in vertebrates. Moreover, our phylogenetic
analysis of the occurrence of CB;/CB, 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 CB; and CB, 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 CB,; 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. CB; 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 CB; 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 CB; 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 CB; receptors has proved helpful to both predict and understand
the effects of cannabinoids. For example, the high CB; 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 CB; 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 CB; receptor function by guanosine triphosphate
(GTP)yS binding, giving spatial resolution similar to quantitative autoradiogra-
phy. Finally, the results of experiments using regionally or neuron specific CB;
knockout mice can give additional insight into receptor localization.

1.2
Autoradiography

Miles Herkenham performed the first CB; receptor distribution studies using au-
toradiography with the tritiated CB; 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 CB; receptors found in substantia
nigra, globus pallidus, hippocampus, cerebellum, and cortex. The levels of CB; re-
ceptors found in these brain regions in the rat approached 6 pmole/mg (Herkenham
et al. 1991). To give a sense of the magnitude of CB, receptor expression, CB; re-
ceptors are tenfold denser than D, 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 CB; 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 CB; receptor (Matsuda et al. 1990) made it possible to identify CB,
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 CB; system. The
first was that in some brain regions, particularly forebrain (for example, cortex,
amygdala, and hippocampus), CB; 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 CB;-positive axons. The second was that CB; receptors were
primarily found on axons and terminals. For example, high levels of CB; are present
in the striatonigral pathway and substantia nigra, yet nigral neurons express no CB;
mRNA. These findings strongly suggest CB; receptors are synthesized in the striatal
projection neurons (medium spiny neurons—which contain moderate levels of CB,
mRNA) and are trafficked to their axons. The axonal and terminal localization of
CB; receptors, coupled with the observation that CB; receptors inhibit presynaptic
calcium channels, implied that a major function of CB; receptors would be to
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Fig. 1. (B expression in human brain. (B, 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 (GP/). 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 low expression is apparent in most areas of the thalamus. The laminar nature of CB 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) CB;
receptors are uniformly expressed at moderate levels on a single class of neurons.

1.4
Immunocytochemistry

Elucidation of the primary sequence of the CB; receptor allowed for production of
numerous CB; receptor antibodies. There have been two thorough immunocyto-
chemical mapping studies in rodent brain (Tsou et al. 1998a; Egertovd 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 CB; receptors (Matsuda 1997; Lutz 2002),
despite the report of alternatively splicing of the human CB, 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 CB; 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 CB; receptor expression (Katona et al. 1999, 2001; Tsou
etal. 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 CB; receptors in forebrain are y-aminobutyric acid (GABA )ergic,
CCK-positive interneurons. Although inhibition of GABA release is measured in
the in vitro electrophysiological studies, activation of CB; 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 CB; receptors
on CCK-containing neurons suggests that CB; 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 CB; expression is reciprocal in nature (Egertova et al. 1998, 2003; Tsou et
al. 1998b). For example, FAAH, but not CB; 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 CB,-positive fibers.
Thus, it has been proposed that anandamide, despite its possible presynaptic site
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Fig. 2A-C. (B4 expression in serial sections of a y-aminobutyric acidergic (GABAergic) terminal synapsing
onto an apical dendrite in cortex. CB1 receptors (arrowheads) were detected with an antibody directed against
the C terminus of rat By 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 pm. (Original photomicrograph provided by Tamas Freund and Agnes
Bodor)
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Fig. 3A-C. Reciprocal expression of CB; and FAAH in mouse hippocampus. FAAH was detected using an
antibody raised against the last 200 residues of FAAH, CB; receptors were detected by an antibody directed
againstits C terminus, and neuronal nuclear antigen (NeuN) was detected using amouse monoclonal 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). CBy 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 pm. (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-degrading enzyme, is still being clarified. However, a recent paper suggests
that MAG lipase, in contrast to FAAH is predominately localized presynaptically
(Gulyas et al. 2004). As the majority of CB; 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-synthesizing enzymes, diacylglycerol lipase (Bisogno et 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. The most pertinent studies for this chapter are GTPyS studies and results
inferred from studies with CB; 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
CB; receptors and their activation. GTPyS studies provide a measure of regional
CB, receptor activation of G proteins with a spatial resolution similar to other
autoradiographic studies. Informative results from these studies include the ob-
servation that CB, receptors are relatively inefficient activators of G protein (for ex-
ample, sevenfold less efficient than p- or 6-opioid receptors) and that activation of
G proteins by CB, receptors desensitizes strongly with chronic tetrahydrocannabi-
nol (THC) treatment (Sim et al. 1996a,b). As mentioned below, the region-specific
CB; knockout mice experiments support the contention that some CB; receptors
may be expressed on hippocampal pyramidal neurons.

2
(B Expression in Specific CNS Regions

2.1
Olfactory Areas

The highest levels of CB; 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 olfactor