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1. INTRODUCTION 

Several recent advances have revolutionized ideas about the 

mode of action of cannabis and related compounds. These 

have been the discoveries first, that cannabinoids act through 
receptors, second, that there are at least two types of canna- 

binoid receptor, and third, that there are endogenous can- 

nabinoid receptor agonists. These discoveries have sparked 
renewed interest in the therapeutic potential of cannabinoids. 

They have also prompted the development of a new genera- 

tion of compounds that should help both to elucidate the 

physiological roles of cannabinoid receptors and their endog 
enous ligands and to characterize further the pharmacology of 

cannabinoid receptors. This review focuses on the classifica- 

tion, distribution, binding properties and effector systems of 

cannabinoid receptors. It also describes the various agonists 

and antagonists that are now available for these receptors, 

and considers the main in ho and in vitro methods generally 
used for the bioassay of these compounds. The current state 

of play is summarized in the final section. The molecular biol- 

ogy of cannabinoid receptors is not dealt with in great detail. 

However, this topic has been reviewed recently elsewhere 

(Matsuda and Bonner, 1995; Onaivi et al., 1996a). 

2. CANNABIMIMETIC ACTIVITY 

2.1. Definition 

Although the literal meaning of cannabimimetic is cannabis- 

like, the term is now generally reserved for the pharmacolog 

ical properties of A9-tetrahydrocannabinol (A9-THC; Fig. l), 
a compound that was established to be the main psychotro- 

pic constituent of cannabis some 33 years ago (Gaoni and 
Mechoulam, 1964). As many of the effects of A9-THC de- 

pend on the activation of specific cannabinoid receptors, it 

could be argued that the term cannabimimetic should be re- 
stricted to effects that are known to be mediated by these re- 
ceptors. It is this definition that is used in the present review. 

2.2. Types of Cannabinoid Receptor 

There is now convincing evidence for the existence of two 
types of cannabinoid receptor. These are referred to here as 
cannabinoid CB1 and CB2 receptors, the names proposed 
by the IUPHAR Subcommittee on Cannabinoid Receptor 
Nomenclature and Classification. 

2.2.1. Cannabinoid CBI receptor. The presence of satu- 
rable, specific, high-affinity cannabinoid CB1 binding sites 

has been demonstrated both in the CNS and in certain pe- 

ripheral tissues (Sections 4.1 and 6.2; see also reviews by 

Pertwee, 1993,1995; Herkenham, 1995; Matsuda and Bon- 

ner, 1995; Onaivi et al., 1996a). Within the brain, these 

sites are not distributed homogeneously, being densest in 

those areas in which cannabinoids are thought to produce 

many of their characteristic effects, particularly those on 

cognition and short-term memory (cerebral cortex and hip- 

pocampus) and on motor function and movement (basal 

ganglia and cerebellum) (Pertwee, 1993; Herkenham, 
1995; see also Section 4.1.9.1). Human and animal tissues 

that contain specific cannabinoid CB1 binding sites also 

contain cDNA and mRNA encoding the receptor protein 

(Sections 4.1.9.1 and 6.1). The human CB, receptor gene is 

located in the q14-ql5 region of chromosome 6 (Caenazzo 

et al., 1991; Hoehe et al., 1991), and the mouse CB1 recep- 

tor gene in proximal chromosome 4, close to other ho- 
mologs of human 6q genes (Onaivi et al., 1996a; Stubbs et 

al., 1996). The predicted receptor protein product contains 
472 or 473 amino acids arranged in a sequence different 

from that of any other known receptor (see Pertwee, 1995). 

This sequence is almost identical across those species so far 

investigated (human, rat and mouse) (Gerard et al., 1990; 

Matsuda et al., 1990; Chakrabarti et al., 1995; Shire et al., 
199613; see also reviews by Matsuda and Bonner, 1995; 

Onaivi et al., 1996a). The structure of the cloned canna- 

(-)-&THC WA?THC 

Cannabinol Cannabidiol 

FIGURE 1. Structures of four constituents of cannabis: the 
psychoactive enantiomers of A9-THC and A*-THC, together 
with cannabinol (marginally psychoactive) and cannabidiol 
(nonpsychoactive). 
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binoid CB, receptor confirms it to be a member of the su- 

perfamily of G-protein-linked receptors (Matsuda et al., 

1990; see also Matsuda and Bonner, 1995 and Section 4.2). 

In line with a requirement for goodness of fit between re- 
ceptors and their ligands, cannabinoid CB, receptor ago- 

nists show clear relationships between chemical structure 
and pharmacological activity (Sections 4.2, 5.2 and 6.3). 

Moreover, a potent selective cannabinoid CB, receptor an- 

tagonist has been developed (Section 3.2), and canna- 
binoids that are enantiomeric show significant stereoselec- 

tivity, the nature of which is the same, irrespective of 

whether it is binding affinity that has been measured or 

functional cannabimimetic activity in one of a range of in 

vieto or in vitro tests (Sections 4.1,4.2, 5 and 6). 

There is also evidence from molecular biological experi- 

ments for the existence of cannabinoid CB1 receptor sub- 

types. Shire et al. (1995) isolated a spliced variant of CB, 
cDNA from a human lung cDNA library. This variant is 

predicted to translate into an amino-terminal modified iso- 

form (CB,,,,) of the receptor, shorter than CB1 by 61 amino 

acids. The predicted first 28 amino acids of the CB,,,, re- 

ceptor are also quite different from those of the CB, recep- 

tor. The distribution pattern of CB,,,, mRNA is the same as 

that of CB, mRNA (Section 6.1.1). Onaivi et al. ( 199613) 

have detected three distinct cannabinoid CB1 receptor mR- 

NAs in brain tissue from C57BL/6 mice, although only one 

CB1 receptor cDNA. In contrast, brain tissue from two 
other mouse strains, ICR and DBA/2, contained only one 

cannabinoid CB, receptor mRNA. Interestingly, C57BL/6 

mice were less sensitive than the other two mouse strains to 

the hypothermic and antinociceptive effects of A9-THC. 

The full extent to which cannabinoid pharmacology is in- 

fluenced by the presence of cannabinoid CB1 receptor sub- 

types remains to be established. 

2.2.2. Cannabinoid CBz receptor. Genetic material for ex- 

pressing a second type of cannabinoid receptor with an 

amino acid sequence showing only 44% sequence similarity 

with the CB1 receptor was first detected by Munro et al. 
(1993). This CB2 cannabinoid receptor so far has only been 

found outside the CNS (Munro et al., 1993; Galiegue et al., 

1995; see also Section 6.1). Like the CB1 receptor, it is 

G-protein coupled (Section 5). The existence of saturable, 

specific, high-affinity cannabinoid CBZ binding sites and of 
a cannabinoid CB, receptor signal transduction mechanism 
have both been demonstrated (Section 5). Also, com- 

pounds that bind preferentially to CB2 (or CB,) binding 

sites have been developed (Section 3.1). However, no can- 

nabinoid CB2 receptor antagonist is available yet. Interest- 
ingly, there are far more differences between the predicted 
amino acid sequences of the human and mouse canna- 
binoid CBZ receptor than between those of the human and 
rat CB2 receptor, or, indeed, between the human and rat 
CB1 receptor (97% similarity) or human and mouse CB1 re- 
ceptor (97% similarity) (see Shire et al., 199613; Showalter 
et al., 1996). Thus, the mouse CBZ receptor differs from the 
human CB2 receptor in 60 residues (82% similarity) and is 

shorter by 13 residues at the carboxyl terminus. Endogenous 

ligands that have been reported to bind to cannabinoid 

CBZ receptors include anandamide (Section 5.1), 2-arachi- 

donyl glycerol (Mechoulam et al., 1995), and palmitoyleth- 

anolamide (Section 6.3.1). 

2.3. Measurement of Cannabimimetic Activie 

Most functional bioassays of cannabinoids are conducted in 
vivo with laboratory animals or in vitro either with certain 

isolated tissues thought to contain cannabinoid receptors or 

with preparations of cultured cells that express cannabinoid 

receptors either naturally or after transfection. In vivo bioas- 

says have provided useful insights into the properties of 

cannabinoids in the whole organism. However, they can 
present difficulties when the structure-activity data they 

generate are to be used to establish the fundamental phar- 

macological properties of a drug or receptor. Thus, differ- 

ences between cannabinoids with regard to how they are 

absorbed, distributed and/or metabolized may affect relative 

potency values (Adams et al., 1995). There is also the possi- 
bility that potency data obtained from in viva experiments 

become distorted by reflex mechanisms that are triggered to 

compensate for cannabinoid-induced changes. Another dis- 

advantage is that in vivo assays require significantly larger 

amounts of test compounds than in vitro assays. In spite of 

these difficulties, in vivo tests have been used successfully to 
provide a great deal of important structure-activity data 

(Razdan, 1986; Mechoulam et al., 1992; Martin et al., 

199513). 
Bioassays using cultured cells or their membranes gener- 

ally involve measurement of changes in one or other of the 

putative signal transduction processes of cannabinoid re- 

ceptors. Not unexpectedly, these bioassays tend to be less 

sensitive than ones involving the measurement of receptor- 
mediated effects that already have been amplified by the 

signal transduction process. Moreover, by focusing on a sin- 

gle effector system, such bioassays take no account of other 

effector processes that are also coupled to the receptor 

(Sections 4.2 and 5.2). The use of cells bearing transfected 

receptors may give rise to additional problems. For exam- 

ple, transfected receptors may be coupled to their effector 

systems differently or more extensively than naturally ex- 

pressed receptors. When the prime objective is to establish 
the pharmacological properties of cannabinoids or their re- 
ceptors, many of the problems discussed in this section can 
be minimized or avoided by using an isolated tissue as the 

bioassay system. As pointed out by Kenakin (1993, p. 87), 
“ . . . the system of maximal complexity with which this 
(achievement of an accurate estimation of drug concentra- 
tion at the receptor) can be done with any measure of con- 
fidence is the isolated tissue . . .” and “. . . the isolated tissue 
will usually be the simplest unit capable of generating the 
magnitude of response to be expected in vivo . . .I’. 

2.3.1. Selectivity. The simplest and most reliable strategy 
for achieving selectivity in the bioassay of a putative can- 
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nabinoid CB1 receptor agonist is to measure the ability of 
the CB1 receptor antagonist, SR141716A, to block or re- 

verse its effects. An alternative strategy is to measure effects 

that are not produced by drugs other than cannabinoid CB1 

receptor agonists. These most probably include dog static 

ataxia, the discriminative stimulus cue and a tetrad of re- 
sponses that can be elicited in mice (Section 2.3.2). Use of 

these approaches for the bioassay of cannabinoid CB2 re- 
ceptor agonists must await the development of a canna- 

binoid CB2 receptor antagonist or of a selective CB2 bioas- 
say that is both quantitative and sensitive. Other strategies 

for achieving selectivity are to desensitize a bioassay system 

to cannabinoid CB, or CBZ receptor agonists without af- 

fecting its sensitivity to noncannabinoids or to compare re- 

sponses elicited by drugs in cells transfected with genetic 

material encoding cannabinoid CB, or CB2 receptor pro- 

tein with those elicited in cannabinoid receptor-free cells 

of the same line (Sections 4.1.4.2,4.2 and 5). 

2.3.2. In &o bioassays in laboratory animals. Many of the 

methods used to measure cannabimimetic activity in ani- 

mals have been reviewed recently by Martin et al. (199513). 
These include a dog static ataxia test, a monkey behav- 

ioural test, a drug discrimination test usually carried out 

with monkeys, rats or pigeons, and a rat catalepsy test. The 

drug discrimination test allows the experimenter to deter- 

mine whether or not animals are able to distinguish be- 

tween the effects of any particular test drug and those of a 

standard compound such as A9-THC. Numerous different 

classes of centrally active drugs have been subjected to this 

test. By and large, only drugs generally regarded as being 
cannabimimetic have been perceived as A9-THC-like (Balster 

and Prescott, 1992; Gold et al., 1992; Jgrbe et al., 1993; 

Barrett et al., 1995; Wiley et al., 1995a,b,d; PCrio et al., 

1996). Exceptions are (+)-methylenedioxymethamphet- 

amine and certain benzodiazepines, all of which produce 
partial substitution for A9-THC (Barrett et al., 1995). For 

(+)-methylenedioxymethamphetamine, this may be be- 
cause it disrupts the ability to discriminate, whereas for 

benzodiazepines, it may be because this group of drugs 
shares the ability of cannabinoids to enhance y-aminobu- 

tyric acid (GABA)ergic neurotransmission. Some in viva ef- 
fects of A9-THC are not “cannabinoid specific”. Among 

these are hypokinesia, hypothermia, antinociception and 

catalepsy. However, although noncannabinoids produce 
one or other of these effects, only cannabinoids seem to 
give rise to all four in the same dose range. This has been 
exploited in the bioassay known as the “mouse tetrad 
model” in which all four effects are measured sequentially 
in the same animals. The set of symptoms that constitutes 
the psychological high produced by cannabis or A9-THC in 
humans so far has also been shown to be produced only by 
A9-THC-like compounds (see Pertwee, 1988). 

It is likely that those effects of cannabinoids on motor 
function that are exploited in some cannabinoid bioassays 
are cannabinoid CB1 receptor-mediated, as the cerebellum 
and basal ganglia are particularly rich in these receptors 

(Section 4.1.9.1). Indeed, it is already known that the hy- 

pokinetic and cataleptic effects of A9-THC or WIN 55,212-2 

in mice can be prevented by SR141716A. So, too, can the 

hypothermic and antinociceptive effects of these canna- 

binoid agonists in mice and the discriminative stimulus ef- 

fects of A9-THC in rats, rhesus monkeys and pigeons 
(Rinaldi-Carmona et al., 1994; Dutta et al., 1995; Wiley et 

al., 1995d; Compton et al., 1996; Mansbach et al., 1996; Perio 
et al., 1996; Reche et al., 1996). The effect of SR141716A on 

the responses monitored in the monkey behavioural test and 

on cannabinoid-induced dog static ataxia and rat catalepsy 

have yet to be investigated. 

2.3.3. In vitro bioassays. One of the most commonly used 

quantitative in viao bioassays measures the ability of can- 

nabinoid receptor agonists to inhibit the production of cy 

clic AMP by tissues containing cannabinoid CBI or CB2 re- 
ceptors (Sections 4.2.2 and 5.2.1). The tissues used in such 

experiments are either cultured cells that have been trans- 
fected with cDNA encoding cannabinoid CB, or CB2 re- 

ceptor protein or tissues or cultured cell lines in which can- 

nabinoid receptors occur naturally, for example, mouse 

neuroblastoma cells, which express cannabinoid CB,, but 

not CBZ, receptors (Vogel et al., 1993; Facci et al., 1995). 

Other frequently used in uimo bioassays rely on the ability of 
psychotropic cannabinoids to decrease the amplitude of 

electrically evoked contractions of certain smooth muscle 

preparations, usually the mouse isolated vas deferens or the 

myenteric plexus-longitudinal muscle (MPLM) preparation 

of guinea-pig small intestine. There is evidence that can- 

nabinoids can exert their inhibitory effect on these isolated 

tissues by acting through prejunctional CB, cannabinoid 
receptors to inhibit the release of contractile transmitters 

(Section 6.3.4). 

3. CANNABINOID RECEPTOR LIGANDS 

The structure-activity relationships of cannabinoid receptor 

ligands have been extensively detailed elsewhere (Razdan, 

1986; Mechoulam et al., 1992; Pertwee, 1993; Howlett, 
1995a; Martin et al., 1995b; Huffman and Lainton, 1996). 
Consequently, this topic will not be reviewed here system- 

atically. However, many examples illustrating these rela- 

tionships are to be found throughout this review. 

3.1. Cannabinoid Receptor Agonists 

These can be classified according to chemical structure into 
four main groups. The first of these is the “classical canna- 
binoid group”. This is made up of dibenzopyran derivatives 
and includes A9-THC (Fig. 1). The second “nonclassical 
cannabinoid group” was developed by a Pfizer (Groton, CT, 
USA) research team (Johnson and Melvin, 1986). It con- 
sists of bicyclic and tricyclic analogs of A9-THC that lack a 
pyran ring (the B ring). An important member of this group 
of compounds is CP 55,940 (Fig. 2), the tritiated form of 
which was used to demonstrate for the first time that there 
are specific cannabinoid binding sites in the brain (Section 
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6H CP 55.940 CP 55,244 

CP 50.556 

FIGURE 2. Structures of the (-))-enantiomers CP 55,940, CP 
55,244, CP 50,556 (levonantradol) and DALN. The corre- 
sponding less active (+)-enantiomers of CP 55,940, CP 55,244 
and CP 50,556 are CP 56,667, CP 55,243 and CP 53,870 
(dextronantradol), respectively. 

4.1.1). It was this observation that led to the discovery of 

functional cannabinoid receptors. The third group of can- 

nabimimetic compounds was developed by a Sterling Win- 

throp (Collegeville, PA, USA) research team (Martin et 

al., 1991; Pacheco et al., 1991). It is made up of aminoalky- 

lindoles, which are structurally quite different from mem- 

- cp /\ / - 
s5c 1; I 

N 

(--J 
WIN 55,212-2 

OCH, 
\ 

6Bomopravadoline 
(WIN 54,461) 

WIN 56,096 

6-lodopravadoline 
(AM630) 

FIGURE3. The structures of WIN 55,212-2 [(+)-WIN 
55,212), WIN 56,098, WIN 54,461 (6-bromopravadoline) and 
AM630 (6-iodopravadoline). 

bers of the first two groups. The prototype of this “ami- 

noalkylindole group” is the pravadoline derivative, WIN 

55,212-2 (Fig. 3). The fourth “eicosanoid group” contains 

arachidonic acid derivatives, and was discovered by an in- 

ternational team led by Raphael Mechoulam (Devane et al., 
199213). The prototypic member of this group is the endoge- 

nous cannabinoid receptor ligand arachidonylethanola- 

mide (anandamide) (Fig. 4). It is noteworthy that anand- 
amide has been reported not to produce reliable substitution 

for A9-THC in Rhesus monkeys trained to discriminate this 

cannabinoid from its vehicle (Wiley et al., 1995a). It may 

be that this is because anandamide is metabolized too rapidly 

(see below), as a more stable analog, methylated fluoro- 

anandamide (O-875), has been found to produce full dose- 

dependent substitution for A9-THC in the same experi- 

,Om;HCHICHIOH 

11 12 14 15 17 19 

Arachidonylethanolamide 
(Anandamide) 

Homo-y-linolenylethanolamide 

7,10,13,16-Docosatetraenylethanolamide 

Mead ethanolamide 

P-Arachidonyl glycerol 

Palmitoylethanolamide 

FIGURE4. The structures of anandamide and five naturally 
occurring structural analogs. 
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mental model.* In addition to anandamide, several other 
compounds with cannabimimetic activity have been de- 

tected in brain tissue (Fig. 4). These are homo-y-linole- 

nylethanolamide and 7,10,13,16decosatetraenylethanol- 
amide (Devane et al., 199210; HanuS et al., 1993; Pertwee et 

al., 1994; Barg et al., 1995; see also Mechoulam and Fride, 

1995; Pertwee, 1995). Another endogenous cannabinoid 

receptor agonist, 2-arachidonyl glycerol, has been detected 

both in canine small intestine and in rat brain (Mechoulam 

et al., 1995; Sugiura et al., 1995). Anandamide has now also 

been found outside the brain: in human and rat spleen, in 

human heart, and in rat skin (Felder et al., 1996). The phys- 
iological significance of endogenous cannabinoids still has 

to be determined. It is noteworthy, however, that calcium 

ionophore-induced anandamide formation and release has 

been detected in cultured brain neurons, that these cells 

also contain an efficient uptake process for anandamide, 

that anandamide can be synthesized by neuronal and non- 

neuronal cell lines, and that it is metabolized by brain tissue 
(Deutsch and Chin, 1993; Di Marzo et al., 1994, 1996; 

Hampson et al., 1995; Hillard et al., 1995b). 

Among established cannabinoid receptor agonists, WIN 

55,212s2 shows a modest degree of selectivity for canna- 

binoid CB2 receptors, whereas the others appear to be es- 

sentially nonselective (Sections 4 and 5). Recent studies 

with newer compounds have led to the development of 
cannabinoid receptor ligands with greater CB2 selectivity. 

Thus, experiments with transfected cell lines have shown 

1-propyl-2-methyl-3-( 1-naphthoyl)indole (JWH-015; Fig. 

5) and 1-deoxy- 1 l-hydroxy-dimethylheptyl- As-THC (JWH- 
051; Fig. 5) to have, respectively, 28 and 37.5 times greater 

affinity for CBZ than CB1 binding sites (Huffman et al., 
1996; Showalter et al., 1996). More selective CB1 receptor 

ligands have also been developed recently. These are 2-meth- 
ylarachidonyl-(2’-fluoroethyl)amide (O-689) and arachi- 

donyl-(2’-fluoroethyl)amide (O-585) (Fig. 6), which have, 

respectively, 23 and 38 times greater affinity for CB, than 

CB2 cannabinoid binding sites (Showalter et al., 1996). The 
affinities of these compounds for their preferred receptor 

type is in the nanomolar range or, for JWH-051, in the pi- 

comolar range. Two other compounds with more than 700- 
fold greater affinity for cannabinoid CBz than CB1 binding 
sites have also been announced recently (L-759,633 and L- 
759,656; Fig. 5) (Gareau et al., 1996). The pharmacological 

properties of these two compounds remain to be estab- 
lished. 

Although the structural features of cannabimimetic 
agents that govern their affinities for cannabinoid receptors 
have been the subject of extensive investigation, little at- 
tention has been paid to the structural features that deter- 
mine efficacy. The existing data indicate that the efficacy 
of different cannabinoid receptor agonists is not always the 
same, some showing the mixed agonist-antagonist proper- 

*Wiley, J. L., Golden, K. M., Ryan, W. J., Razdan, R. K. and Martin, B. R. 
(1996) Discrimination stimulus effects of anandamide and methylated flu- 
oroanandamide (O-875) in delta-9-THC-trained monkeys. In: Proceed- 
ings of the International Cannabinoid Research Society, p. 5 1. 

ties that are typical of partial agonists. Examples of canna- 

binoids that behave as partial agonists in certain systems 

containing cannabinoid CBI or CB2 receptors include 

A9-THC (Bayewitch et al., 1996; Section 5.2.1), 6’-cyanohex- 
2’-yne-As-THC (Fig. 7) (Pertwee et al., 1996a), and the en- 

dogenous cannabinoids, anandamide and docosahexaenyle- 

thanolamide (Fride and Mechoulam, 1993; Mackie et al., 

1993; Vogel et al., 1993; Fride et al., 1995; Sections 4.2.1.1 

and 6.3.1). The compound 6’-cyanohex-2’-yne-As-THC 

(O-823) is of particular interest, as, at least in certain iso- 

lated tissue preparations, it behaves as a partial agonist with 

high potency (Pertwee et al., 1996a). The in viva pharma- 

cology of O-823 remains to be characterized. 
One practical difficulty associated with the bioassay of 

anandamide is that it is the substrate of an endogenous ami- 

dase (Abadji et al., 1994; Childers et al., 1994; Pinto et al., 

1994; Adams et al., 1995; Felder et al., 1995; Hillard et al., 

1995a; Pertwee et al., 1995a). As a result, potency values 

for anandamide may be underestimated. One solution to 

this problem is to use stable analogs of anandamide, such as 

1-deoxy-&-THC-dimethylheplyi 

1 -pmpylQ-methyld-(1 -naphthoylindole) 
(JWH-015) 

I-deoxy-1 l-OH-&-THC-dimethylheptyl 
(I-deoxy-HU-210 orJWH-051) 

L-759,633 

FIGURE5 The structures of five compounds with varying 
degrees of selectivity for cannabinoid CB2 receptors: l-deoxy- 
A*-THC-dimethylheptyl, JWH-015, 1-deoxy-HU-210 (= JWH- 
0511, L-759,633 and L-759,656. Ratios of the affinity for CB, 
binding sites to the affinity for CBI binding sites are, respec- 
tively, 7.8, 27.8, 35.9, 793 and >lOOO (Gareau et al., 1996; 
Huffman et al., 1996; Showalter et al., 1996). 
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(R)-( +)-arachidonyl-1’.hydroxy-2’-propylamide (methanan- 

damide) or 2-methylarachidonyl-(2’-fluoroethyl)amide (see 

Fig. 6) (Abadji et al., 1994; Adams et al., 1995). Another is 

to perform experiments in the presence of an inhibitor of 

1 Methanandamide 

‘1 

O-585 

anandamide hydrolysis such as phenylmethylsulfonyl fluo- 

ride (PMSF) (Deutsch and Chin, 1993; Koutek et al., 1994; 

Adams et al., 1995; Hillard et al., 1995a,b). Experiments with 

PMSF have revealed that this agent can markedly reduce the 

concentrations of anandamide required to inhibit electri- 
cally evoked contractions of the MPLM preparation of 

guinea-pig small intestine (Pertwee et al., 1995a) or to dis- 

place radiolabeled probes from cannabinoid binding sites 

(Abadji et al., 1994; Childers et al., 1994; Pinto et al., 1994; 

Adams et al., 1995; Felder et al., 1995; Hillard et al., 1995a; 

Petitet et al., 1996). Similar results have been obtained in 
binding experiments with certain synthetic analogs of anan- 

damide (Abadji et al., 1994; Pinto et al., 1994; Adams et al., 

1995). In one of these investigations (Adams et al., 1995), 

it was found that the affinity of CP 55,940 for cannabinoid 

CB1 binding sites was slightly increased by PMSF, pointing 

to a possible direct effect of this enzyme inhibitor on the 

binding process. However, no effect on the binding affinities 
or pharmacological potencies of amidase-resistant canna- 

binoids was detected in any of the other investigations 

(Childers et al., 1994; Pinto et al., 1994; Hillard et al., 1995a; 

Pertwee et al., 1995a; Petitet et al., 1996). There is evidence 

that the extent to which anandamide concentration is de- 

creased through metabolism is affected by experimental con 

ditions, such as protein concentration (in binding assays), 
pH, incubation temperature, and duration of exposure to the 

assay tissue (Childers et al., 1994; Pinto et al., 1994). Another 

important factor seems to be the type of tissue preparation 

FIGURE6. The structures of anandamide and of three meta- 
bolically more stable synthetic analogs, methanandamide, arachido- 
nyl-(2’-fluoroethyl)amide (O-585) and 2-methylarachidonyl- 
(2’-fluoroethyl)amide (O-689). For anandamide, O-689 and 
O-585, ratios of the affinity for CB, binding sites to the affinity 
for CBr binding sites are, respectively, 4.2, 23.2 and 37.7 
(Showalter et al., 1996). 

8’-Cyanohex-2’-yne-&THC 
(O-823) 

FIGURE7. The structures of two synthetic analogs of TJX: 
nabilone (Cesamet) and 6’-cyanohex-f’-yne-A*-THC (O-823). 



136 R. G. Pertwee 

used. Thus, there are reports that the ability of anandamide 
to displace a radiolabeled cannabinoid receptor probe is sig- 

nificantly enhanced by PMSF in rat brain membrane prepa- 

rations and in membranes from CB1-transfected human em- 
bryonal kidney 293 cells, marginally affected by PMSF in a 

rat spleen preparation, and essentially unaffected in mem- 

brane preparations of CB,-transfected murine L cells or 
CB,-transfected AtT20 cells (Pinto ee al., 1994; Felder et 

al., 1995; Song and Bonner, 1996). Similarly, the ability of 

anandamide to inhibit electrically evoked contractions is 

enhanced by PMSF in the MPLM preparation of guinea-pig 

small intestine, but not in the mouse vas deferens (Pertwee 

et al., 1995a). Such differences presumably are paralleled by 
inter-tissue differences in levels of anandamide amidase ac- 

tivity (Felder et al., 1995). 

3.2. Cannabinoid Receptor Antagonists 

Several compounds have now been reported to behave as 
competitive surmountable cannabinoid receptor antago- 

nists. The first of these to be announced, WIN 56,098 (Fig. 

3), was found to antagonize WIN 55,212s2-induced inhibi- 
tion both of cyclic AMP production by a cerebellar mem- 

brane preparation and of electrically evoked contractions of 

the mouse isolated vas deferens (Pacheco et al., 1991). The 

antagonism was rather weak, the Kd of WIN 56,098 being 

in the micromolar range. At about the same time, it was re- 

ported by Casiano et al. (1990) that 6-bromopravadoline 

(Fig. 3) is a cannabinoid antagonist (Casiano et al., 1990; 

see also Eissenstat et al., 1995). This compound (WIN 
54,461) was found to be significantly more potent than 

WIN 56,098 in blocking WIN 55,212-2-induced inhibition 
of electrically evoked contractions of the mouse isolated 

vas deferens (Kd = 50 nM). However, in other experiments 

with the mouse vas deferens, 6-bromopravadoline has been 

found to behave as a partial agonist (G. Griffin and R. G. 

Pertwee, unpublished). 6-Iodopravadoline (AM630) has 

also been found to prevent cannabinoid-induced inhibition 
of electrically evoked contractions of the mouse vas defer- 

ens, experiments with WIN 55,212-2, CP 55,930 and 

A9-THC producing Kd values for this antagonist of 36.5, 
17.3 and 14 nM, respectively (Pertwee et al., 1995b). AI- 

though 6-iodopravadoline is moderately potent as an antag- 
onist in the mouse vas deferens, it behaves as an agonist in the 

MPLM preparation of guinea-pig small intestine (Pertwee 
et al., 1996b). The in viva properties of 6-iodopravadoline 
remain to be established. However, it is already known that 
6-bromopravadoline is not effective as a cannabinoid re- 
ceptor antagonist in viva (Eissenstat et al., 1995). 

By far, the most potent and well-characterized canna- 
binoid receptor antagonist to date is SR141716A (Rinaldi- 
Carmona et al., 1994). This compound (Fig. 8) readily dis- 
places [3H]CP 55,940 from specific binding sites (K, = 1.98 
nM), and has been shown to prevent cannabinoids from 
producing several of their typical effects, both in vitro and in 
oioo (Sections 2.3, 4.1 and 6). Its potency as an antagonist 
is well illustrated by comparing its ability to attenuate WIN 

55,212-2-induced inhibition of electrically evoked contrac- 

tions of the mouse isolated vas deferens (Kd = 2.4 nM; 

Pertwee et al., 1995~) with that of WIN 56,098, bromopra- 

vadoline and iodopravadoline (see above). SR1417 16A 
shows marked selectivity for cannabinoid CB1 receptors, 

having little affinity either for cannabinoid CB2 receptors 

or for a wide range of noncannabinoid receptors (Rinaldi- 

Carmona et al., 1994; Compton et al., 1996; Shire et al., 

199613; see also Section 5.1). It is a powerful experimental 

tool in both its unlabeled and radiolabeled forms (Section 

4). One structural analog of SR141716A is SR140098 

(PCrio et al., 1996). This is also a potent cannabinoid CB, 

receptor antagonist. However, it differs from SR141716A 

in that it has been found not to prevent some of the central 

effects of cannabinoids and, therefore, may not cross the 
blood-brain barrier. 

In some experiments, SR141716A has been found to 

produce effects that are opposite in direction to those pro- 

/ 
9 N 

NH 

0 

Ml4171 6A 

3 

H,CO 

LY320135 

FIGURE8. The structures of two cannabinoid receptor antag- 
onists: SR141716A and LY320135. 
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duced by cannabinoid receptor agonists. In particular, there 

are reports that it can increase locomotor activity in mice 

(Compton et al., 1996), produce signs of increased arousal 

in rats (Santucci et al., 1996), improve social short-term 

memory in rats and mice (Terranova et al., 1996), augment 
forskolin-induced stimulation of cyclic AMP production in 

cells transfected with cannabinoid receptors (Felder et al., 

1995), increase the amplitude of electrically evoked con- 

tractions of various isolated tissue preparations (Coutts et 

al., 1995; Pertwee and Fernando, 1996; Pertwee et al., 

1996b; see also Section 6.3.4) and enhance electrically 

evoked release of acetylcholine both from rat hippocampal 

slices and from the myenteric plexus of guinea-pig small in- 

testine (Coutts and Pertwee, 1996; Gifford and Ashby, 

1996). These observations may be an indication that in 

some tissues, cannabinoid receptors can take up more than 

one conformation (Section 4.1.6). More specifically, it 

could be that the cannabinoid receptor can fluctuate be- 

tween two conformational states, the one precoupled to 

and the other uncoupled from the effector system (see Mil- 

ligan et al., 1995). It is then possible that SR141716A pro- 

duces effects in the absence of other drugs because it binds 

preferentially to the receptors in the uncoupled state, 
thereby shifting the equilibrium away from those in the pre- 

coupled state. If this is true, SR141716A must be reclassi- 

fied as an inverse agonist (see Milligan et al., 1995). Another 

possibility is that anandamide or some other endogenous 

cannabinoid receptor agonist is released within some tissues 
to produce cannabimimetic tone that is susceptible to re- 

versal by cannabinoid receptor antagonists. 

One other cannabinoid receptor antagonist, LY320135, 
has now been developed (Fahey et al., 1995). This has 16.5 

times greater affinity for CB1 than CBZ receptors. The phar- 

macology of this compound (Fig. 8) has yet to be reported 

in detail. Further experiments are required to explore the 

structural features that determine the pharmacological 

properties of cannabinoid receptor antagonists and to es- 
tablish whether SR141716A is a pure antagonist or an in- 

verse agonist. Other important goals are the development 
of a cannabinoid CB, receptor antagonist and of irrevers- 

ible cannabinoid CB, and CB, receptor antagonists. 

4. PROPERTIES OF 
CANNABINOID CB, RECEPTORS 
4.1. Cannabinoid CB, Binding Sites 
4.1.1. Experiments with brain membrane preparations 

using [3H]CP 55,940. Devane et al. (1988) were the first 

to demonstrate the presence of a significant population of 
cannabinoid binding sites in the brain (Table 1). Their ex- 
periments used [3H]CP 55,940 as a probe and were per- 
formed with a cerebral cortical washed Pz membrane prepa- 
ration obtained from male Sprague-Dawley rats. The results 
obtained from saturation binding studies indicated that spe- 
cific binding was 70-85% of total binding. This was of high 
affinity (Table I), and saturable, maximal binding occur- 
ring at a [3H]CP 55,940 concentration of 1 nM. Scatchard 

and Hill analyses indicated the presence of just one class of 

specific binding site. The density (B,,,) of specific binding 

sites in the P, membrane preparation was 1.85 pmol/mg of 

protein. Equilibration was rapid, more than 90% of maxi- 
mal specific binding occurring within 50 min at 30°C. Sim- 

ilar results have since been obtained from numerous other 

experiments with membrane preparations obtained from rat 
or mouse whole brain or from discrete areas of rat brain (see 

Table 1 for references). Some of these investigations have 

also demonstrated that the ability of [3H]CP 55,940 to oc- 

cupy specific binding sites can be attenuated by other can- 

nabimimetic agents (Tables 2 and 3). The potencies of 

these agents as competitors for [3H]CP 55,940 binding sites 

on brain membrane preparations correlate well with their 

cannabimimetic potencies in various in viva and in vitro bio- 

assays (Devane et al., 1988; Howlett et al., 1990; Compton 

et al., 1993; Melvin et al., 1993; Hillard et al., 1995a; Martin 

et al., 1995a). Among the cannabinoids investigated in 

these experiments have been several enantiomeric pairs. 
These show stereoselectivity in the competitive binding as- 

says that is similar in nature to that observed in functional 

tests of cannabimimetic activity (Devane et al., 1988; 

Howlett et al., 1990; Compton et al., 1993; Melvin et al., 

1993). On the other hand, a wide range of noncanna- 

binoids have been found not to displace [3H]CP 55,940 

from specific binding sites when applied at concentrations 

in the l-10 p.M range (Bidaut-Russell et al., 1990; Howlett 

et al., 1992). These include various peptides, amino acids 
and eicosanoids, as well as ligands for adrenoceptors or 

cholinoceptors, or for dopaminergic, serotonergic or steroid 

receptors. 

4.1.2. In s&u binding experiments using [3H]CP 55,940. 

Herkenham et al. (1990, 1991~) performed binding experi- 

ments with sections cut from frozen cylindrical “sausages” 

that had been prepared from homogenates of rat whole 

brains (Table 1). The specific binding of [3H]CP 55,940 
was SO-90% of total binding and was saturable. Their data 

also indicated the presence of a single class of specific bind- 

ing site. These sites were found to be present at a density of 

0.9 pmol/mg of protein, which is of the same order as B,,, 

values obtained from experiments with brain membrane 
preparations (Table 1). However, the Kd for [3H]CP 55,940 

at these sites was found to be 15 nM, which is significantly 
higher than Kd values obtained from experiments with 
brain membrane preparations (Table 1). Why this should 

be remains to be established. Essentially identical results 

were obtained by Thomas et al. (1992) in experiments with 
coronal sections of rat brain containing mainly frontal cor- 
tex and caudate-putamen (Table 1). As shown in experi- 
ments with brain membrane preparations (Section 4.1.1), 
the relative potencies of cannabinoids as competitors of 
specific [3H]CP 55,940 binding in tissue sections correlate 
well with their relative cannabimimetic potencies in sev- 
eral in viva and in vitro bioassays (Herkenham et al., 1990; 
see also Tables 2 and 3). 
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TABLE 1. Specific binding to cannabinoid CB1 Receptors in Brain Tissue or Cultured Cell Membranes 

R. G. Pertwee 

Preparation 
Radioligand and binding & B Ligand used to determine 

assay conditions (nM) (per mg;otein) nonspecific binding Reference 

Human 
CB,-transfected 
cos-7 
cell membranes 

Human 
CB,-transfected 
cos-3 
cell membranes 

Rat 
CB,-transfected 
cos-7 
cell membranes 

Human 
CB1-transfected 
murine 
L cell membranes 

Human 
CB,-transfected 
CHO 
cell membranes 

Human 
CB,-transfected 
CHO 
cell membranes 

Rat 
CB,-transfected 
CHO 
cell membranes 

Rat 
CB,-transfected 
CHO-Kl 
cell membranes 

Human 
CB1-transfected 
human embryonal 
kidney 293 cell 
membranes 

Rat 
CB,-transfected 
murine 
AtT20 
cell membranes 

Human cultured 
U373 MG 
astrocytoma 
cells 

Murine 
N18TG2 
cell membranes 

Rat whole brain 
Pz membranes 

[)H]CP 55,940 
100 p,g membranes/mL 
1 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
Filtration assay 

[3H]HU-243 
7-9 p,g protein/ml 
ca. 0.5 mg BSA/mL 
30°C for 1.5 hr 
Centrifugation assay 

[3H]CP 55,940 
40-400 kg protein/ml 
up to 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
70 p,g protein/ml 
5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,490 
40-400 p,g protein/ml 
up to 5 mg BSA/mL 
30°C for lhr 
Filtration assay 

[3H]HU-243 
7-9 pg protein/ml 
ca. 0.5 mg BSA/mL 
30°C for 1.5 hr 
Centrifugation assay 

[3H]WIN 55,212-2 
5 mg BSA/mL 
Filtration assay 

[3H]WIN 55,212-2 
50 pg protein 
1 mg BSA/mL 
30°C for 1.5 hr 
Filtration assay 

[3H]CP 55,940 
0.5 X lo6 cells/mL 
30°C for 1 hr 
Filtration assay 

[-‘H]HU-243 
7-9 p.g protein/ml 
ca. 0.5 mg BSA/mL 
30°C for 1.5 hr 
Centrifugation assay 

[jH]CP 55,940 
150 p,g protein/ml 
ca. 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

ca. 1 ca. 0.2 pmol/mg 10 p,M A9-THC or Gerard et al., 1991 
1 FM CP 55,940 

0.4 18.7 pmol/mg Shire et al., 1996a 

- 0.16 pmol/mg 10 p.M anandamide Vogel et al., 1993 

3.3 7 pmol/mg 100 nM CP 55,940 

0.4 0.2 pmol/mg 1 p,M CP 55,940 

0.65 0.83 pmol/mg 1 JLM CP 55,940 

4 ,0.34 pmol/mg 100 nM CP 55,940 

- 0.61 pmol/mg 10 PM anandamide 

11.9 1.218 pmol/mg 1 FM WIN 55,212-2 

2.6 0.864 pmol/mg 1 p,M WIN 55,212-2 

0.54 9.5 X 104 sites 
per cell 

1 JLM CP 55,940 

- 1.62 pmol/mg 10 FM anandamide 

Felder et al., 1992 

Bouaboula et al., 1995b 

Showalter et al., 1996 

Felder et al., 1992 

Vogel et al., 1993 

Song and Bonner, 1996 

Mackie et al., 1995 

Bouaboula et al., 1995a 

Vogel et al., 1993 

0.66 4.83 pmol/mg 1 ~.LM CP 55,940 McLaughlin et al., 1994 

(continued) 
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TABLE 1. Continued 

Radioligand and binding Kd B 
Preparation assay conditions (nM) (per mgmGotein) 

L&and used to determine 
nonspecific binding Reference 

Rat whole brain 
membranes 

Rat whole brain 
P, membranes 

Rat whole brain 
membranes 
(minus cerebellum) 

Rat whole brain 
membranes 
(minus cerebellum) 

Rat whole brain 
membranes 
(minus brain stem) 

Rat cerebral 
cortex 
P, membranes 

Rat cerebral 
cortex 
P, membranes 

Rat cerebral 
cortex 
P, membranes 

Rat cerebral 
cortex 
P, membranes 

Rat cerebral 
cortex 
Pz membranes 
solubilized using 
CHAPS 

Rat forebrain 
membranes 

Rat (70-day-old male) 
limbic forebrain 
membranes 

Rat striatal 
membranes 

[3H]CP 55,490 
150 p,g protein/ml 
0.1 mg BSA/mL 
30°C for 1 hr 
Centrifugation assay 

[3H]CP 55,940 
150 pg protein/ml 
ca. 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
7-50 p.g protein/ml 
30°C for 1 hr 
Filtration assay 

[jH]SR141716A 
50 pg protein/ml 
30°C for 1 hr 
Filtration assay 

[3H]HU-243 
2.4-3.8 p,g protein/ml 
0.58 mg BSA/mL 
30°C for 1.5 hr 
Centrifugation assay 

[3H]CP 55,940 
20-50 pg protein/ml 
30°C for 50 min 
Centrifugation assay 

[3H]CP 55,940 
20-30 p,g protein/ml 
30°C for 50 min 
Centrifugation assay 

[3H]CP 55,940 
150 (*g protein/ml 
ca. 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
150 kg protein/mL 
ca. 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
150 pg protein/ml 
ca. 0.5 mg BSA/mL 
30°C for 75 min 
Filtration assay 

[3H]CP 55,940 
50 pg protein/ml 
1 mg BSA/mL 
22°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
2OQ-300 pg protein/ml 
ca. 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[-‘H]CP 55,940 
200-300 pg protein/ml 
5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

0.55 1.47 pmol/mg 

0.58 2.09 pmol/mg 

0.09 0.95 pmol/mg 

0.61 0.72 pmol/mg 

0.045 4.41 pmol/mg 

0.133 1.85 pmol/mg 

0.07 ca. 1.75 pmol/mg 

0.675 3.3 pmol/mg 

1.48 4.3 7 pmol/mg 

0.94 0.597 pmol/mg 

0.461 0.86 pmol/mg 

0.67 ca. 1 pmol/mg 

0.87 1.35 pmol/mg 

100 nM DALN Belue et al., 1995 

1 PM CP 55,940 

1 FM CP 55,940 

1 PM SR141716A 

50 nM HU-243 

Adams et al., 1995 

Rinaldi-Carmona et al., 
1994 

Rinaldi-Carmona et al., 
1996 

Devane et al., 1992a 

1 PM A9-THC or 
100 nM DALN 

100 nM DALN 

Devane et al., 1988 

Bidaut-Russell et al., 
1990 

1 p,M CP 55,940 Compton et al., 1993 

1 I*.M CP 55,940 

200 nM DALN 

10 PM A9-THC 

Lu et al., 1993 

Houston and Howlett, 
1993 

Hillard et al., 1995a 

5 PM A9-THC Rodriguez de Fonseca et 
al.. 1993 

5 /.LM A9-THC Rodriguez de Fonseca et 
al., 1994 
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TABLE 1. Continued 

R. G. Pertwee 

Preparation 
Radioligand and binding & B Ligand used to determine 

assay conditions (nM) (per mgmEotein) nonspecific binding Reference 

Rat striatal 
membranes 

Rat cerebellar 
membranes 

Rat cerebellar 
membranes 

Rat cerebellar 
membranes 

Rat cerebellar 
membranes 

Mouse 
whole brain 
P2 membranes 

Sections of rat 
homogenized 
whole brain 

Sections of rat 
frontal cortex 
and caudate- 
putamen (coronal) 

Sections of 
rat homogenized 
cerebellum 

[3H]CP 55,940 
200-300 p,g protein/ml 
5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
40-400 pg protein/ml 
up to 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]WIN 55,212.2 
loo-125 p,g protein/ml 
1 mg BSA/mL 
30°C for 1.5 hr 
Filtration assay 

[3H]HU-243 
7-9 kg protein/ml 
ca. 0.5 mg BSA/mL 
30°C for 1.5 hr 
Centrifugation assay 

[jH]SR141716A 
30 yg protein/ml 
0.5 mg BSA/mL 
22°C for 1.5 hr 
Filtration assay 

[3H]CP 55,940 
150 p,g protein/ml 
5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]CP 55,940 
da. 456 pg protein/ 

section 
50 mg BSA/mL 
37°C for 2-3 hr 

[3H]CP 55,940 
[3H]l l-OH-A9-THC- 
dimethylheptyl 
50 mg BSA/mL 
37°C for 2 hr 

[3H]WIN 55,212-2 
5 mg BSA/mL 
30°C for 80 min 

0.93 1.14 pmol/mg 5 p.M A9-THC Romero et al., 1995 

2.3 2.5 pmol/mg 100 nM CP 55,940 Felder et al., 1992 

1.89 1.15 pmol/mg 1 PM WIN 55,212.2 Kuster et al., 1993 

1.3 pmol/mg 10 p,M anandamide Vogel et al., 1993 

0.59 3.86 pmol/mg 1 p.M SR141716A Petitet et nl., 1996 

3.4 3.4 pmol/mg 1 /J,M CP 55,940 Abood et al., 1993 

15 0.9 pmol/mg 10 FM CP 55,244 Herkenhamet al., 1990, 
1991c 

3.0 4.0 pmol/mg 1 1 /.LM CP 11.OH-A9-THC- 55,940 Thomas et al., 1992 
pmol/mg /.LM 

dimethylheptyl 

15 0.436 pmol/mg 1 or 10 p,M Jansen et al., 1992 
WIN 55,212.2 

Values of K, (dissociation constant) and B,, (specific binding capacity) were determined in saturation binding assays. CHAPS, 3-[3-cholamidopropyl)dimeth- 
ylammoniol-l-propanesulfonate, a zwitterionic detergent. Cannabinoid structures are given in Figs. l-10. 

4.1.3. Experiments with brain tissue using 

radiolabeled probes other than [3H]CP 55,940. 
4.1.3.1. [3HJWIN5.5,212-2. Jansen et al. (1992) have shown 
that [3H]WlN 55,212-2 undergoes specific, saturable, high- 
affinity binding to a single class of site located in rat cere- 
bellum (Table 1). Their experiments were performed with 
sections cut from frozen blocks of tissue prepared from ho- 
mogenates. [3H]WIN 55,212-2 was readily displaced by sub- 
micromolar concentrations of unlabeled samples of the 
cannabimimetic agents WIN 55,212-2, CP 55,940 and CP 
54,939, but not by submicromolar concentrations of the in- 
active (-)-enantiomer of WIN 55,212-2 (WIN 55,212-3) 
(Tables 2 and 3). The presence of specific, saturable, high- 

affinity [3H]WlN 55,212-2 binding sites in rat cerebellum 

has also been demonstrated using tissue homogenate sus- 
pensions (Kuster et al., 1993). The Kd and B,,, values were 
1.89 nM and 1.15 pmol/mg of protein, respectively, indicat- 
ing that as in experiments with [3H]CP 55,940 (Section 
4.1.2), a lower K, value is obtained from experiments with 
homogenates than from experiments with tissue sections 
(Table 1). As in the investigation of Jansen et al. (1992), 
[3H]WlN 55,212-2 was much more readily displaced by un- 
labeled WIN 55,212-2 than by WIN 55,212-3. Kuster et al. 
(1993) also noted that the ability of cannabinoids to dis- 
place [3H]WIN 55,212-2 from its binding sites correlates 
with their potencies as inhibitors of electrically evoked 
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contractions of the mouse isolated vas deferens, a tissue 

that contains cannabinoid CB1 receptors (see Section 

6.3.4). In contrast, specific binding of [3H]WIN X,212-2 

was unaffected by a 1 FM concentration of a wide variety of 
noncannabinoids (Kuster et al., 1993). 

4.1.3.2. f3HIDimethylheptyl analogs of 11 -hydroxy-A9-THC 

and of I 1 -hydroxyhexahydrocannabinol. Thomas et al. (1992) 
investigated the binding properties of [JH] 1 l-hydroxy-bg- 

THC-dimethylheptyl to coronal sections of rat brain con- 

taining mainly frontal cortex and caudate-putamen (Tables 

l-3). Approximately 80% of the binding was found to be 

specific. Devane et al. (1992a) carried out competitive 

binding studies with [3H] 1 I-hydroxyhexahydrocanna- 

binol-dimethylheptyl ([jH]HU-243) (Fig. 9). They showed 

that it undergoes specific binding to sites present on a syn- 

aptosomal membrane preparation obtained from rat whole 

brain, excluding brain stem (Table 1). Specific binding was 

70-80% of total binding. [jH]HU-243 is readily displaced 

by unlabeled HU-243 f rom these binding sites (Ki = 45 

PM), indicating a remarkably high affinity of this com- 

pound for cannabinoid binding sites (Devane et al., 1992a). 

It is also readily displaced by anandamide from specific 

binding sites on rat cerebellar membranes (Vogel et al., 

1993). The potencies of several other cannabinoids as dis- 

placers of [3H]HU-243 h ave also been measured, the rank 

order of the Ki values of these compounds (Tables 2 and 3) 

correlating with their known rank order of cannabimimetic 

potency (Martin et al., 199513). To date, there are no reports 

of saturation binding experiments with [3H]HU-243. 

4.1.3.3. [3HJSRf41716A. Saturation binding experiments 

with membranes prepared from rat whole brain minus cerebel- 

lum or from rat cerebellum have shown that [3H]SR141716A 

undergoes specific, rapid, saturable, high-affinity binding to a 

single class of site (Petitet et al., 1996; Rinaldi-Carmona et al., 

1996; see also Table 1). Specific binding of [jH]SR141716A is 

little affected by micromolar concentrations of a variety of 

noncannabinoid receptor ligands (Rinaldi-Carmona et al., 

1996). However, it is readily attenuated by the canna- 

binoids CP 55,940, WIN 55,212-2, A9-THC,l l-hydroxy- 
A9-THC, and anandamide (Petitet et al., 1996; Rinaldi-Car- 

mona et al., 1996; see also Table 2). It has been reported by 

RinaldiCarmona et al. (1994, 1996) that interactions with 

SR141716A are competitive in nature for CP 55,940, WIN 
55,212-2 and A9-THC, but noncompetitive for anand- 

amide, the latter compound decreasing both the affinity 

constant and the B,,, of [3H]SR141716A. 

4.1.4. Experiments with cultured 

cells using various radiolabeled probes. 
4.1.4.1. Untransfectedcells. Vogel et al. (1993) have re- 
ported the presence of [3H]HU-243 binding sites on the 
membranes of N 18TG2 mouse neuroblastoma cells (Table 
1). CB1 mRNA has also been detected in this cell line 
(Daaka et al., 1996). Bouaboula et al. (1995a) have detected 
a single class of specific, saturable binding sites for [3H]CP 
55,940 on human U373 MC astrocytoma cells (Table 1). 

They found that [JH]CP 55,940 could be displaced by 

SR141716A, as well as by three cannabinoid receptor ago- 

nists (Table 2). Interestingly, the rank order of potency of 

the agonists for displacement of [JH]CP 55,940 was CP 
55,940 > A9-THC > WIN 55,212-2, which is different 

from reported values of the relative cannabimimetic poten- 
cies of these agents in several types of bioassay (CP 55,940 > 

WIN 55,212s2 > A9-THC) (Martin et al., 1995b). 

4.1.4.2. Transfected cells. Specific, saturable, high-affinity 

[3H]CP 55,940 binding sites for [3H]CP 55,940 or [3H]WIN 

55,212-2 have been detected on plasma membranes of COS 

cells, murine Ltk- cells, murine AtT20 cells, Chinese ham- 

ster ovary (CHO) cells, and human embryonal kidney 293 
cells transfected with cDNA clones encoding cannabinoid 

CB, receptor protein. As shown in Table 1, human cDNA 

was used in the experiments with COS, murine Ltk- cells 

and embryonal kidney 293 cells, and human or rat cDNA 

in the murine AtT20 and CHO cell experiments. The ex- 

pression level in the Ltk- cell plasma membranes was par- 

ticularly high (B,,, = 7.0 pmol/mg of protein), as was the 

proportion of specific binding sites (greater than 90%) 

(Felder et al., 1992). Gerard et al. (1991) found specific 

binding in their experiments with COS cell membranes to 
be much lower (30%). It has also been shown that mem- 

branes of COS cells and CHO cells transfected with rat 

cannabinoid receptor cDNA contain specific, saturable, 

high-affinity binding sites for [JH]HU-243 (Vogel et al., 
1993; Table 1). In none of these experiments was any spe- 

cific binding detected in untransfected cells (GCrard et al., 

1991; Felder et al., 1992; Vogel et al., 1993; Shire et al., 
1996a; Song and Bonner, 1996). Further experiments with 

Ltk- cell plasma membranes revealed the following order of 

potency for displacement of [3H]CP 55,940: HU-210 > CP 

55,244 > CP 55,940 > A9-THC > CP 50,556 > WIN 

55,212-2 (Felder et al., 1992) (see Figs. l-3 and Fig. 9 for 

chemical structures). The correlation with rank order of po- 

tency in cannabimimetic bioassays is imperfect, as CP 
50,556 (levonantradol) and WIN 55,212-2 are both more 

potent than A9-THC in many such tests (Felder et al., 1992; 

Martin et al., 199513). However, the (+)- and (-)-enanti- 

omers of several cannabinoids have been found to show ste- 

reoselectivity in competitive binding experiments with 
transfected Ltk- cells that is similar in nature to that ob- 

served in functional tests of cannabimimetic activity (Ta- 
ble 3). Thus, (-)*A9-THC and HU-210 have greater affin- 

ity than the corresponding (+)-isomers and for WIN 

55,212-2, the (+)-isomer has greater affinity than the (-)- 
isomer (Felder et al., 1992; Martin et al., 1995b). Dove Pet- 
tit et al. (1994) have developed a method for infecting 
Spodopteru f&giperda (Sf9) insect cells with a cannabinoid 
CB1 receptor recombinant baculovirus. The affinity and 
concentration of the specific [3H]CP 55,940 binding sites 
expressed by these cells were reasonably high (Kd = 3.4 nM 
and B,,, = 3.17 pmol/mg of protein; cf. Table l), indicat- 
ing that this expression system may be suitable for prepar- 
ing relatively large quantities of wild-type or genetically 
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TABLE 2. The Ability of Certain Cannabinoids to Displace Radiolabeled Ligands from Specific Cannabinoid CB, Binding Sites 

Preparation 
Radioligand and binding 

Ki values (nM) 

assay conditions SR DALN HU CP THC NAB WIN ANA CBN Reference 

Human 0.5 nM [3H]CP 55,940 - 
CB,-transfected 40-400 p,g protein/ml 
murine up to 5 mg BSA/mL 
L cell membranes 30°C for 1 hr 

Filtration assay 
Human 50 pM [3H]CP 55,940 - 

CB,-transfected 40-400 I*g protein/ml 
murine up to 5 mg BSA/mL 
L cell membranes 30°C for 1 hr 

Filtration assay 
Human 0.5 nM [3H]CP 55,940 - 

CB,-transfected Filtration assay 
L cell membranes 

Human 0.5 nM [3H]CP 55,940 11.8 
CB,-transfected Filtration assay (82)2 
murine fibroblast 
L-cell 
membranes 

Rat 0.3 nM [3H]HU-243 - 
CB,-transfected Centrifugation assay 
cos-7 
cell membranes 

CB1-transfected 40 pM 13H]HU-243 - 
cos-7 Centrifugation assay 
cell membranes 

Human 0.14 nM [3H]CP 55,940 - 
CB,-transfected 30°C for 1 hr 
CHO Filtration assay 
cell membranes 

Human 0.5 nM [3H]CP 55,940 12.3 
CB,-transfected 70 pg protein/ml (57)2 
CHO 5 mg BSA/mL 
cell membranes 30°C for 1 hr 

Filtration assay 
Human 0.1 nM [3H]CP 55,940 5.6 

CB,-transfected 7-50 p,g protein/ml (> 179)* 
CtiO 30°C for 1 hr 
cell membranes Filtration assay 

Rat 40 pM [)H]HU-243 
CB,-transfected 7-9 p.g protein/ml 
CHO-Kl ca. 0.5 mg BSA/mL 
cell membranes 30°C for 1.5 hr 

Centrifugation assay 
Human 2 nM [3H]WIN 55,212-2 

CB,-transfected 5 mg BSA/mL 
humanembryonal Filtration assay 
kidney 293 cell 
membranes 

Human [3H]CP 55,940 
U373 MG 30°C for 1 hr 
astrocytoma Filtration assay 
cells 

Rat whole brain 1 nM [3H]CP 55,940 
P, membranes 150 pg protein/ml 

5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

Rat whole brain [3H]CP 55,940 
P2 membranes 80-160 pg protein/ml 

10 mg BSA/mL 
30°C for 1.5 hr 
Filtration assay 

- 

- 

6.6 

- 

- 

- 0.06 3.7 53 

- 

---_ 

- 0.06 3.7 
(8.6)2 (0.69)2 ($2 

- - - 39.5 
(1.01)2 

---- 

- - 0.68 3.89 

- 0.73 0.58 40.7 
(0.3)2 (1.2)* (0.89)2 

---- 

---_ 

- 0.26 4.6 - 

- - 3.86 16.8 

79.1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

564 - - Felder et al., 
1992 

- 543 - Felder et al., 
1993 

- 781 - Priller et al., 
1995 

62.3 543’ 1130 Felder et al., 
(0.053)2 (3.6)2 (0.27)2 1995 

- - - Bayewitch 
et al., 1996 

- 

485 

252 - Mechoulam 
(2.3)* et al., 1995 

- Bouaboula et al., 
1995b 

1.89 
(0.15)2 

891 308 Showalter et al., 
(4.2)* (0.31)2 1996 

- - - Rinaldi-Carmona 
et al., 1994 

- 37 - Vogel et al., 1993 

11.9 115.61 - Song and 
Bonner, 
1996 

97.6 - - Bouaboula et al., 
1995a 

- 89’ - Adams et al., 
1995 

971 - Wise et al., 1996 
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TABLE 2. Continued 

Preparation 
Radioligand and binding 

& values (nh4) 

assay conditions SR DALN HU CP THC NAB WIN ANA CBN Reference 

Rat whole brain 
membranes 

0.1 nM [3H]CP 55,940 1.98 
7-50 p,g protein/ml ( >500)2 

(minus 30°C for 1 hr 
cerebellum) Filtration assay 

Rat whole brain [jH]SR141716A 
membranes 50 pg protein/ml 
(minus 30°C for 1 hr 
cerebellum) Filtration assay 

Rat whole brain 38-48 pM [3H]HU-243 
membranes 2.4-3.8 pg protein/ml 
(minus brain stem) 0.58 mg BSA/mL 

30°C for 1.5 hr 
Centrifugation assay 

Rat whole brain 45-55 pM [3H]HU-243 
membranes 34 pg protein/ml 
(minus brain stem) 0.5 mg BSA/mL 

30°C for 1.5 hr 
Centrifugation assay 

Rat cerebral 50-70 pM [3H]CP 55,940 
cortex 16-30 pg protein/ml 
P2 membranes 30°C for 50 min 

Centrifugation assay 
Rat cerebral 0.4 nM [jH]CP 55,940 

cortex 150 pg protein/ml 
Pz membranes ca. 5 mg BSA/mL 

30°C for 1 hr 
Filtration assay 

Rat cerebral [)H]CP 55,940 
cortex 150 p,g protein/ml 
P2 membranes ca. 5 mg BSA/mL 

30°C for 1 hr 
Filtration assay 

Rat cerebral 0.7 nM [3H]CP 55,940 

2.353 - - 14.13 

- 

- 

- 

- 

- 

cortex 
Pz membranes 
solubilized using 
CHAPS 

Rat forebrain 
membranes 

150 pg protein/ml 
ca. 0.5 mg BSA/mL 
30°C for 75 min 
Filtration assay 

0.550.8 nM [jH]CP 55,940 
50 j.q protein/ml 
1 mg BSA/mL 
22°C for 1.5 hr 
Filtration assay 

0.5 nM PHIWIN 55,212-2 
100-125 (*g protein/ml 
1 mg BSA/mL 
30°C for 1.5 hr 
Filtration assay 

1 nM [3H]SR141716A 
30 Fg protein/ml 
0.5 mg BSA/mL 
22°C for 1.5 hr 
Filtration assay 

1 nM [3H]CP 55,940 
ca. 456 p,g protein/ 

section 
50 mg BSA/mL 
37°C for 2 hr 

15 nM [3H]l l-OH- 
A9-THC- 
dimethylheptyl 
50 mg BSA/mL 
37°C for 2 hr 

Rat cerebellar 
membranes 

Rat cerebellar 
membranes 

Sections of rat 
homogenized 
whole brain 

Sections of rat 
homogenized 
whole brain 

- 

- 

0.89 

- 

- 

- - 1.37 35.3 
(1)2 (0.11)2 

- 0.181 

- - 

0.123 - 

- 0.728 

- - 

0.91 - 

- - 

0.26 - 

- - 

- - 

- 6 

2 

0.068 

0.924 

- 

- 

- 

0.35 

- 

15 

52 

70.53 

46 

46 

1.6 

40.7 

41 

24.1 

43 

10.2 

35 

420 

2200 

- 9.94 
(1.63)* 

- 68.53 

- - 

- - 

- - 

22.3 - 

- - 

- - 

- - 

- 2.2 

- 28 

120 - 

- 322 

- - Rinaldi-Carmona 
et al., 1994 

2663 - Rinaldi-Carmona 
et al., 1996 

- - Devane et al., 
1992a 

52 - Devane et al., 
1992b 

- 13 Devane et al., 
1988 

- - Compton et al., 
1993 

- - Martin et al., 
1995a 

- 159 Houston and 
Howlett, 1993 

1431 496 Hillard et al., 
1995a 

- 61.8 Kuster et al., 1993 

441 - Petitet et al., 1996 

- - Herkenham et al., 
1990.1991c 

- - Thomas et al., 
1992 
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TABLE 2. Continued 

Preparation 
Radioligand and binding 

Ki values (nh4) 

assay conditions SR DALN HU Cl’ THC NAB WIN ANA CBN Reference 

Sections of 1 nM [3H]WIN 55,212-2 - - - 1 - - 8.8 - - Jansen et al., 1992 
rat homogenized 5 mg BSA/mL 
cerebellum 30°C for 80 min 

Values of K, (dissociation constant) were determined in competitive binding assays. 
1 Phenylmethylsulfonyl fluoride present. 
2 Ratio of affinity for CB, binding sites to affinity for CB, binding sites. 
3 ICsO values. 
SR, SR141716A; HU, HU-210; CP, CP 55,940; NAB, nahilone; WIN, WIN 55,212-2; ANA, anandamide; CBN, cannahinol; CHAPS, 3-[3-cholami- 

dopropyl)dimethylammonio]-l-propanesulfonate, a zwitterionic detergent. Cannahinoid structures are given in Figs. l-10. 

modified receptor protein for use in structure-activity or re- 

ceptor mapping investigations. 

4.1.5. Factors affecting Kd and B,, values obtained in 

cannabinoid binding assays. Because cannabinoids have 

low aqueous solubility, a solubilizing agent must be used. In 
binding experiments, this is generally bovine serum albu- 

min (BSA). This also serves to minimize the adsorption of 

cannabinoids to plastic and glassware, a process that is ex- 

pected to diminish free cannabinoid concentrations partic- 

ularly when assay volumes are small (as they usually are in 

binding experiments). Glass, polystyrene or polypropylene 
tubes are sometimes pretreated with a siliconizing agent 

such as Sigmacote in a further attempt to reduce canna- 

binoid adsorption. However, Kuster et al. (1993) have re- 
ported that this practice is unnecessary in the presence of 

BSA and inadequate in its absence. Binding assay incuba- 

tions are usually terminated either by a centrifugation step 
or by rapid filtration (Table 1). In filtration assays, binding 

of radiolabeled cannabinoid probes to filter paper contrib- 

utes significantly to total nonspecific binding (Hillard et al., 

1995a). The magnitude of this effect can be reduced by pre- 
soaking filter papers in solutions of BSA or polyethyl- 

enimine (Compton et al., 1993) and, indeed, filter papers 

usually are so pretreated. 

Cannabinoid binding to membranes is known to be in- 
fluenced by the concentration of the tissue (protein) present 

in the assay medium. In binding assays performed at 30°C 
with rat cortical membranes, Compton et al. (1993) ob- 

served the relationship between protein concentration and 
binding of 400 pM [3H]CP 55,940 to be linear in the range 
20-175 Fg of protein/ml. They selected a protein concen- 
tration of 150 p,g/mL for further experiments, as binding 
data obtained using lower concentrations were highly vari- 
able. As a result, the B,,,/Kd ratio was rather high (0.54). 
This made it unreasonable to assume that the concentra- 
tion of “free radioligand” had not been reduced by the bind- 
ing process, so invalidating the application of conventional 
saturation analyses to their radioligand binding data with- 
out correction. (It is predicted that the Kd value calculated 
using such analyses will overestimate the true value when 
the BmpX/Kd ratio exceeds 0.1.) The uncorrected and cor- 
rected Kd values of [3H]CP 55,940 calculated using the 

mathematical model of Cheng and Prusoff (1973) were, re- 

spectively, 0.924 nM and 0.675 nM (Compton et al., 1993). 

It is noteworthy that the Bmax/Kd ratio has also exceeded 0.1 
in some other investigations (see data in Table 1). Hillard 

et al. (1995a) have confirmed that protein concentration 

can affect the apparent Kd of [3H]CP 55,940. Their assays, 
performed at 22°C using rat forebrain membranes, gener- 

ated data that indicated Kd values in the presence of 50, 

250 or 500 pg of protein/ml to be 0.461, 1.5 and 2.45 nM, 

respectively. The corresponding B,,, values were 0.043, 

0.171 and 0.305 nM, respectively. Kuster et al. (1993) re- 

ported that specific binding of 0.5 nM [3H]WIN 55,212-2 
to rat cerebellar membranes at 30°C was linear over a pro- 

tein concentration range of 25-400 p,g of protein/ml and 

that when [3H]WIN 55,212-2 was present at a concentra- 
tion of 20 nM, the linearity of specific binding extended to 

900 kg of protein/ml. More recently, Rinaldi-Carmona et 

al. (1996) found that the binding of [3H]SR141716A to rat 
brain membranes at 30°C increased linearly with protein 

concentration over a range of lo-200 p,g of protein/ml. 

Another important factor in cannabinoid binding assays 
is temperature, as this can affect the rate of onset of bind- 

ing, the degree of binding at equilibrium and binding stabil- 

ity. Herkenham et al. (1991~) investigated the effect of 

temperature on binding of [3H]CP 55,940 to rat brain sec- 
tions. Binding reached equilibrium after 16 hr at 24°C and 

within 4 hr at 37°C. It was negligible at 0°C and fell off 
with time after 4 hr at 37°C. Compton et al. (1993) ob- 

served a bell-shaped relationship between assay tempera- 

ture and total binding of 400 pM [3H]CP 55,940 to a rat 
cortical membrane preparation containing 150 kg of pro- 
tein/ml. Binding at both 25°C and 35°C was about two- 
thirds of that determined at 30°C. At 4o”C, total binding 
was much less than at any of these other temperatures, and 
was also highly variable. In experiments using a 3-fold 
lower protein concentration, Hillard et al. (1995a) found 
that specific binding of 2.3 nM [3H]CP 55,940 to rat fore- 
brain membranes at 37°C is about twice as great as that of 
1.3 nM [3H]CP 55,940 at about 22°C. Equilibrium was 
achieved within 20 min at 37°C and within 45 min at 
22°C. There was little difference between the Kd or B,,, 
values of [3H]CP 55,940 at these two temperatures. At 4”C, 
there was little detectable specific binding of 1.3 nM 
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TABLE3. Stereoselective Displacement of Radiolabeled Ligands from Specific Cannabinoid CB, Binding Sites 

Radioligand and binding Unlabeled Ligand used to determine 
Preparation assay conditions l&and nonspecific binding 
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Reference 

Human 
CB,-transfected 
murine 
L cell membranes 

Human 
CB,-transfected 
CHO 
cell membranes 

Human 
CB,-transfected 
human embryonal 
kidney 293 cell 
membranes 

Rat whole brain 
membranes 
(minus brain stem) 

Rat cerebral 
cortex 
Pz membranes 

Rat cerebral 
cortex 
P, membranes 

Rat cerebral 
cortex 
P, membranes 

Rat forebrain 
PZ membranes 

Rat cerebellar 
membranes 

Sections of rat 
homogenized 
whole brain 

Sections of rat 
homogenized 
whole brain 

Sections of 
rat homogenized 
cerebellum 

0.5 nM [3H]CP 55,940 
40-400 kg protein/ml 
up to 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

0.5 nM [3H]CP 55,940 
70 kg protein/ml 
5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

2 nM [3H]WlN 55,212-2 
5 mg BSA/mL 
Filtration assay 

38-48 pM [3H]HU-243 
2.4-3.8 kg protein/ml 
0.58 mg BSA/mL 
30°C for 1.5 hr 
Centrifugation assay 

0.05-0.07 nM [3H]CP 55,940 
16-30 pg protein/ml 
30°C for 50 min 
Centrifugation assay 

0.4 nM [3H]CP 55,940 
150 kg protein/ml 
ca. 5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

0.035 nM [3H]CP 55,940 
20 pg protein/ml 
30°C for 50 min 
Centrifugation assay 

0.1 nM [3H]CP 55,940 
30 pg protein/ml 
0.15 mg BSA/mL 
30°C for 60 min 
Centrifugation assay 

0.5 nM [3H]WlN 55,212-2 
loo-125 kg protein/ml 
1 mg BSA/mL 
30°C for 1.5 hr 
Filtration assay 

1 nM [3H]CP 55,940 
ca. 456 pg protein/section 
50 mg BSA/mL 
37°C for 2-3 hr 

15 nM [3H]ll-OH- 
A9-THC-dimethylheptyl 
50 mg BSA/mL 
37°C for 2 hr 

1 nM [3H]WlN 55,212-2 
5 mg BSA/mL 
30°C for 80 min 

(-)-A9-THC 53 
(+)-A9-THC >900 
(-)-HU-210 0.06 
(+)-HU-210 1364 
(+)-WIN 55,212-2 564 
(-)-WIN 55,212-2 >3500 
(-)-HU-210 0.73 
(+)-HU-210 1990 
(-)-CP 55,940 0.58 
(+)-CP 55,940 61.7 

(-)-HU-210 0.26 
(+)-HU-210 1523.3 
(+)-WIN 55,212-2 11.9 
(-)-WIN 55,212-2 >lOOO 

(-)-HU-210 0.181 
(+)-HU-210 466 

(-)-CP 55,940 
(+)-CP 55,940 

0.068 
3.4 

(-)-HU-210 0.728 
(+)-HU-210 1990 

(-)-HU-210 0.23 
(+)-HU-210 360 

(- )CP 55,940 
(+).CP 55,940 

0.137 
12 

(--)-CP 55,940 0.35 
(+ )-CP 55,940 21.3 
(+)-WIN 55,212.2 2.2 
(-)-WIN 55,212-2 6300 

(-)-A9-THC 420 
( + ) - A9-THC 7700 
(-)-CP 55,940 15 
(+)-CP 55,940 470 
(-)-CP 55,244 1.4 
(+)-CP 55,244 18000 
(-)-HU-210 6 
(+)-HU-210 >10000 

(+)-WIN 55,212-2 
(-)-WIN 55,212-2 

8.8 
>lOOO 

100 nM CP 55,940 

1 PM CP 55,940 

1 FM WIN 55,212x2 

50 nM HU-243 

100 nM DALN 

1 FM CP 55,940 

5 nM DALN 

100 nM DALN 

1 p,M WIN 55,212-2 

10 p,M CP 55,244 

10 FM 1 l-OH-A9-THC- Thomas et al., 
dimethylheptyl 1992 

1 FM WIN 55,212-2 Jansen et al., 
1992 

Felder et al., 
1992 

Showalter et al., 
1996 

Song and Bonner, 
1996 

Devane et al., 
1992a 

Devane et al., 
1988 

Compton et al., 
1993 

Howlett et al., 
1990 

Melvin et al., 
1993 

Kuster et al., 
1993 

Herkenham et al., 
1990,199lc 

Values of K, (dissociation constant) were determined in competitive binding assays. (+)-HU-210, HU-211; (+)-CP 55,940, CP 56,666; (+)-CP 55,244, CP 
55,243; (-)-WIN 55,212-2, WIN 55,212-3. C annabinoid structures are given in Figs. l-10. 
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[3H]CP 55,940, even after 3 hr. In experiments with a rat 
cerebellar membrane preparation containing 100 p,g of pro- 

tein/ml, Kuster et al. (1993) found that the same level of 
specific binding of 0.1 nM [3H]WIN 55,212-2 could be 

achieved at 37”C, as at 30°C. At 37”C, equilibration oc- 

curred within 20 min, after which, specific binding de- 

creased progressively with time. At 3O”C, equilibration oc- 

curred within 90 min and then remained constant for at 

least 3 hr. Specific binding of 0.1 nM [3H]WIN 55,212-2 at 
23°C did not reach equilibrium within 3 hr and was negligi- 

ble at 4°C. Kuster et al. (1993) also found that specific bind- 

ing of a saturating concentration of [3H]WIN 55,2122 (22 

nM) to rat cerebellar membranes was markedly attenuated 

after the membranes had been subjected to temperatures of 

55-60°C for 25 min. This finding, together with an obser- 

vation that specific binding of [JH]WIN 55,212-2 is pH- 
sensitive (optimal at pH 6.8-7.1), is consistent with the 

cannabinoid binding site being a protein (Kuster et al., 
1993). Similar evidence for a protein binding site has been 

obtained by Rinaldi-Carmona et al. (1996) in rat brain 

membrane experiments with [JH]SR141716A. Equilibra- 

tion of [JH]SR141716A with rat brain membranes appears 

to be particularly rapid. Thus, in experiments with a prepa- 
ration containing 50 pg of protein/ml, Rinaldi-Carmona et 

al. (1996) found that at 3O”C, 0.62 nM [jH]SR141716A 

equilibrated with specific binding sites in under 10 min. In- 

terestingly, unlike [JH]CP 55,940 and [JH]WIN 55,212-2 

(see above), [3H]SR141716A does appear to undergo de- 

tectable specific binding to rat brain membranes at 4°C 
(Rinaldi-Carmona et al., 1996). 

Cannabinoid binding can also be influenced by the con- 

centration of the agent used to solubilize cannabinoids. As 

in most other cannabinoid binding studies, Hillard et al. 

(1995a) used BSA as a solubilizing agent. In experiments 
carried out with a rat forebrain membrane preparation con- 

taining 50 pg of protein/ml, they found that specific and 

nonspecific binding of 0.685 nM [jH]CP 55,940 at 22°C 

were both inversely related to BSA concentration. At BSA 

concentrations below 1 mg/mL, nonspecific binding of 
[3H]CP 55,940 fell more rapidly than specific binding in re- 
sponse to increases in BSA concentration. Optimal BSA 

concentrations were deemed to lie in the range 0.5-1.0 mg/ 

mL, as these were concentrations at which the ratio of spe- 

cific to nonspecific binding of [3H]CP 55,940 was at its 

highest. In contrast, Compton et al. (1993) found specific 
binding of [3H]CP 55,940 to a rat cortical membrane prepa- 
ration containing 150 pg of protein/ml to be little affected 
by BSA concentrations ranging from 1 to 5 mg/mL. Thus, 
there was little difference between Kd or B,,, values ob- 
tained using BSA concentrations of 5.0 mg/mL and those 
obtained using BSA concentrations of 2.5 or 1.0 mg/mL. It 
is to be expected that BSA will not only keep individual 
cannabinoid molecules “in solution,” but also tend to hold 
them away from their receptors. This would explain the in- 
verse relationship between BSA concentration and [3H]CP 
55,940 binding reported by Hillard et al. (1995a), as well as 
an observation by Herkenham et al. (1991~) that the appar- 

ent Kd of CP 55,940 determined from competitive binding 
experiments with rat brain sections was 2.6 nM in the pres- 

ence of 10 mg BSA/mL, but 15 nM in the presence of 50 

mg BSA/mL. It is also to be expected that the proportion of 
cannabinoid molecules retained by the vehicle will be re- 

duced by increasing the tissue concentration in the assay 

medium. Indeed, Hillard et al. (1995a) have argued that the 

reason Compton et al. (1993) did not detect any concentra- 
tion-related effect of BSA on cannabinoid binding may 

have been because they used a protein concentration some- 

what higher than the one used in their own study. 

4.1.6. Modulation of cannabinoid binding affinity by GTP 
or GDP analogs and by certain cations. Since the cannabi- 

noid CB1 receptor is coupled to its effector mechanisms uia 
G. ,,,-proteins, certain predictions can be made about the 

binding properties of its recognition site. This is because the 

affinities of the recognition sites of GilO-protein-coupled re- 

ceptors for agonist ligands can generally be (i) increased by 
elevating the concentration of magnesium ions and (ii) de- 

creased by elevating the concentration of sodium ions or by 

HO 

(-)-1 1 -OH-&THC-dimethylheptyl 
(HU-210) 

FIGURE9. The structures of (-)-1 l-hydroxy-As-THC-dimeth- 
ylheptyl (HU-210) and tritiated (-)-1 l-hydroxyhexahydrocan- 
nabinol-dimethylheptyl ([3H]HU-243). 
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adding a nonhydrolysable analog of GTP or GDP. As de- 

tailed below, it has been shown in several investigations 

that cannabinoid CB, binding sites also possess these prop- 

erties. 

(i) Specific binding of [3H]CP 55,940 or [3H]WIN 
55,212-2 to rat brain membranes can be markedly en- 

hanced by Mg++, particularly at concentrations of 1, 3 or 

10 mM (Devane et al., 1988; Kuster et al., 1993). In the 

same concentration range, Devane et al. (1988) found 
Ca++ to be as effective as Mg++ in promoting binding to 

cannabinoid CB, receptors, whereas Kuster et al. (1993) 

found Ca++ to be much less effective. Because of the facili- 

tatory effect of Mg++, cannabinoid binding assays are fre- 

quently performed in the presence of a magnesium salt, of- 

ten at a concentration of 3 mM. 

(ii) Specific binding of cannabinoid receptor agonists to 

rat brain preparations can be markedly attenuated by 

nonhydrolysable analogs of GDP or GTP. Devane et al. 

(1988) reported that in the presence of 100 p,M guanosine 

(P,y)-imidodiphosphate, specific binding of [3H]CP 55,940 

to a rat cerebral cortical washed Pz membrane preparation 

was decreased by 40%. Interestingly, although they de- 
tected just one population of [3H]CP 55,940 binding sites 

on washed membranes, they detected more than one popu- 

lation of these sites on unwashed Pz membranes. This may 

have been because there was a greater number of G-pro- 

teins with tightly bound GDP (lower-affinity sites) in the 

unwashed preparation than in washed membranes. Herken- 

ham et al. (1990, 1991~) found that guanosine 5’-[P,y-imido] 
triphosphate and guanosine 5’-[P-thioldiphosphate inhib- 

ited binding of 10 nM [JH]CP 55,940 to rat brain sections 

by 94% and 79%, respectively. Kuster et al. (1993) showed 
that specific binding of 0.5 nM [3H]WIN 55,212-2 to rat 

cerebellar homogenate was decreased in the presence of 10 
p,M guanosine 5’-(P,y-imido)triphosphate or guanosine 

5’-O-(3-thiophosphate) by 30% and 35%, respectively. As 

is to be expected for G-protein-coupled recognition sites, 

the effect on binding of stable GDP or GTP analogs is se- 
lective in that matched concentrations of nonhydrolysable 

adenosine analogs or of guanosine monophosphate have 

been shown not to decrease the affinity of [3H]CP 55,940 or 

[3H]WIN 55,212-2 for specific binding sites (Herkenham et 
al., 1991~; Kuster et al., 1993). 

(iii) Sp eci ic f b d’ in mg of cannabinoid receptor agonists to 

rat brain preparations can also be markedly decreased by 
Na+, as well as by certain other monovalent cations. De- 

vane et al. (1988) observed attenuation of specific binding 

of [3H]CP 55,940 to rat cerebral cortical membranes in the 
presence either of NaCl, at concentrations of 20 or 120 

mM, or of KCI, at concentrations of 100, but not 5, mM. 
The higher concentrations of these salts were equi-effec- 
tive, reducing specific binding by about 80%, and the effect 
of NaCl was concentration-related. In experiments with rat 
cerebellar homogenate, Kuster et al. (1993) showed that 10 
and 100 mM concentrations of NaCl, LiCl and KC1 pro- 
duced concentration-related decreases in specific binding 
of 0.5 nM [3H]WIN 55,212-2. Pacheco et al. (1994) have 

also demonstrated that NaCl has a concentration-related 

inhibitory effect on [3H]WIN 55,212-2, binding both to rat 

cerebellar and rat striatal membranes. Typical of G,,, cou- 

pled recognition sites, this inhibitory effect of Na+ was 

found to be additive with that of a nonhydrolysable GTP 
analog. 

GDP or GTP analogs are expected to modulate binding 
of agonists to the recognition sites of G-protein-coupled re- 

ceptors without affecting the binding of antagonists. It is note- 

worthy, therefore, that the specific binding of PH]SR 14 17 16A 

to rat whole brain membranes has been found not to be re- 

duced by a concentration of guanosine 5’-O-(3-thiophos- 

phate) that reduces the specific binding of [JH]CP 55,940 

(Rinaldi-Carmona et al., 1996). 

4.1.7. Modulation of cannabinoid binding by sulfhydryl 

alkylating agents. Lu et al. (1993) found that the specific 

binding of [3H]CP 55,940 to rat cerebral cortical mem- 

branes could be dose-dependently and irreversibly inhibited 

both by various sulfhydryl alkylating agents and by the di- 
sulfide reducing agent DL-dithiothreitol. The results ob- 

tained with the sulfhydryl alkylating agents suggest that the 

recognition site of the cannabinoid CBI receptor contains 

one or more free sulkydryl groups, and that these play a key 
role in the process of ligand binding to the receptor. The 

DL-dithiothreitol data suggest that binding also requires 

the presence of a disulfide bridge, which may not be located 

on the recognition site itself. 

4.1.8. The effect of the membrane environment on 
cannabinoid binding. Houston and Howlett (1993) have 

obtained results that suggest that the known ability of can- 

nabinoids to alter membrane fluidity (see Pertwee, 1988) 
does not have a major influence on the process of canna- 

binoid receptor occupation or on the coupling of canna- 

binoid receptors to their effector systems. They carried out 

experiments with rat brain cannabinoid binding sites that 

had been solubilized with a zwitterionic detergent in order 
to abolish any effect of the membrane environment on 

[JH]CP 55,940 binding. These experiments showed that 

the properties of cannabinoid binding sites were little af- 

fected by solubilization. Thus, [3H]CP 55,940 bound specif- 
ically to the solubilized sites, and this binding was saturable 

and of high affinity (Table 1). As in nearly all experiments 
with membrane-bound sites, only a single class of specific 

[3H]CP 55,940 binding site was detectable. The relative 

ability of cannabinoid receptor ligands to displace [JH]CP 

55,940 from solubilized sites was the same as that seen in 
experiments with membrane-associated sites (Table 2). 
Houston and Howlett (1993) also demonstrated that the 
solubilized cannabinoid binding sites retained the ability to 
interact functionally with G-proteins. Thus, the affinity of 
the solubilized sites for [3H]CP 55,940 could be markedly 
decreased by GTP and by nonhydrolysable GTP analogs. 
There was also an indication that occupation of the solubi- 
lized sites with a cannabinoid (desacetyllevonantradol; 
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DALN) triggered dissociation of G-proteins into smaller 

subunits. 

4.1.9. Factors affecting 
cannabinoid binding site density in the brain. 

4.1.9.1. Location of binding sites within the cenml nervous 

system. In autoradiographic studies using [3H]CP 55,940 as 

a radiolabel, Herkenham et al. (1990, 1991~) showed that 
specific cannabinoid binding sites in the CNS are distrib- 

uted heterogeneously in a pattern that is different from that 

of other types of binding site. In rat brain, the densest bind- 
ing (4-6.4 pmol/mg protein) is in the substantia nigra pars 

reticulata, the entopeduncular nucleus, the globus pallidus, 

the lateral caudate-putamen, the ependymal and sub- 

ependymal zones at the centre of the olfactory bulb, and the 

molecular layer of the cerebellum. Binding is less medially 

than laterally in the substantia nigra pars reticulata, globus 

pallidus and caudate-putamen. The hippocampus is also 
well-populated with cannabinoid binding sites (2.94 

pmol/mg protein), the densest regions being the molecular 

layer of the dentate gyrus and field CA3 of Ammon’s horn. 
Other brain areas quite rich in cannabinoid binding sites 

are the intrabulbar anterior commissure (3.3 pmol/mg pro- 
tein) and the nucleus accumbens, septum and cerebral cor- 

tex, particularly the cingulate, frontal and parietal cortices 

(2-2.7 pmol/mg protein). Binding is sparse (l-2 pmol/mg 

protein) in the amygdala, thalamus, habenula, preoptic area 
and hypothalamus. Except for certain of its areas, including 

the central gray substance, the area postrema and the cau- 

da1 nucleus of the solitary tract (l-2.4 pmol/mg protein), 
binding in the brain stem is very sparse (< 1 pmol/mg pro- 

tein). It is also very sparse in areas of the cerebellum other 

than the molecular layer, and in the spinal cord, in which 

the highest concentration of sites is present in lamina X 
and in the substantia gelatinosa (ca. 1 pmol/mg protein). 

Essentially identical results subsequently were obtained by 

Mailleux and Vanderhaeghen (1992a) with [3H]CP 55,940, 

by Jansen et al. (1992) with [3H]WIN 55,212-2, by Thomas 
et al. (1992) with [3H]ll-OH-A9-THC-dimethylheptyl, and 

by Rinaldi-Carmona et al. (1996) with both [3H]CP 55,940 
and [jH]SR141716A. Similar results have also been ob- 
tained in autoradiographic studies with human, Rhesus 

monkey, dog and guinea-pig brain (Herkenham et al., 1990; 

Mailleux et al., 1992; Mailleux and Vanderhaeghen, 1992b; 

Glass et al., 1993; Westlake et al., 1994). Some minor spe- 
cies differences have been noted. For example, in human, 
Rhesus monkey and rat, [3H]CP 55,940 binding is greatest 
in the substantia nigra pars reticulata, whereas in dog, it is 
greatest in the cerebellar molecular layer (Herkenham 
et al., 1990). In many brain areas, specific cannabinoid 
binding site density greatly exceeds that of neuropeptide re- 
ceptors and is similar to the densities of cortical benzodiaz- 
epine, striatal dopamine and whole-brain glutamate recep- 
tors (Herkenham et al., 1990). 

Experiments with certain mutant mouse lines have con- 
firmed that within the cerebellum, cannabinoid binding 
sites are located primarily in the molecular layer (Herken- 

ham et al., 1991a). [3H]CP 55,940 binding density was 
found to be high in the cerebella of heterozygous mice and 

of two Purkinje cell-deficient mouse lines, where it was dis- 
cretely and densely localized in the molecular layer. How- 

ever, [3H]CP 55,940 binding was much less in the cerebella 
of weaver and reeler mice, mouse lines in which the cere- 

bellum is granule cell-deficient so that the molecular layer 

is greatly diminished. Similar distribution patterns in the 

cerebellum were observed for [3H]forskolin binding to adeny 

late cyclase, but not for [3H]phorbol 12,13-dibutyrate bind- 

ing to protein kinase C, providing additional evidence that 

cannabinoid CB, receptors are coupled to adenylate cy- 

clase, but not to the phosphoinositide system (Section 4.2). 

The brain distribution of cannabinoid binding sites has 

been studied not only autoradiographically, but also by per- 

forming saturation binding assays with homogenates of tis- 

sue taken from different areas of rat brain, using [3H]CP 

55,940, [3H]WIN 55,212s2 or [jH]SR141716A as a probe 
(Bidaut-Russell et al., 1990; Kuster et al., 1993; Rinaldi-Car- 

mona et al., 1996). The data from such experiments indi- 

cate that Kd values of radiolabeled cannabinoids do not 

vary significantly between brain areas. Most of the data also 

confirm that the density of cannabinoid binding sites is 

highest in cerebellum, cerebral cortex, striatum and hip- 

pocampus (0.6-2.5 pmol/mg protein) and lowest in hypo- 
thalamus, brain stem and spinal cord (co.4 pmol/mg pro- 

tein). It is noteworthy, however, that when [3H]WIN 

55,212-2 was used as the probe (Kuster et al., 1993), the 
density of cannabinoid binding sites in the hypothalamus 

(0.4 pmol/mg protein) was found to be only marginally less 

than that in the cerebral cortex (0.48 pmol/mg protein). 
Experiments using autoradiographic and in situ hybridiza- 

tion techniques, have shown that there are many similari- 

ties between the central distribution pattern of specific 

[3H]CP 55,940 binding sites and that of cannabinoid CB1 
receptor mRNA in rat and human (Mailleux and Vander- 

haeghen, 1992a,b; Rubino et al., 1994; Westlake et al., 

1994). Some differences have been observed, but these may 
well reflect a spatial separation between nerve terminals 

bearing CB1 receptors and cell bodies that contain the CB1 

receptor mRNA. For example, in rat or human, the globus 
pallidus, entopeduncular nucleus and substantia nigra pars 
reticulata, which all contain large populations of canna- 
binoid CB, binding sites, are devoid of any detectable can- 

nabinoid CB1 receptor mRNA. These are all brain regions 

in which cannabinoid CB1 binding sites are known to be 
present on the fibres and terminals of neurons projecting 
from the corpus striatum (i.e., at sites remote from neuronal 
cell bodies) (Herkenham et al., 1991b). 

4.1.9.2. Age, sex and rat strain. In autoradiographic stud- 
ies with human basal ganglia, Mailleux and Vanderhaeghen 
(1992b) observed similar levels of [3H]CP 55,940 binding 
in post mortem tissue taken from infants as in tissue taken 
from 80-year-old adults. However, in saturation binding as- 
says with male and female Wistar rat brain membrane prep- 
arations, Rodriguez de Fonseca et al. (1993) found that the 
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binding capacity (B,,,) of forebrain, striatum and ventral 

mesencephalon for [JH]CP 55,940 changed with age, in- 

creasing until 30 or 40 days after birth, and then remaining 

constant or declining. They also found that the binding ca- 
pacity for [3H]CP 55,940 was higher in female than male 

forebrain at 2 days after birth, but higher in male than fe- 
male forebrain at 5 days after birth. Subtle sex differences in 

binding capacity were also observed in older rats in striatum 

and ventral mesencephalon but not in the limbic forebrain. 

Similarly, Belue et al. (1995) have observed age-related in- 
creases in B,,, values for [3H]CP 55,940 in various areas of 

male and female Wistar rat brains between birth and the 

age of 60 days. The greatest change in binding capacity 

with age was observed in cerebellar tissue, and the least in 

hippocampal and hypothalamic tissue. No significant dif- 

ferences between male and female values of B,,, or canna- 
binoid receptor binding affinity were noted. In addition, 

Belue et al. (1995) found binding capacity for [3H]CP 

55,940 to be similar in the whole brains of young adult male 

Sprague-Dawley, Wistar, and Hooded Hybrid rats. Experi- 

ments with Hooded Hybrid rats aged from 3 to 32 months 

indicated that the aging process is not associated with any 

significant change in the binding capacity of whole brain 

for [3H]CP 55,940 in this strain. McLaughlin et al. (1994) 

found that B,,, values of specific [3H]CP 55,940 binding 
sites in Sprague-Dawley rat cerebral cortex rose progres- 

sively from 3 days after birth to adulthood, whereas there 

were no age-related changes in whole brain cannabinoid 

CBI receptor mRNA levels. Specific cannabinoid binding 

sites and cannabinoid CB, receptor mRNA have been de- 

tected in newborn human brain (Mailleux and Vanderhae- 
ghen, 1992b), in rat brain O-3 days after birth (Rodriguez 

de Fonseca et al., 1993; Belue et al., 1995; McLaughlin et al., 

1994), and in the preimplantation mouse embryo (Paria et 

al., 1995). No age-related effects on the Kd of [3H]CP 

55,940 have been detected in rat brain (Belue et al., 1995; 

McLaughlin et al., 1994). 

4.1.9.3. Neurological disorders. There have been two auto- 

radiographic studies with post mortem brains from patients 
with a history of Huntington’s disease, both of which have 

provided evidence that associated with this disease is a 

marked loss of cannabinoid CB, receptors from the fibres or 
terminals of neurons projecting from the corpus striatum. 

The first of these was conducted by Glass et al. (1993) with 

two Huntington’s disease brains and two control brains. 
They focused on the substantia nigra and demonstrated an 

almost complete disappearance of [JH]CP 55,940 binding 
from the pars reticulata in Huntington’s disease, presum- 
ably reflecting loss of striatonigral neurons. The second in- 
vestigation compared [3H]CP 55,940 binding in 12 Hun- 
tington’s disease brains with that in 12 control brains 
(Richfield and Herkenham, 1994). The effect of Hunting- 
ton’s disease on [3H]CP 55,940 binding was examined in 
the globus pallidus and striatum (caudate nucleus and puta- 
men). Significant decreases in specific binding were ob- 
served in both areas, the larger of these occurring in the 

globus pallidus, probably from striatal projection neurons. 

The degree of loss of cannabinoid binding sites was found 

to correlate with the grade of neuropathological severity. It 

was also noted that binding was affected more in the lateral 
than medial globus pallidus. 

Westlake et al. (1994) examined cannabinoid binding and 

mRNA expression in post mortem brains from aged sub- 

jects, five with a history of Alzheimer’s disease and three 
with no history of dementia. In the Alzheimer’s disease 

brains, significant decreases in [JH]CP 55,940 binding were 
detected in the caudate, but not the putamen, in the me- 

dial, but not the lateral segment of the globus pallidus, in 

the substantia nigra pars reticulata, and in most regions of 

the hippocampus. [jH]CP 55,940 binding was also exam- 

ined in certain areas of the cerebral cortex (parts of the in- 

sular cortex and of the superior temporal cortex). These 
were found not to be significantly affected by Alzheimer’s 

disease. Nor were levels of cannabinoid CB1 receptor 
mRNA found to be significantly less in Alzheimer’s disease 

brains than in control brains. 

The clinical consequences of cannabinoid receptor loss 
from certain brain areas in neurological disorders remain to 

be established. The question of whether such losses reflect a 

general atrophy of neuronal tissue or more specific canna- 

binoid receptor down-regulation has also still to be re- 

solved. 

4.1.9.4. Repeated administration of cannabinoid receptor 
agonists. As detailed below, there are two reports from ex- 

periments with rats that cannabinoid binding in the brain 

decreases following cannabinoid pretreatment, and one 

that it increases. The reason for this discrepancy has yet to 

be determined. Oviedo et al. (1993) investigated the effect 
of cannabinoid pretreatment on [3H]CP 55,940 binding to 

brain sections. They found that repeated in viva pretreat- 

ment with CP 55,940 (l-10 mg/kg i.p.) or A9-THC (10 mg/ 

kg i.p.) significantly decreased the density of [JH]CP 55,940 

binding sites in the olfactory tubercle, nucleus accumbens, 

caudate-putamen and septum. Although the predominant 

effect of cannabinoid pretreatment on [3H]CP 55,940 bind- 
ing was a reduction in B,,,, a slight decrease in Kd was de- 

tected in response to pretreatment with the highest dose of 

CP 55,940 used, whilst the A9-THC pretreatment induced 

a slight increase in Kd. Rodriguez de Fonseca et al. (1994) 
examined the effect of a 7-day pretreatment of rats with A9- 
THC (6.4 mg/kg/day i.p.) on specific [3H]CP 55,940 bind- 
ing to brain membrane preparations. In tissue obtained 
from limbic forebrain and striatum, this pretreatment was 

found to decrease the density of [JH]CP 55,940 binding 
sites without affecting Kd. No significant change in binding 
density occurred in membranes obtained from the ventral 
mesencephalon following A9-THC pretreatment. The re- 
peated pretreatments with A9-THC or CP 55,940 used by 
Oviedo et ~1. (1993) and by Rodriguez de Fonseca et al. 
(1994) also induced behavioural tolerance, as measured by 
a decrease in cannabinoid-induced hypokinesia. In contrast 
to these earlier studies, Romero et al. (1995) detected only 
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increases in the density of [3H]CP 55,940 binding sites in 

cerebellar and hippocampal membrane preparations ob- 

tained from rats that had received repeated injections of 
A9-THC or anandamide at a dose level of 3 m&g i.p. Sin- 

gle administration of A9-THC or anandamide also in- 

creased cerebellar and hippocampal B,,, values of [3H]CP 

55,940. No change in the Kd of [3H]CP 55,940 was detected 
after repeated injections of A9-THC or anandamide. How- 

ever, an increase in Kd did occur after single administration, 

most probably accounting for the concomitant increases in 
B max values. The binding properties of membrane prepara- 

tions obtained from rat hypothalamus, limbic cortex or 
mesencephalon were unaffected by single or repeated pre- 

treatment with A9-THC or anandamide. 

There is evidence that in viva cannabinoid pretreatment 

of rats or mice can affect not only cannabinoid binding to 

brain tissue, but also brain levels of cannabinoid CB, recep- 

tot mRNA. Again, however, the direction of the observed 

change has not always been the same. Rubino et al. (1994) 

reported that rats that had been rendered tolerant to the 

hypokinetic effect of CP 55,940 by repeated administration 
of this drug (0.4 mg/kg i.p., once daily for 11 days), showed 

a significant reduction in the level of cannabinoid CB1 re- 

ceptor mRNA in the caudate-putamen, although not in 
other brain areas, including the cerebellum. In contrast, a 

change in cannabinoid receptor expression has been de- 

tected in mouse cerebellum following in viva cannabinoid 

pretreatment. Thus, pretreatment of mice with CP 55,940 

(2 mg/kg s.c twice daily for 6.5 days) was found to induce an 
increase in the level of cannabinoid CB1 receptor mRNA 

(Fan et al., 1996). The same pretreatment produced signifi- 

cant tolerance to CP 55,940-induced hypokinesia, hypo- 

thermia and catalepsy. It also induced a marked decrease in 
the density of cerebellar [JH]CP 55,940 binding sites, but 

had no effect on the cerebellar Kd of [3H]CP 55,940. The 

increase in cannabinoid CB1 receptor mRNA level ob- 

served in mouse cerebellum may have been a compensatory 

change, provoked by the loss of cannabinoid receptors from 

this brain area (Fan et al., 1996). In earlier experiments 
with mice, the same research group had investigated the ef- 

fect of cannabinoid pretreatment on [3H]CP 55,940 bind- 
ing and cannabinoid CB, receptor mRNA levels in tissue 
obtained from whole brain (Abood et al., 1993). They 

found that although pretreatment with A9-THC (10 mg/kg 

i.p. once daily for 6.5 days) provoked tolerance to the hypo- 
kinetic effect of this drug, it did not produce any detectable 
change in the B,,, or Kd of [3H]CP 55,940 or in canna- 
binoid CB1 receptor mRNA levels. 

4.1.10. D$ferentid coupling efficiencies of cannabinoid receptors 
in the bruin. Sim et al. (1995) have investigated the effi- 
ciency with which cannabinoid receptors are coupled to 
G-proteins in different parts of rat brain. Their experiments 
relied on the ability of agonists for G-protein-coupled re- 
ceptors to stimulate binding of GTP[+%] to G-proteins, 
measured autoradiographically in brain sections pretreated 
with GDP to minimize the background level of GTP[y-35S] 

binding. WIN 55,212-2-induced activation of GTP[y-%] 

binding was found to be greatest in many of the brain areas 

known also to be particularly rich in cannabinoid binding 
sites: the substantia nigra, the globus pallidus, the caudate- 

putamen and the hippocampus. Evidence that the stimula- 

tory effect of WIN 55,212-2 on GTP[y-%] binding was 
cannabinoid receptor-mediated came from the observation 

that it could be markedly attenuated by 300 nM SR 

141716A. Some brain areas that differ in their density of 

cannabinoid receptors, for example, the hippocampus and 

cerebral cortex, did not differ in their sensitivity to WIN 

55,212-2-induced activation of GTP[y-3%] binding. This 
would suggest that there are regional differences in the effi- 

ciency with which cannabinoid receptors are coupled to 

their effector mechanisms in the brain and that because of 

these differences, cannabinoid receptor agonists may not al- 

ways show their greatest potency or efficacy in brain areas 

that are the most densely populated with cannabinoid 

receptors. Stimulation of GTP[+S] binding by WIN 

55,2212-2 has also been observed in assays performed with 

rat cerebellar or striatal membrane preparations (Selley et 
al., 1996; Sim et al., 1996). Results obtained from the ex- 

periments with striatal membranes suggest that the cou- 

pling efficiency of cannabinoid CB, receptors is about 7 
times less than that of CL- or &opioid receptors (Sim et al., 

1996). 

4.2. Signal Transduction Mechanisms 

4.2.1. Ion channels. 
4.2.1.1. hhibitim of calcium cuwents . There is good evidence 
from experiments with NG 108- 15 and N 18 neuroblastoma 

cells that cannabinoid receptors are negatively coupled to 

calcium channels through Gi- or Go-proteins (Table 4). 

Thus, several cannabinoid receptor agonists have been 

shown to produce a concentration-related inhibition of 
voltage-activated inward calcium currents in these cell 

lines. In addition, one of these cannabinoids, WIN 55,212, 

has been found to exhibit significant stereoselectivity as an 

inhibitor of calcium channels, the (+)-enantiomer (WIN 
55,212-2) showing activity at concentrations of 1 nM and 

above and the (-)-enantiomer (WIN 55,212-3) no activ- 
ity, even at a concentration of 1 FM (Mackie and Hille, 

1992). It has also been demonstrated that N18 neuroblas- 

toma cells express specific high-affinity binding sites for 
cannabinoids (Section 4.1.4.1). Further support for a recep- 
tor involvement comes from the high potency shown by 
WIN 55,212, CP 55,940 and anandamide as inhibitors of 
calcium channels in several studies with neuroblastoma 
cells (Table 4). That the inhibitory effect of cannabinoids 
on calcium channels is mediated by Gi- or G,-proteins is in- 
dicated by the demonstration that it is sensitive to pertussis 
toxin, guanosine-5’sO-(2-thiodiphosphate) and N-ethyl- 
maleimide (Caulfield and Brown, 1992; Mackie and Hille, 
1992; Mackie et al., 1993; Pan et al., 1996). 

Results from more recent experiments with a murine tu- 
mor line (AtT-20) transfected with functional rat or hu- 
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TABLE 4. Effect of Cannabinoids on Calcium Currents in Membranes of Cultured Cells Expressing Cannabinoid CB, Receptors 

Preparation 
Measured 

effect Agonist 

Agonist 
concentration 

(nM) 

Change 
produced Other Reference 

Murine AtT-20 
cells stably 
transfected 
with rat 
CB, receptors 

Murine AtT-20 
cells 
transfected 
with human 
CB, receptors 

Rat superior 
cervical ganglion 
cultured neurons 
transfected 
with rat 
CB, receptors 

NG108.15 
neuroblastoma 
cells 

NG108-15 
neuroblastoma- 
glioma 
cells 

N18 
neuroblastoma 
cells 

N18 
neuroblastoma 
cells 

N18 
neuroblastoma 
cells 

Voltage clamped 
recordings of 
voltage-activated 
calcium currents 

WIN 55,212-2 

Anandamide 

Voltage clamped 
recordings of 
voltage-activated 
calcium currents 

WIN 55,212-2 

l-300 Inhibition 
(EC,0 = 11) (max = 40%) 

300 Inhibition 

100 Inhibition 

P, w Mackie et al., 1995 

- 

- Felder et al., 1995 

Voltage clamped 
recordings of 
voltage-activated 
calcium currents 

WIN 55,212-2 

CP 55,940 

Voltage clamped A9-THC 
recordings of 
high-voltage-activated CP 55,940 
calcium currents 

Voltage clamped WIN 55,212.2 
recordings of 
high-voltage-activated 
calcium currents CP 55,940 

Voltage clamped Anandamide 
recordings of 
voltage-activated 
calcium currents WIN 55,212-2 

Voltage clamped Anandamide 
recordings of 
voltage-activated 
calcium currents WIN 55,212.2 

Voltage clamped 
recordings of 
voltage-activated 
calcium currents 

Mead 
ethanolamide 

l-3000 Inhibition 
(E&, = 47) (max = 73%) 

l-10,000 

(EGO = 7) 

30 /.LM 

I FM 

Inhibition 
(max = 38%) 

Inhibition 

Inhibition 

l-1000 Inhibition 
(E(& = ca. 3) (max = 43%) 

100 
l-300 

(EC& = 20) 

Inhibition 
Inhibition 
(max = 33%) 

100 Inhibition 
(max = 54%) 
Inhibition ca. lo-300 

p, 08 Pan et al., 1996 

P, wg Caulfield and Brown, 1992 

P, 08 

P, og Mackie and Hille, 1992 

- 

P, og Mackie et al., 1993 

- 

- Felder et $., 1993 
(E(& = ca. 10) (max = ca. 33%) 

ca. 3-100 Inhibition - 
(ECSO = ca. 10) (max = ca. 43%) 

30-1000 Inhibition - Priller et al., 1995 
(E(& = 124) (max = ca. 60%) 

P, pertussis toxin sensitive; o, w-conotoxin MVIIC sensitive; og, o-conotoxin GVIA sensitive; Mead ethanolamide, 52, SZ, 1 lZ-eicosatrienoic acid; max, 
maximum. Cannabinoid structures are given in Figs. l-10. 

man cannabinoid CB, receptors (Table 4) or with human 

CB2 receptors have shown that the type of cannabinoid re- 

ceptor to which calcium channels are negatively coupled is 

CB1. These experiments demonstrated that cannabinoids 

inhibit calcium channels in cells expressing CB, receptors 

(864 fmol of specific [3H]WIN 55,212-2 binding sites/mg 

protein), but not in untransfected cells or in cells express- 

ing CB2 receptors (Felder et al., 1995; Mackie et al., 1995). 

The effect of SR141716A on cannabinoid-induced inhibi- 

tion of calcium channels has yet to be announced. 

Cannabinoid CB1 receptors are known to be negatively 

coupled to adenylate cyclase (Section 4.2.2). However, 

there is evidence that cannabinoids do not act through this 

enzyme to alter calcium conductance. Thus, the inhibitory 

effect of cannabinoids on calcium currents has been shown 

to persist in neuroblastoma cells in the presence both of stable 

analogs of cyclic AMP and of the phosphodiesterase inhibi- 

tor 3-isobutyl)l-methyl-xanthine (Mackie and Hille, 1992). 

In NG108-15 and N18 neuroblastoma cells, canna- 

binoids seem to exert their inhibitory effect on calcium 

conductance mainly through an effect on N-type channels. 

Thus, inhibition of calcium currents induced by A9-THC, 

CP 55,940, WIN 55,212-2 or anandamide in these cell 

lines has been shown to be more readily attenuated by an 

N-type calcium channel blocker (w-conotoxin GVIA), 

than by an L-type blocker (nitrendipine or nifedipine) 

(Caulfield and Brown, 1992; Mackie and Hille, 1992; 

Mackie et al., 1993). Similar results have been obtained in 

experiments with rat cultured hippocampal neurons.* 

*Twitchell, W. and Mackie, K. (1996) Cannabinoids inhibit voltage- 
dependent calcium channels in cultured hippocampal neurons. In: Pro- 
ceedings of the International Cannabinoid Research Society, p. 17. 
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These showed WIN 55,212-2 to act mainly on N-type 
(w-conotoxin GVIA-sensitive) and P/Q-type (o-conotoxin 
MVIIC-sensitive) calcium channels. Caulfield and Brown 

(1992) reported that although inhibition of calcium chan- 

nels by A9-THC and CP 55,940 in neuroblastoma cells re- 

sults mainly from a decrease in the w-conotoxin-sensitive 

portion of high-voltage activated current, there is also some 

decrease both in NiCll-sensitive low-voltage activated cur- 
rent (T-type) and in the nifedipine-sensitive portion of 

high-voltage activated current (L-type). On the other 

hand, other experiments with neuroblastoma cells, as well 

as with rat superior cervical ganglion neurons transfected 

with rat CB, receptors, have indicated that inhibition of 

high-voltage activated calcium current by WIN 55,212-2 or 
anandamide is restricted to the w-conotoxin-sensitive por- 

tion of high-voltage activated current, and is unaffected by 

L-type calcium channel blockers or agonists (Mackie and 

Hille, 1992; Mackie et al., 1993; Pan et al., 1996). Mackie et 

al. (1993) have also failed to detect any cannabinoid-in- 

duced inhibition of T-type calcium currents. The explana- 
tion for these differences remains to be established, one 

possibility being that they reflect the use of higher cannab- 

inoid concentrations by Caulfield and Brown than by 
Mackie et al. or Pan et al. (Table 4). 

The main types of calcium channels expressed by AtT-20 

cells are L-type, Q-type, and possibly also R-type (Mackie et 

al., 1995). N-type channels are expressed only at low levels, 

whilst P-type and low-voltage-activated calcium channels 

are absent altogether. Mackie et al. (1995) found that in 
cannabinoid CB,-transfected AtT-20 cells, WIN 55,212-2 

produced a concentration-related, voltage-dependent, per- 
tussis toxin-sensitive inhibition of high-voltage-activated 

calcium current. This was attributed mainly to an effect on 

the Q-type channels (o-conotoxin MVIIC-sensitive chan- 
nels). No effect of WIN 55,212-2 was detected either on 

N-type channels, possibly because of their rather low ex- 

pression level in AtT-20 cells, or on L-type channels. 

Mackie et al. (1993) have reported that the maximal in- 

hibitory effect of anandamide on calcium currents in N18 
neuroblastoma cells (33%) is significantly less than that of 
WIN 55,212-2 (54%). They have also found that a maxi- 

mal concentration of anandamide (but not of CP 55,940) 
will partially reverse WIN 55,212-2-induced inhibition of 

calcium currents in such cells. Thus, anandamide seems to 

have a lower efficacy than WIN 55,212s2 in this model sys- 
tem. Interestingly, when the effect of anandamide on cal- 
cium currents (and potassium currents) was measured in 
murine tumor AtT-20 cells, its maximal effect was found to 
be no less than that of WIN 55,212-2 (Mackie et al., 1995). 
More recently, Pan et al. (1996) found that although cal- 
cium currents in rat superior cervical ganglion neurons 
transfected with rat CB, cannabinoid receptors were readily 
blocked by WIN 55,212-2, they were unaffected by anand- 
amide in 75% of the cells investigated. Insensitivity to 
anandamide was also observed in the presence of the pro- 
tease inhibitor PMSF. These results support the notion that 
anandamide is a partial agonist (Section 3.1), and may be 

an indication that AtT-20 cells transfected with canna- 

binoid CBI receptors express more of these receptors than 
N18 neuroblastoma cells or rat superior cervical ganglion 

cells, or that cannabinoid receptors couple differently or 

more efficiently to their effector systems in transfected 
AtT-20 cells than in the other cell lines (Mackie et al., 

1995; Pan et al., 1996). It was also found by Pan et al. 

(1996) that although CP 55,940 shares the ability of WIN 
55,212-2 to inhibit calcium currents in transfected superior 

cervical ganglion cells, its efficacy in these cells is markedly 

less than that of the aminoalkylindole. 

In line with the evidence that cannabinoid receptors are 

negatively coupled to calcium channels are reports that 

cannabinoids can attenuate KCl-evoked rises in calcium 

ion concentration within synaptosomes prepared from rat 

or mouse whole brain or from mouse spinal cord (Okada et 
al., 1992; Pugh et al., 1994). There is also a report that the 

second component of a biphasic increase in calcium ion 

levels induced by KC1 within SH-SY5Y cells can be par- 

tially reversed by 10 PM nabilone (Fig. 7) (Hirst and Lam- 

bert, 1995). However, it is noteworthy that in one of these 

investigations, a subnanomolar concentration of A9-THC 
was found to produce a small, but statistically significant, 

enhancement of a KCl-evoked rise in intrasynaptosomal 

calcium (Okada et al., 1992). 

4.2.1.2. Enhancement of inwardly rectifying potassium cuwents. 

Henry and Chavkin (1995) transfected Xenopus his oo- 
cytes with both inwardly rectifying potassium channels 

(GIRKl) and cannabinoid CB, receptors. As a result, the 

cells contained 46 fmol[3H]WIN 55,212-2 binding sites per 

oocyte (5.8 pmol/mg protein). They found that WIN 
55,212-2 produced a concentration-related increase in in- 
wardly rectifying potassium currents in the transfected cells 

(ECsO = 630 nM). Similarly, Mackie et al. (1995) found 

WIN 55,212-2 to produce a concentration-related activa- 

tion of inwardly rectifying potassium currents in canna- 

binoid CB1 receptor transfected murine tumor AtT-20 
cells. In this investigation, WIN 55,212-2 was shown to be 

somewhat more potent (EC50 = 12 nM) and its effect to be 
stereoselective. The drug had no detectable effect on in- 
wardly rectifying potassium currents in either X. laevis oo- 

cytes or AtT-20 cells unless the cells had first been trans- 
fected with cannabinoid CB, receptors. The effect of WIN 

55,212-2 on potassium conductance in transfected AtT-20 

cells was pertussis toxin-sensitive, pointing to an involve- 
ment of G, or G, proteins. However, the effect of WIN 
55,212-2 on potassium conductance in Xenopus oocytes was 
not affected by pretreatment with pertussis toxin, suggest- 
ing either that the effect is mediated by pertussis toxin- 
insensitive forms of these proteins that are known to be 
present in Xenopus oocytes (Henry and Chavkin, 1995) or 
that it is not mediated by G,- or G,-proteins in this model 
system. 

4.2.1.3. Enhancement of A-type outward potassium currents. 
It has been shown by Deadwyler et al. (1993) in experiments 
with cultured hippocampal neurons that the cannabinoid 
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receptor agonist CP 55,244 can produce concentration- 

related increases in voltage-dependent A-type outward po- 

tassium currents, as indicated, for example, by marked shifts 

in conductance-voltage (Boltzmann) curves. Other can- 
nabinoids shown to increase A-type potassium currents in- 

cluded WIN 55,212-2, CP 55,940 and levonantradol. This 

effect of cannabinoids on potassium conductance appears 

to be mediated by Gi- or G,-proteins, as it is pertussis toxin- 

sensitive and as it can be mimicked by the nonhydrolysable 

GTP analog GTP-)I-S (Deadwyler et al., 1993). 
The ability of cannabinoids to enhance A-type potassium 

conductance may also depend on the inhibition of cyclic 

AMP production. Thus, it has been reported by Deadwyler 

et al. (199513) that: 
(i) the membrane-permeable analog of cyclic AMP, 

8-bromo-cyclic AMP, the phosphodiesterase inhibitor 
3-isobutyl-1-methyl,xanthine, and forskolin can each de- 

crease voltage-dependent A-type potassium currents in cul- 

tured hippocampal neurons; 

(ii) the inhibitory ff e ect of forskolin on A-type potassium 

currents can be reversed by 2 FM WIN 55,212-2; 
(iii) forskolin-stimulated cyclic AMP production by the 

type of cultured hippocampal neurons used in the electro- 

physiological experiments can be inhibited by 1 p,M WIN 

55,212-2 and also by other cannabinoid receptor agonists; 

and 
(iv) as would be expected for a cannabinoid receptor- 

mediated event, the inhibitory effect of WIN 55,212-2 on 
forskolin-stimulated cyclic AMP production is stereoselec- 

tive. It is also pertussis toxin-sensitive, pointing to an in- 

volvement of Gi- or Go-proteins. 

A likely explanation of these results is that activation of 
adenylate cyclase by forskolin produces an inhibition of 

voltage-dependent A-type potassium currents and that 

WIN 55,212-2 may reverse this effect by acting through 

cannabinoid receptors to counteract the excitatory effect of 

forskolin on adenylate cyclase (Deadwyler et al., 1995b). 

A dependence of cannabinoid-induced enhancement of 
A-type potassium currents on G,- or G,-proteins, and possi- 

bly also on inhibition of adenylate cyclase, supports the no- 

tion that cannabinoid receptors are positively coupled to 
A-type potassium channels. However, the potency of the 

cannabinoid receptor agonists so far investigated is some- 

what less than might have been expected for a cannabinoid 
receptor-mediated process. For example, the ECSO of CP 

55,244 for the enhancement of A-type potassium currents 
was found to be 1.2 FM (Deadwyler et al., 1993). This is 

about 200 times less than its potency as an inhibitor of ade- 

nylate cyclase in N18TG2 neuroblastoma cells (Howlett et 
al., 1988). Possibly, cannabinoid potency values were rather 
low in the experiments with cultured hippocampal neurons 
because, apart from the bathing medium, the only canna- 
binoid vehicle to have been used was ethanol, and even 
this was later removed by evaporation. It is also possible 
that the cultured neurons contained cannabinoid receptors 
that were present in smaller numbers than in the (transe 
formed) neuroblastoma cells or that were differently or less 

efficiently coupled to their effector systems (Deadwyler et 

al., 1993). It is noteworthy, therefore, that Deadwyler et al. 
(1993) also investigated the potencies of WIN 55,212-2 

and CP 55,940 as stimulators of low K, GTPase activity, 
which can provide a quantitative measure of G-protein- 

coupled receptor function. These experiments were carried 

out with adult rat hippocampal membranes. WIN 55,212-2 

and CP 55,940 significantly increased GTPase activity in 

membranes taken from hippocampal areas known to be rich 
in cannabinoid receptors (molecular and cell layers of the 

dentate gyrus), but not in whole hippocampus membranes. 

The potency of each cannabinoid was similar to its potency 

as a facilitator of A-type potassium conductance in cultured 

hippocampal neurons. 

4.2.1.4. Inhibition of inward currents induced b activation of 

5-hydroxytryptmnine (5-HT), receptors. Fan (1995) found that 

inward currents induced in rat nodose ganglion neurons by 

5-HT or by the selective 5-HT, receptor agonist 2-methyl- 

serotonin could be attenuated by cannabinoids. This effect 
was not dependent on membrane potential. The canna- 

binoids investigated were CP 55,940 (EC,, = 94 nM), 

anandamide (E& = 190 nM), WIN 55,212-2 (E(& = 310 

nM) and CP 56,667 (ECsO = 1600 nM). For anandamide, 

at least, the inhibitory effect was found to be unaffected by 
intracellular application of stable analogs of cyclic AMP 

(Sp-cyclic AMP) or GTP (GDP-P-S), or by the administra- 

tion of the opioid receptor antagonist naltrexone (2 FM). 

The effect therefore, appears to be independent both of cy 
clic AMP production and of opioid receptors. Whether it is 

also independent of G-proteins remains to be established, 

as GDP-P-S does not block all G-protein-mediated re- 

sponses (Fan, 1995). The finding that CP 55,940 was mark- 

edly more potent than its enantiomer CP 56,667, supports 

some kind of specific mechanism. It remains to be estab- 
lished, however, whether the effect of cannabinoids on 

5-HT, receptor-mediated currents involves the activation 
of cannabinoid receptors or, indeed, whether rat nodose 

ganglion neurons contain such receptors. 

4.2.1 S. Znhibition of inward sodium currents. Turkanis et al. 

(1991b) used whole-cell voltage-clamp techniques to in- 

vestigate the effect of A9-THC on voltage-gated sodium 

currents in NIE-115 mouse neuroblastoma cells. They 
found that A9-THC decreased the peak amplitude of in- 

ward sodium currents, an indication that the drug can block 
sodium channels. The drug also decreased both the activa- 
tion and the inactivation rates of these channels. All three 

effects were concentration-related (ca. 100 nM to 8 FM). 
A9-THC did not alter the reversal potential, suggesting that 
channel selectivity for sodium is unaffected by this drug. 
Although Turkanis et al. (1991b) found that outward so- 
dium currents in NIE- 115 mouse neuroblastoma cells were 
unchanged by A9-THC, further experiments revealed that 
both inward and outward sodium currents in these cells 
could be depressed by its metabolite 11-hydroxy-A9-THC 
(Turkanis et al., 1991a). The role of cannabinoid receptors 
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in these effects on sodium conductance remains to be in- 

vestigated. 

4.2.1.6. Modulation of neurorransmitter release. There is good 
evidence that at least some central CB, receptors are lo- 

cated on presynaptic nerve terminals. These probably in- 
clude receptors in the olfactory bulb, in Ammon’s horn 

dendritic layers of the hippocampus, and on efferent striatal 

projection neurons in the globus pallidus, entopeduncular 

nucleus and substantia nigra pars reticulata (Herkenham et 

al., 1991b; Mailleux and Vanderhaeghen, 1992a). There is 

also evidence for the presence of CBI receptors on nerve 

terminals outside the CNS (Sections 6.3.3 and 6.3.4). The 
function of presynaptically located cannabinoid receptors 

may well be to oppose successful synaptic transmission 

through inhibition of N- and P/Q-type inward calcium currents 

(Section 4.2.1.1) and/or activation of inwardly rectifying 

potassium currents (Section 4.2.1.2). Thus, cannabinoid- 

induced inhibition of calcium conductance is expected to 
depress transmitter release, whilst cannabinoid-induced acti- 

vation of inwardly rectifying potassium currents is expected 

to keep the membrane potential negative to the activation 
threshold for sodium and calcium channels and so reduce 

the likelihood of pre- and postsynaptic depolarization, of 

action potential generation and of impulse propagation 

(Mackie et al., 1995). Indeed, Mackie et al. (1993) have pro- 
posed that the endogenous cannabinoid anandamide may 

function as a neuromodulator that serves to dampen neu- 
rotransmitter release during periods of intense stimulation. 

It has also been speculated by Deadwyler et al. (1993) that 

by enhancing A-type potassium conductance, cannabinoid 

receptors may prevent or suppress multiple or repetitive 

spiking in hippocampal cells. 

More direct evidence that cannabinoid CB, receptors 
can mediate the suppression of transmitter release comes 

from the observation that electrically evoked release of 
14C-acetylcholine from rat hippocampal slices is inhibited 

by submicromolar concentrations of WIN 55,212-2 (E(& = 

30 nM), that this effect is concentration-related, and that it 

is susceptible to antagonism by submicromolar concentra- 

tions of SR141716A (Gifford and Ashby, 1996). The likeli- 
hood that cannabinoid CB, receptors also mediate the sup- 

pression of transmitter release from autonomic nerve 
terminals is discussed in Sections 6.3.3 and 6.3.4. 

4.2.2. Inhibition of adenylate cyclase. The evidence that 
cannabinoid CB1 receptors are negatively coupled to aden- 
ylate cyclase, and that this is through inhibitory G-pro- 
teins, is summarized below. 

(i) Cannabinoids inhibit adenylate cyclase in prepara- 
tions that contain cannabinoid CB1 receptors. Thus, vari- 
ous cannabinoid receptor agonists have been shown to at- 
tenuate cyclic AMP production by murine neuroblastoma 
N18TG2 and human U373 MG astrocytoma cell prepara- 
tions (Tables 5 and 6). These are both cell lines that con- 
tain specific cannabinoid binding sites (Vogel et al., 1993; 
Bouaboula et al., 1995a). As shown in Tables 5 and 6, can- 

nabinoid-induced inhibition of cyclic AMP production has 
also been detected in cultured CHO and human embryonal 

kidney 293 cells transfected with cDNA clones encoding 

cannabinoid CB, receptor protein and in tissue obtained 
from brain areas known to be rich in cannabinoid CB, 

binding sites (Section 4.1.9.1). Submicromolar concentra- 

tions of cannabinoids are without effect in untransfected 

CHO or embryonal kidney 293 cells, greatly strengthening 

the evidence that cannabinoid-induced inhibition of aden- 

ylate cyclase is receptor-mediated (Matsuda et al., 1990; 
Gerard et al., 1991; Felder et al., 1993; Vogel et al., 1993; 

Song and Bonner, 1996). The involvement of specific re- 

ceptors is also supported by the finding that cannabinoid- 

induced inhibition of cyclic AMP production is not ob- 

served in all plasma membrane adenylate cyclase systems 

(Howlett et al., 1986). 

(ii) Brain regions in which cannabinoids are effective in- 

hibitors of adenylate cyclase are those most densely popu- 

lated with cannabinoid binding sites (Section 4.1.9.1). 
Bidaut-Russell et al. (1990) showed that cyclic AMP pro- 

duction could be inhibited by DALN in slices of rat hippo- 

campus, striatum, cerebral cortex and cerebellum. The cer- 
ebellar slices were most sensitive to this inhibitory effect. 

Cannabinoid-induced inhibition of cyclic AMP production 

has also been noted in membrane preparations of rat cere- 
bellum, striatum and substantia nigra (Tables 5 and 6). 

Childers et al. (1994) noted marked inhibition of cyclic 

AMP production by WIN 55,212-2 and anandamide in rat 

cerebellar membranes, less inhibition in striatal membranes 

and even less in cortical membranes. No significant inhibi- 

tion of cyclic AMP production was detected in membranes 

obtained from amygdala, hypothalamus, thalamus, superior 
colliculus or brain stem, all of which are expected to con- 

tain relatively few cannabinoid receptors (Section 4.1.9.1). 

Interestingly, unlike Bidaut-Russell et al. (1990), Childers 
et al. (1994) failed to detect significant cannabinoid- 

induced inhibition of adenylate cyclase in one cannabinoid 

receptor-rich area of the brain, the hippocampus. This ap- 

parent anomaly is discussed at the end of this section. Fi- 

nally, Herkenham et al. (1991a) has reported similarities 
between the distribution of [3H]forskolin binding to adeny 
late cyclase and that of [3H]CP 55,940 binding sites in the 

cerebellum (Section 4.1.9.1). 
(iii) Cannabinoid-induced inhibition of cyclic AMP pro- 

duction in preparations known to contain cannabinoid CB1 
receptors can be readily antagonized by the selective CB1 
receptor antagonist, SR141716A. This has been demon- 
strated in experiments with WIN 55,212-2 using synapto- 
somes obtained from rat substantia nigra, with CP 55,940 
using human U373 MG astrocytoma cells, with WIN 
55,212-2 and CP 55,940 using rat GH4Cl cells, or mouse x 
rat hybridoma NG108-15 cells, which express both rat and 
mouse CB1 receptors (Ho and Zhao, 1996), with CP 55,940 
and anandamide using CHO cells transfected with human 
cannabinoid CB, receptors (Bouaboula et al., 1995a; Felder 
et al., 1995; Rinaldi-Carmona et al., 1994) and with CP 55,940 
using mouse isolated vasa deferentia (Section 6.3.4). 
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(iv) The ability of cannabinoids to inhibit adenylate cy 

clase correlates well with their psychotropic potency and 

with their affinity for cannabinoid CBI binding sites. Thus, 

for several cannabinoids, the rank order of potency for inhi- 
bition of cyclic AMP production has been shown to corre- 

spond to that for displacing a radiolabeled probe from spe- 

cific CB, cannabinoid binding sites or for eliciting 

cannabimimetic responses in various functional canna- 

binoid bioassays (e.g., HU-210 > CP 55,940 > A9-THC > 

anandamide > cannabinol >> cannabidiol) (Felder et al., 

1992, 1995; Howlett, 1987; Tables 2 and 5). There have 

also been numerous experiments showing good agreement 
between the relative affinities of enantiomeric pairs of can- 

nabinoids for CB, binding sites and the relative potencies 

of the same enantiomers for inhibition of cyclic AMP pro- 

duction by neuroblastoma N18TG2 cell membranes, by 

cells transfected with human or rat cannabinoid CB1 recep- 

tors, by rat cerebellar membranes or by rat cultured cerebel- 

lar granule cells (Tables 3 and 6). 
(v) Cannabinoid-induced inhibition of adenylate cyclase 

is not mediated by certain noncannabinoid receptors that 

are also negatively coupled to this enzyme via G-protein. In 

experiments with neuroblastoma N18TG2 cell membranes, 

known to contain muscarinic cholinoceptors, cwz-adreno- 

ceptors and opioid receptors, the inhibitory effects of A9- 

THC and DALN on cyclic AMP production were found 

not to be antagonized by 1 or 10 FM atropine, 10 or 50 yM 
naloxone, or 50 FM yohimbine (Howlett and Fleming, 

1984; Howlett et al., 1986). Similar results have been ob- 

tained with atropine and naloxone in experiments with 

neuroblastoma x glioma N108-15 hybrid cell membranes 

(Howlett et al., 1986). Matsuda et al. (1990) reported that 
cyclic AMP production by CHO cells transfected with 

muscarinic cholinoceptors or a-adrenoceptors could be in- 

hibited by agonists for these receptors, but not by canna- 
binoid receptor agonists. Bidaut-Russell and Howlett 

(1991) obtained evidence that the ability of DALN to de- 

crease cyclic AMP accumulation in rat striatal slices is not 

mediated by dopamine D, or opioid receptors. They found 

that this effect of DALN was not attenuated by a concen- 
tration of naloxone (1 FM), which antagonized morphine- 

induced inhibition of adenylate cyclase, or by a concentration 

of spiperone (30 FM), which antagonized the inhibitory ef- 

fect of the dopamine D, receptor agonist LY 171555 on 
adenylate cyclase activity. 

(vi) The distribution pattern of cannabinoid CBI bind- 

ing sites in the brain resembles that of adenylate cyclase. 
Results from autoradiographic studies have revealed simi- 

larities between the distribution pattern in brain of binding 
sites for [3H]forskolin, which presumably are located on 
adenylate cyclase, and specific binding sites for [3H]CP 
55,940 (Herkenham et al., 1991a,c; see also Section 4.1.9.1). 

(vii) There is evidence that psychotropic cannabinoids 
do not inhibit cyclic AMP accumulation by hastening its 
catabolism. Thus, Howlett (1984) found that A9-THC 
and DALN did not activate cyclic AMP phosphodiesterase 
in subcellular fractions of neuroblastoma N18TG2 cells, a 

cell line in which these cannabinoids decrease cyclic AMP 
levels. 

(viii) P y h t o s c o r p~c cannabinoids fail to inhibit cyclic 

AMP production in preparations in which adenylate cy 
clase is not membrane-bound (Howlett et al., 1986). Nor do 
they alter the K, for substrate of adenylate cyclase 
(Howlett et al., 1986). It is unlikely, therefore, that cannab- 

inoids inhibit cyclic AMP production by interacting .di- 

rectly with the catalytic protein of this enzyme. 

(ix) Cannabinoid CB1 receptors fulfill a number of phar- 

macological criteria for receptors coupled to G-proteins. 
First, CP 55,940, WIN 55,212-2 and DALN have all been 

shown to stimulate low K, GTPase activity in rat cerebellar 

membranes (Pacheco et al., 1993). Second, Na+ and GTP 

both decrease binding of agonists to specific cannabinoid 

CB1 binding sites (Section 4.1.6). These effects of Na+ and 

GTP on cannabinoid binding are additive, as is expected 

for a G-protein-coupled system (Pacheco et al., 1994). Fi- 

nally, Na+ has been shown to increase stimulation of low 

K, GTPase activity by CP 55,940 and WIN 55,212-2 in rat 
striatal and hippocampal membranes (Pacheco et al., 1994). 

Sodium ions have also been shown to augment the maxi- 

mal degree of inhibition of cyclic AMP production induced 

by CP 55,940 and WIN 55,212-2 in rat striatal membranes 

(Pacheco et al., 1994), a finding that supports the hypothe- 

sis that cannabinoid CB1 receptors are coupled to adenylate 

cyclase through G-proteins (but also see below). Further 
support for this hypothesis comes from evidence, firstly, 

that cannabinoid-induced inhibition of adenylate cyclase 

in membrane preparations requires the presence of a hy- 
drolysable form of GTP, and secondly, that such inhibition 

can be enhanced by subjecting membranes to a low pH pre- 

treatment (Howlett, 1985; Pacheco et al., 1991; Childers et 

al., 1994). These are both properties typical of receptors cou- 

pled to adenylate cyclase via G-protein. Thus, it is generally 
accepted that receptors of this kind require GTP for activa- 

tion of the receptor-G-protein complex and that low pH 

pretreatment decreases the activity of low K, GTPase, 

which, in turn, presumably prolongs the duration of action 

of G-protein molecules that have been activated by the re- 

ceptor (Selley ec al., 1993). 
(x) The ability of cannabinoids to inhibit cyclic AMP 

production can be attenuated by pertussis toxin. This is a 

strong indication that cannabinoid receptors are negatively 
coupled to adenylate cyclase through Gii,-proteins, as per- 
tussis toxin induces ADP-ribosylation of such G-proteins, 

thereby preventing the dissociation of their (Y- and p/r-sub- 
units and so, blocking G-protein-mediated inhibition of 

adenylate cyclase. Such an interaction between canna- 
binoids and pertussis toxin has been demonstrated in exper- 
iments with A9-THC and DALN using neuroblastoma 
N18TG2 cells or cell membranes (Howlett et al., 1986), 
with A9-THC, CP 55,940, levonantradol and WIN 55,212-2 
using rat cultured cerebellar granule cells (Pacheco et al., 
1993), with CP 55,940 using human U373 MG astrocy- 
toma cells (Bouaboula et al., 1995a), with A9-THC and 
anandamide using CHO cells transfected with human or rat 
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TABLE5. Inhibitory Effects of Certain Cannabinoids on Cyclic AMP Production by Cultured Cells Expressing Cannabinoid CB1 
Receptors or by Brain Tissue 

Inhibitory ECSO values (nM) and maximal degree of inhibition (%) 

Preparation Measured effect DALN HU CP NAB WIN THC ANA Reference 

Rat 
CB,-transfected 
COS-7 cells 

Rat 
CB,-transfected 
CHO-Kl cells 

Human 
CB,-transfected 
CHO-Kl cells 

Rat 
CB,-transfected 
CHO cells 

Human 
CB,-transfected 
CHO cells 

Human 
CB,-transfected 
CHO cells 

Human 
CB,-transfected 
CHO cells 

Human 
CB1-transfected 
CHO cells 

Rat 
CB,-transfected 
CHO-Kl cells 

Human 
CB1-transfected 
human embryonal 
kidney 293 cell 
membranes 

Murine N 18TG2 
neuroblastoma 
cell membranes 

Murine N18TG2 
neuroblastoma 
cell membranes 

Murine N 18TG2 
neuroblastoma 
whole cells 

Murine N18TG2 
neuroblastoma 
cell membranes 

Murine N 18TG2 
neuroblastoma 
cell membranes 

N18TG2 
neuroblastoma 
whole cells 

N18TG2 
neuroblastoma 
whole cells 

NG108-15 
whole cells 

SH-SY5Y 
whole cells 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production 

Forskolin-stimulated 
cyclic AMP 
production 

Forskolin-stimulated 
cyclic AMP 
production 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production 

Secretin-stimulated 
cyclic AMP 
production at 30°C 

Secretin-stimulated 
cyclic AMP 
production at 30°C 

Secretin-stimulated 
cyclic AMP 
production at 37°C 

Secretin-stimulated 
cyclic AMP 
production at 37°C 

Secretin-stimulated 
cyclic AMP 
production at 30°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

- 

- - 0.87 16.6 
ca. 60% ca. 60% 

- - 0.99 
80% 

- 0.02 1.8 
ca. 70% ca. 50% 

- - 

- 

- 

0.197 
(2.93)’ 

- 

- - 

- 

- 

0.9 
50-55% 

0.19 

- - 

72 
36% 

- 

<cl p,M 1.8 
54% 53% 

<<500 7.2 

- 

ca. 30% ca. 30% 

10nM - 
45% 

- 2.9 
ca. 60% 

- - 

1.83 
(1.58)’ 

1.27 
(1.98)’ 

1.2 

- 

(O.E7)’ 

- 

- 14 

- - 

3.1 - 7.6 

- - 

251 
36% 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

16.2 
35.6% 

- 

- 

- 

- 

- 

- 

20.2 
45.4% 

- - 

- 

- - 

3.1 24 

- - 

13 
62% 

13.5 
ca. 40% 

13 
ca. 40% 

55 
ca. 60% 

- 

16.5 
(2.53)’ 

- 

10 

9.1 
ca. 45% 

- 

5302 
ca. 30% 

- 

- 

- 

- 

- 

35 
45% 

- 

- 

- Bayewitch et al., 
1996 

- Matsuda et al., 
1990 

- Gerard et al., 
1991 

Felder et al., 
1992 

160 Felder et al., 
ca. 100% 1993 

322 Felder et al., 
(2.97)’ 1995 

- Rinaldi-Carmona 
et al., 1994 

- Bouaboula et al., 
1995b 

201 Vogel et al., 
35110% 1993 

81.8 Song and Bonner, 
1996 

- Howlett, 1987 

- Howlett et al., 
1988 

- Howlett et al., 
1990 

- Howlett et al., 
1990 

3100 Pinto et al., 
45% 1994 

540 Vogel ef al., 
ca. 40% 1993 

- Bayewitch et al., 
1996 

- Hirst and Lambert, 
1995 

- Hirst and Lambert, 
1995 

(continued) 
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TABLE 5. Continued 

Inhibitory EC5, values (nM) and maximal degree of inhibition (%) 

Preparation Measured effect DALN HU CP NAB WIN THC ANA Reference 

Human cultured Forskolin-stimulated 
U373 MG cyclic AMP 
astrocytoma production 
whole cells 

Rat cultured Forskolin-stimulated 
cerebellar granule cyclic AMP 
whole cells production at 37°C 

Rat cerebellar Basal 
membranes cyclic AMP 

production at 37°C 
Rat cerebellar Basal 

membranes cyclic AMP 
production 

Brain membranes Forskolin-stimulated 
(a) rat cerebellum or basal 

cyclic AMP 
(b) rat striatum production at 30°C 

Brain membranes 
(a) rat cerebellum 

(b) rat striatum 

Rat striatal 
slices 

Brain membranes 
rat substantia 
nigra 

Basal 
cyclic AMP 
production 
(without extra 

NaCl) 
SKF 38393- 

or VIP-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production 

- - 

- - 

- 

- 

- 

<<lo - 

PM 
ca. 27- 

40% 
- - 

0.8 - 
ca. 100% 

0.22 PM - 
65% 

- - 

60 - 
40% 

- - 

- 

(a) 150 - 
32% 

(b) 310 - 
25% 
- 

32 - 
ca. 100% 

0.41 FM 2.4 /J,M 
46% 60% 

100 - 
40% 

100 - 
41% 

(a) 320 - 
32% 

(b) 400 - 
28% 

210 - 
35% 
200 - 
29% 
- - 

Bouaboula et al., 
1995a 

Pacheco et al., 
1993 

Pacheco et al., 
1993 

Childers et al., 
1994 

Pacheco et al., 
1991 

Pacheco et al., 
1994 

Bidaut-Russell 
and Howlett, 
1991 

Rinaldi- 
Carmona 
et al., 1994 

1 ECSo value for CB,-mediated inhibition of cyclic AMP productiot$S& value for CB,-mediated inhibition of cyclic AMP production. 

2 K,,,. 

cannabinoid CB, receptors (Felder et al., 1993; Vogel et al., 

1993), and with DALN using striatal slices taken from rats 

24 hr after intrastriatal injection of pertussis toxin (Bidaut- 

Russell et al., 1990). 
Some cannabinoid experiments with the adenylate cy- 

clase system have yielded unexpected results. Thus, can- 

nabinoids have been found not to inhibit cyclic AMP pro- 

duction by a rat hippocampal membrane preparation 

(Childers et al., 1994). This is unlikely to be because hip- 

pocampal cannabinoid receptors are not coupled to func- 
tional G-proteins, as cannabinoid receptor agonists are 
known to stimulate low K, GTPase in hippocampal mem- 

branes (Pacheco et al., 1994) and also seem to open A-type 
potassium channels through inhibitory G-proteins in hip- 

pocampal cultured neurons (Section 4.2.1.3). Since can- 
nabinoid-induced inhibition of cyclic AMP production can 
be detected in rat hippocampal slices (Bidaut-Russell et al., 
1990), it may be that hippocampal membrane preparations 
are too heterogeneous to allow detection of inhibition of 
adenylate cyclase, or that cannabinoid receptor coupling to 
this enzyme is impaired by the homogenization process 
(Pacheco et al., 1994). A second unexpected finding made 

by Pacheco et al. (1994) is that although Na+ increases the 

efficacies of CP 55,940 and WIN 55,212-2 as inhibitors of 
adenylate cyclase in rat striatal membranes and as activa- 

tors of low K, GTPase in rat striatal and hippocampal 
membranes (see above), it has no such effects in rat cere- 

bellar membranes. Pacheco et al. (1994) have ruled out the 

possibility that the catalytic unit of adenylate cyclase is the 

source of this regional difference, or that the recognition 

sites of cannabinoid receptors in the cerebellum are regu- 
lated differently by sodium from those in the striatum or 
hippocampus. Instead, they have concluded that there may 

be regional differences within the brain, either in the 

G-proteins responsible for coupling cannabinoid receptors 
to adenylate cyclase or in the mechanisms that regulate this 

transduction process. Also still to be explained is the obser- 
vation that repeated in viwo pretreatment of mice with CP 
55,940 can cause both a 50% reduction in the number of 
[3H]CP 55,940 binding sites in the cerebellum and behav- 
ioural tolerance to CP 55,940 without producing tolerance 
to the inhibitory effect of this cannabinoid on cyclic AMP 
production by cerebellar membranes (Fan et al., 1996; see 
also Section 4.1.9.4). 
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4.2.3. Mitogen-activated protein kinase. In experiments 
with cultures of WI-38 human fetal lung fibroblasts, Wart- 

mann et al. (1995) found that anandamide produced a con- 
centration-related increase in the activity of mitogen-acti- 

vated protein (MAP) kinase. Bouaboula et al. (199513) 

obtained evidence that cannabinoid-induced increases in 

MAP kinase activity are mediated by cannabinoid CB1 re- 

ceptors. They found that CP 55,940 is a potent activator of 

MAP kinase phosphorylation in CHO cells transfected 
with human cannabinoid CB1 receptor cDNA, that this ef- 

feet is concentration-related (EC$,-, = 3.4 nM), that it is at- 
tenuated by 30 or 100 nM SR141716A, and that it does not 

occur in untransfected CHO cells. A9-THC and WIN 

55,212-2 were also found to activate MAP kinase (EC,, = 

15 nM and 40 nM, respectively). The stimulatory effect of 

CP 55,940 on MAP kinase activity can be prevented by 

pertussis toxin pretreatment, pointing to an involvement of 

inhibitory G-proteins (Bouaboula et al., 199513; Wartmann 

et al., 1995). In further experiments, Bouaboula et al. 

(199513) showed that activation of MAP kinase by CP 

TABLE 6. Stereoselective Cannabinoid-induced Inhibition of Cyclic AMP Production by Cultured Cells Expressing CB, Receptors or 
by Brain Tissue 

EC,, values for Maximum 
Preparation Measured effect Agonist inhibition (nM) inhibition (%) Reference 

Rat 
CB,-transfected 
CHO-Kl cells 

Human 
CB,-transfected 
CHO-Kl cells 

Rat 
CBl-transfected 
CHO cells 

Rat 
CB1-transfected 
CHO-Kl cells 

Human 
CB,-transfected 
human embryonal 
kidney 293 cells 

Murine N18TG2 
neuroblastoma 
cell membranes 

Murine N18TG2 
neuroblastoma 
whole cells 

Murine N18TG2 
neuroblastoma 
cell membranes 

N18TG2 
neuroblastoma 
whole cells 

Rat cultured 
cerebellar granule 
whole cells 

Rat cerebellar 
membranes 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production 

Secretin-stimulated 
cyclic AMP 
production at 30°C 

Secretin-stimulated 
cyclic AMP 
production at 37°C 

Secretin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

Forskolin-stimulated 
or basal 
cyclic AMP 
production at 30°C 

(-)-A9-THC 13.5 
(+)-A9-THC 773 
(-)-CP 55,940 0.87 
(+ )-CP 55,940 96.3 
(- )-CP 55,940 0.99 
(+)-CP 55,940 346 
(-)-CP 55,244 0.128 
(+)CP 55,244 >lO PM 
(-)-A9-THC 55 
(+)-A9-THC >900 
(-)-HU-210 0.02 
(+)-HU-210 191 
(+)-WIN 55,212-2 24 
(-)-WIN 55,212.2 >2 PM 
(-)-HU-210 0.9 
(+)-HU-210 >l FM 

(-)-HU-210 
(+)-HU-210 
(+)-WIN 55,212-2 
(-)-WIN 55,212-2 
(-)CP 47,497 
t+ )*CP 47,497 
(-).CP 55,940 
(+)-CP 55,940 
(-)-CP-55,244 
(+)-CP 55,244 
(-)-HU-210 
(+)-HU-210 

0.19 
53.5 

7.6 
>lOOO 

79 (Kinh) 
135 (Kinh) 
25 (Kih) 

>5 FM (Km,,,,) 
5 (Kinh) 

>lO FM (K,,,J 
1.8 

>l PM 

(-)-HU-210 
(+)-HU-210 

7.2 
>lO PM 

(-)-HU-210 
(+)-HU-210 

2.9 
>lOO 

(+)-WIN 55,212-2 
(-)-WIN 55,212-2 

0.41 FM 
>lO PM 

(+)-WIN 55,212-2 
(-)-WIN 55,212-2 

320 
>lO FM 

ca. 40 
ca. 40 
ca. 60 
ca. 60 

80 
80 
80 
- 

ca. 60 
- 

ca. 70 
ca. 70 

- 

50-55 
- 

- 
- 
- 
- 

36 

G 

36 

53 
- 

- 

ca. 60 
- 

46 
- 

32 
- 

Matsuda et al., 1990 

Gerard et al., 1991 

Felder et al., 1992 

Vogel et al., 1993 

Song and Bonner, 1996 

Howlett et al., 1988 

Howlett et al., 1990 

Howlett et al., 1990 

Vogel et al., 1993 

Pacheco et al., 1993 

Pacheco et al., 1991 

(+)-HU-210, HU-211; (+)CP 55,940, CP 56,666; (+)CP 55,244, CP 55,243; (-)-WIN 55, 212-2, WIN 55,212.3. Cannabinoid structures are given in 
Figs. l-10. 
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55,940 occurs in human cultured U373 MG astrocytoma 

cells, in which cannabinoid CB, receptors are expressed 

naturally. The potency of CP 55,940 in this cell line was 

similar to that observed in transfected CHO cells. How- 
ever, its efficacy was markedly less, probably reflecting a lo- 
fold lower level in CB, receptor expression by the U373 

MG cells (Bouaboula et al., 199513; Wartmann et al., 1995). 
As cyclic AMP can prevent the activation of MAP kinase, 

and as the cannabinoid CB1 receptor is negatively coupled 

to adenylate cyclase (Section 4.2.2), the possibility arises 

that cannabinoids activate MAP kinase by depressing in- 

tracellular levels of cyclic AMP. Such a mechanism has 
been ruled out by Bouaboula et al. (1995b), who observed 

no reduction in CP 55,940-induced activation of MAP ki- 

nase in transfected CHO cells when stable analogs of cyclic 

AMP were added and endogenous cyclic AMP levels raised 

by inhibition of phosphodiesterase with 3-isobutyl-l-meth- 

ylxanthine. One likely outcome of cannabinoid-induced 
activation of MAP kinase is enhancement of Krox-24 ex- 

pression (Bouaboula et al., 1995a,b). It is worth noting, 

therefore, that Knox-24 expression can be stimulated by in 

vivo administration of CP 55,940 (Glass and Dragunow, 
1995). This effect was observed to occur in rat striatum, but 

not in other brain areas known to be rich in cannabinoid 

CB1 receptors, such as the substantia nigra and hippocampus. 

4.2.4. Phospholipase C/inositol phosphate system. Inves- 
tigations with tissues known to contain cannabinoid CB, 

receptors have failed to reveal a functional link between 

these receptors and the phospholipase C/inositol phosphate 

effector system (see Howlett, 199513). Reichman et al. 
(1991) found that although A”-THC (8 PM) and acetyl- 

choline both produced decreases in the levels of radiola- 

beled phosphatidylinositol in [l+C]arachidonic acid prela- 
beled guinea-pig cerebral cortical slices, only acetylcholine 

induced concomitant increases in radiolabeled diacylglyc- 

erol and phosphatidic acid. A9-THC also differed from ace- 
tylcholine in that it did not increase levels of labeled inosi- 

to1 phosphates in slices prelabeled with [3H]inositol or of 

labeled diacylglycerol or phosphatidic acid in [3H]glycerol 
prelabeled slices. These and other findings by Reichman et 

al. (1991) suggest that A9-THC does not activate phosphoi- 

nositide-specific phospholipase C, in this preparation at 
least. In experiments with [‘Hlinositol prelabeled rat hip- 
pocampal cultured cells, Nah et al. (1993) found that 

A9-THC inhibited carbachol-induced formation of labeled 

inositol phosphates (EC,, = 9.7 FM). However, it is un- 
likely that this effect was cannabinoid receptor-mediated, 

as it was found to be pertussis toxin-insensitive and as the 
inhibitory potency of cannabidiol, which is not a canna- 
binoid receptor ligand, was marginally greater than that of 
A9-THC (EC50 = 7.9 PM). Felder et al. (1992) showed that 
at concentrations of up to 100 (LM, the potent cannabinoid 
receptor agonist HU-210 had no detectable stimulatory effect 
on [3H]inositol phosphate production by [3H]inositol-prela- 
beled CHO or L cells expressing cannabinoid CB, recep- 
tors. Similar results subsequently were obtained in experi- 

ments with anandamide (Felder et al., 1993). Evidence that 

it was possible to demonstrate a receptor-mediated increase 

in [3H]inositol phosphate in such cells was obtained by 

showing that this effect could be produced by carbachol in 
CHO cells expressing m5 muscarinic cholinoceptors 
(Felder et al., 1992). In other experiments with CHO cells, 

it was found that several cannabimimetic agents could pro- 
duce increases in intracellular free calcium (Felder et al., 

1992,1993). However, this effect was concluded to be can- 

nabinoid receptor-independent, as it lacked stereoselectiv, 
ity, and as it was observed both in CHO cells transfected 

with cannabinoid CB, receptors and in untransfected cells. 

4.2.5. Arachidonic acid. As arachidonic acid is a putative 

second messenger (Di Marzo, 1995), it is worth noting that 

there are numerous reports of cannabinoid-induced in- 
creases in free arachidonic acid accumulation (see Howlett, 

1995b). Results from several investigations have led to the 
conclusion that this effect is not cannabinoid receptor- 
mediated. Thus, in experiments with guinea-pig cerebral 

cortical slices incubated with [JHlarachidonic acid, Reich- 

man et al. (1991) found (-)-A9-THC (>2 PM) to be little 

more potent in increasing levels of unesterified [3H]arachi- 

donic acid than its (+)-enantiomer or than cannabidiol, 
which is not a cannabinoid receptor ligand. Felder et al. 

(1992) found micromolar concentrations of CP 55,940 to 
produce concentration-related increases in the levels of free 

[jH]arachidonic acid in [JHlarachidonic acid prelabeled 

CHO cells, irrespective of whether the cells had or had not 

been transfected with cannabinoid CB, receptors. They ob- 
tained similar results in experiments with (-)- and (+)- 

HU-210 (HU-211). These were equipotent, indicating a 

lack of stereoselectivity. Similar results were also obtained 
in experiments with anandamide, the effect of which was 

reported to be resistant to antagonism by SR141716A 

(Felder et al., 1993, 1995). 
Other experiments, performed with primary cultures of 

rat cortical astrocytes, have yielded results indicating that it 

may be possible to induce arachidonic acid mobilization by 
activation of cannabinoid receptors (Shivachar et al., 1996). 

These experiments showed that in the presence of an acyl 

coenzyme A transferase inhibitor (thimerosal), both A9-THC 
and anandamide (0.5-5 FM) increased the levels of free 

[jH]arachidonic acid in [JHlarachidonic acid prelabeled 
cells. Evidence that this effect is cannabinoid CB1 receptor- 
mediated came from the findings that it is pertussis toxin- 

sensitive and that it can be blocked by SR141716A (Shiva- 

char et al., 1996). In view of the rather high concentrations 
of SR141716A required to induce significant antagonism in 
this investigation (1 or 10 FM), the role of cannabinoid re- 
ceptors in this effect remains to be confirmed. Further ex- 
periments are also required to investigate the possible in- 
volvement of the MAP kinase signal transduction system, 
as this is known to activate arachidonic acid mobilization 
through phospholipase AZ (Wartmann et al., 1995), and as 
it is probably coupled to cannabinoid CB1 receptors, at least 
in certain cultured cell lines (Section 4.2.3). 
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5. PROPERTIES OF 
CANNABINOID CB2 RECEPTORS 
5.1. Cunnubinoid CB, Binding Sites in Transfected Cells 

CB2 receptor protein (Tables 7 and S), but not in untrans- 
fected COS or CHO cells (Vogel et al., 1993; Bayewitch et 

Specific, saturable, high-affinity binding sites for [jH]CP al., 1995; Slipetz et al., 1995; Shire et al., 1996a; Section 

55,940, [3H]WIN 55,212-2 and [JHJHU-243 have been de- 4.1.4.2). The enantiomers HU-210, (-)-A9-THC, CP 55,940 

tected on plasma membranes of COS, CHO and/or AtT-20 and WIN 55,212-2 show significant stereoselectivity for 

cells transfected with human cDNA encoding cannabinoid CB2 receptors in competitive binding experiments (Table 

TABLE 7. Specific Binding to Cannabinoid CB, Receptors in Cultured Cell Membranes 

Preparation 
Radioligand and binding Kd B max Ligand used to determine 

assay conditions (nM) (per mg protein) nonspecific binding Reference 

Human 
CBz-transfected 
COS cell membranes 

Human 
CBz-transfected 
COS cell membranes 

Human 
CB*-transfected 
COS-M6 
cell membranes 

Human 
CBz-transfected 
cos-3 
cell membranes 

Human 
CBl-transfected 
cos-3 
cell membranes 

Mouse 
CB2-transfected 
cos-3 
cell membranes 

Human 
CBz-transfected 
CHO-Kl 
cell membranes 

Human 
CBz-transfected 
CHO 
cell membranes 

Human 
CBl-transfected 
CHO 
cell membranes 

Human 
CBl-transfected 
CHO 
cell membranes 

Human 
CBI-transfected 
CHO-Kl 
cell membranes 

Human 
CBl-transfected 
AtT-20 
cell membranes 

[3H]CP 55,940 
267 kg protein/mL 

[3H]WIN 55,212-2 
267 )*g protein/ml 

[)H]WIN 55,212-2 
15-25 pg protein/ml 
0.3 mg HSA/mL 
30°C for 40 min 
Filtration assay 

[3H]CP 55,940 
Filtration assay 

[3H]CP 55,940 
Filtration assay 

[3H]CP 55,940 
Filtration assay 

[3H]WIN 55,212.2 
60-75 pg protein/ml 
0.3 mg HSA/mL 
30°C for 40 min 
Filtration assay 

i3H]CP 55,940 
Filtration assay 

[3H]CP 55,940 
2 X lo6 cells/ml 
5 mg BSA/mL 
30°C for 60 min 
Filtration assay 

[3H]CP 55,940 
100 p,g protein/ml 
5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

[3H]HU-243 
Centrifugation assay 

[3H]CP 55,940 
Filtration assay 

1.6 - 

3.7 

2.1 

- 

24.1 pmol/mg 

10 PM A9-THC Munro et al., 1993 

10 PM A9-THC Munro et al., 1993 

5 /J,M WIN 55,212-2 Slipetz et al., 1995 

0.2 18.8 pmol/mg - Shire et al., 1996a 

0.295 - - Shire et al., 19961, 

0.394 - - Shire et al., 1996b 

3.8 4 pmol/mg 1 PM WIN 55,212-2 
or 10 p,M A9-THC 

Slipetz et al., 1995 

7.37 

0.9 

0.608 3.63 pmol/mg 1 PM CP 55,940 Showalter et al., 1996 

0.061 0.525 pmol/mg 10 PM HU-210 Bayewitch et al., 1995 

6.94 12.3 pmol/mg 10 p,M HU-210 Felder et al., 1995 

6.07 pmol/mg 10 PM HU-210 Felder et al., 1995 

152,000 sites/cell 1 PM CP 55,940 Bouaboula et al., 1996 

Values of & (dissociation constant) and B,,, (specific binding capacity) were determined in saturation binding assays. Cannahinoid structures are given in 
Figs. l-10. 
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9). The (-)-isomers HU-210, (-)-A9-THC and CP 55,940, 

have greater affinity than their ( + )-isomers whilst the ( + )- 
isomer WIN 55,212-2, has greater affinity than its (-)-iso- 

mer. This stereoselectivity is similar in nature to that ex- 

hibited by CB1 binding sites (Section 4.1). Competitive 

binding experiments in which the affinity of SR141716A 

for CB2 sites was compared with its affinity for CB1 sites 

have shown this compound to have marked CB1 selectivity 

TABLE 8. The Ability of Certain Cannabinoids to Displace Radiolabeled Ligands from Specific Cannabinoid CBZ Binding Sites 

Preparation 
Radioligand and binding 

assay conditions 

Ki values (nM) 

HU CP WIN THC NAB CBN SR ANA Reference 

Human 1 nM [3H]CP 55,940 or 
CBz-transfected 1 nM [3H]WIN 55,212-2 
cos 267 p,g protein/ml 
cell membranes 

Human 2.4 nM [3H]WIN 55,212-2 
CBz-transfected 15-25 p,g protein/ml 
COS-M6 0.3 mg HSA/mL 
cell membranes 30°C for 40 min 

Filtration assay 
Human [3H]HU-243 

CBz-transfected Centrifugation assay 
cos-7 
cell membranes 

Human 0.3 nM [3H]HU-243 
CBz-transfected Centrifugation assay 
cos-7 
cell membranes 

Human 0.5 nM [3H]CP 55,940 
CBz-transfected 100 pg protein/ml 
CHO 5 mg BSA/mL 
cell membranes 30°C for 1 hr 

Filtration assay 
Human 0.3 nM [3H]HU-243 

CBz-transfected Centrifugation assay 
CHO 
cell membranes 

Human [3H]CP 55,940 
CBz-transfected 2 X 106 cells/ml 
CHO 5 mg BSA/mL 
cell membranes 30°C for 60 min 

Filtration assay 
Human 0.1 nM [3H]CP 55,940 

CBz-transfected 7-50 p,g protein/ml 
CHO 30°C for 1 hr 
cell membranes Filtration assay 

Human 0.1 nM [3H]CP 55,940 
CBz-transfected Filtration assay 
CHO 
cell membranes 

Mouse 0.1 nM [3H]CP 55,940 
CB2-transfected Filtration assay 
CHO 
cell membranes 

Human 0.5 nM [3H]CP 55,940 
CBz-transfected Filtration assay 
AtT-20 
cell membranes 

Human 0.5 nM pH]CP 55,940 
CBz-transfected Filtration assay 
AtT-20 
cell membranes 

- - - 320 

0.36 1.0 1.3 24.7 

- - - - 

- - - 
(OY%l 

0.22 0.69 0.28 36.4 - 96.3 702 3712 Showalter et al., 
(3.3)’ (0.84)’ (6.75)’ (1.12)’ (3.2)’ (0.02)’ (0.24)’ 1996 

0.15 - - 39 

- 4 22 - 

- - - - 

- 3.23 4.93 21.43 

- 5.6’ 29.53 15.83 

0.52 2.55 3.3 75.3 
(0.116)’ (1.5)’ (18.9)’ (0.71)’ 

- - - - 

- 250 - 1600 Munro et al., 
1993 

- - - 90.3 Slipetz et al., 
1995 

- 581 Mechoulam et al., 
(0.43)’ 1995 

- - - - Bayewitch et al., 
1995 

- 852 Bayewitch et al., 
1995 

- - Bouaboula et al., 
1996 

- - >lOOO - Rinaldi-Carmona 
(<O.O06)l et al., 1994 

- - 3203 Shire et al., 
199613 

- - >10003 326’ Shire er al., 
1996b 

- 301 973 1940 Felder et al., 
(3.8)1 (0.012)’ (0.28)1 1995 

- 1620 Priller et al., 
1995 

1 Ratio of affinity for CB2 binding sites to affinity for CB, binding sites. 
2 PMSF present. 
3 I& Values of K, (dissociation constant) were determined in competitive binding assays. HU, HU-210; CP, CP 55,940; WIN, WIN 55,212.2; NAB, 

nabilone; CBN, cannabinol; SR, SR141716A; ANA, anandamide. Cannabinoid structures are given in Figs. l-10. 
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(Rinaldi-Carmona et al., 1994; Felder et al., 1995; Shire et 

al., 1996b; Showalter et al., 1996). With regard to the CB,/ 
CB2 selectivity of compounds that are known to behave as 

cannabinoid receptor agonists, anandamide has been re- 

ported to have marginally greater affinity for CB, than CB2 

binding sites, cannabinol to have marginally greater affinity 

for CB, than CB1 binding sites, WIN 55,212-2 to have 

modest CB2 selectivity, and CP 55,940 and A9-THC to be 
essentially nonselective (Table 8; see Section 3 for com- 

pounds with more marked CB1 or CB2 selectivity). 

5.2. Signal Transduction Mechanism 

5.2.1. Inhibition of adenylate cyclase. The evidence that 

cannabinoid CB2 receptors are negatively coupled to aden- 

ylate cyclase, and that this is through inhibitory G-pro- 

teins, is summarized below. 

In line with the proposed existence of a functional link 

between cannabinoid CB2 receptors and G-proteins, Sho- 

Walter et al. (1996) have found that [3H]CP 55,940 binding 
to membranes from transfected CHO cells expressing CB2 

receptors can be attenuated both by the nonhydrolysable 

GTP analog, guanylyl-5’-imidodiphosphate and by Na+ 
(100 mM NaCl). Similarly, Slipetz et al. (1995) have found 

that the nonhydrolysable GTP analog GTPq-S has a 

small, but significant, inhibitory effect on the specific bind- 
ing of [3H]WIN 55,212-2 to CB2 receptors on membranes 

of transfected COS-M6 cells. However, Naf augmented 

[JH]WIN 55,212-2 binding to these CB2 sites, as did Mg++, 

Mn++, Ca++ and K+. The influence of both Mg++ and the 

GTP analog on [3H]WIN 55,212-2 binding was relatively 
small. As discussed more fully by Slipetz et al. (1995), this 

may be an indication that there is little difference between 

the affinities of coupled and uncoupled CB2 receptors for 

[3H]WIN 55,212-2, or that the vast majority of the trans- 

fected cannabinoid CB2 receptors are in an uncoupled 

state. Human serum albumin (HSA) was used to solubilize 
[3H]WIN 55,212-2 in these experiments, similar Kd and 

B max values being obtained at concentrations of HSA rang- 

ing from 0.3 to 3.0 mg/mL. 

(i) Several cannabinoids have been shown to be potent 

inhibitors of forskolin-stimulated cyclic AMP production 
by membrane preparations of CHO cells transfected with 

cannabinoid CBZ receptors (Table 10). The magnitude of 
this effect is concentration-dependent. Cannabinoids are 

not inhibitory in untransfected CHO cells (Slipetz et al., 

1995). It should be noted that experiments with A9-THC 

and anandamide have yielded inconsistent results. Whereas 

Felder et al. (1995) found both these agents to be inhibitory 

in CBz-transfected CHO cells, other investigators have re- 

ported either or both of these agents to have little or no in- 

hibitory effect on cyclic AMP production by CHO or COS 

cells (Bayewitch et al., 1995, 1996; Slipetz et al., 1995). In 
their experiments, Bayewitch et al. (1996) found A9-THC 

to behave as a very weak partial agonist at CB2 receptors. 

Thus, they showed this cannabinoid to have a reasonably 

high affinity for CB2 binding sites (Table 8), to produce 

only slight inhibition of adenylate cyclase when adminis- 
tered alone (<lo% at 1 FM), and to antagonize inhibition 

of adenylate cyclase induced by other cannabinoids. Slipetz 

et al. (1995) observed (-)-A9-THC to increase forskolin- 

stimulated cyclic AMP production. However, this effect of 

A9-THC was not cannabinoid receptor-mediated, as it 
could also be produced by (+)-A9-THC, and as it was de- 

tectable in both transfected and untransfected CHO cells. 

(ii) In line with its binding properties (Rinaldi-Carmona 
et al., 1994), SR141716A does not prevent inhibition of cy- 

clic AMP production mediated by CB2 cannabinoid recep- 

TABLE 9. Stereoselective Displacement of Radiolabeled Ligands from Specific Cannabinoid CB, Binding Sites 

Preparation 
Radioligand and binding 

assay conditions 
Unlabeled 

ligand (n!) 
Ligand used to determine 

nonspecific binding Reference 

Human 
CBl-transfected 
COS-M6 
cell membranes 

Human 
CBz-transfected 
cos 
cell membranes 

Human 
CB,-transfected 
CHO 
cell membranes 

2.4 nM [3H]WIN 55,212-2 
15-25 pg protein/ml 
0.3 mg HSA/mL 
30°C for 40 min 
Filtration assay 

0.3 nM [3H]HU-243 
Centrifugation assay 

0.5 nM [3H]CP 55,940 
100 p,g protein/mL 
5 mg BSA/mL 
30°C for 1 hr 
Filtration assay 

(-)-HU-210 
(+)-HU-210 
(-)-A9-THC 
(+)-A9-THC 
(-)-CP 55,940 
(+)-CP 55,940 
(+)-WIN 55,212.2 
(-)-WIN 55,212-2 
(-)-HU-210 
(+)-HU-210 

0.36 1 /.LM WIN 55,212-2 Slipetz et al., 1995 
184,585 or 10 PM A9-THC 
24.7 

537 
1 

28 
1.3 

> 1000 
0.15 10 p+M (-)-HU-210 Bayewitch et al., 1995 

> 1000 

(-)-HU-210 
(+)-HU-210 
(- )-CP 55,940 
(+ ).CP 55,940 

0.22 1 PM CP 55,940 Showalter et al., 1996 
> 10,000 

0.69 
23.6 

Values of K, (dissociation constant) were determined in competitive binding assays. 
(+)-HU-210, HU-211; (+)CP 55,940, CP 56,666; (-)-WIN 55,212-Z, WIN 55,212-3. 
Cannabinoid structures are given in Figs. l-10. 
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tors. Thus, this CB1 receptor antagonist has been reported 

to have no detectable effect on cannabinoid-induced inhi- 

bition of cyclic AMP production by CHO cells transfected 

with cannabinoid CB2 receptors, even at concentrations 
above 1 or 10 PM (Rinaldi-Carmona et al., 1994; Baye- 

witch et al., 1995; Felder et al., 1995; Shire et al., 199613). In 
contrast, reported I(&, values of SR141716A for blocking 

cannabinoid-induced inhibition of cyclic AMP production 

by membranes of CHO cells transfected with cannabinoid 

CB1 receptors are 5.6 nM (Rinaldi-Carmona et al., 1994) 

and 143 nM (Felder et al., 1995). 
(iii) Cannabinoid-induced inhibition of adenylate cy- 

clase by membrane preparations of CHO cells transfected 
with cannabinoid CB2 receptors has been shown to be 

structure-dependent and stereoselective (Table 10). The 

nature of this structure dependence and stereoselectivity is 

the same as that observed in binding experiments with sys- 

tems containing cannabinoid CB2 (or CB,) receptors. Of 

the agonists investigated in these experiments, only WIN 

55,212-2 appears to show any degree of CB2 selectivity 

(Section 3.1). This compound has been shown to have po- 

tency similar to or greater than that of CP 55,940 in can- 

nabinoid CB, receptor assays (adenylate cyclase and bind- 
ing) (Tables 8 and lo), but less potency than CP 55,940 in 

the corresponding CB, receptor assays (Tables 2 and 5). 
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(iv) Inhibition of cyclic AMP production mediated by 

cannabinoid CB2 receptors in CHO cells can be attenuated 

by pertussis toxin pretreatment, supporting the hypothesis 

that these receptors are negatively coupled to adenylate cy, 
clase through GilO-proteins (Bayewitch et al., 1995; Felder et 
al., 1995; Slipetz et al., 1995; Shire et al., 1996b). 

5.2.2. Mitogen-activated protein kinase. Bouaboula et al. 

(1996) have found that CP 55,940 and WIN 55,212-2 can 

produce a dose-related stimulation of MAP kinase in CHO 

cells stably transfected with the human CBZ cDNA, the 

EC5, values of these drugs being 8 and 12 nM, respectively. 

They have also shown that the effect of CP 55,940 can be 

blocked by pertussis toxin pretreatment, indicating the 
likely involvement of inhibitory G-proteins. There is evi- 

dence that, as for cannabinoid CB, receptors (Section 
4.2.3), stimulation of MAP kinase through CB2 canna- 

binoid receptors does not depend on the inhibition of ade- 

nylate cyclase. Thus, Bouaboula et al. (1996) have reported 

firstly, that MAP kinase in CBz-transfected CHO cells can 

be stimulated by the membrane-permeable cyclic AMP an- 
alogs B-bromo- and dibutyryl-cyclic AMP, and secondly, 

that the effects of CP 55,940 and B-bromo-cyclic AMP on 

MAP kinase activity in this cell line are additive. CB, re- 

ceptor-mediated stimulation of MAP kinase can be attenu- 

TABLE 10. Inhibitory Effect of Certain Cannabinoids on Cyclic AMP Production by Cultured Cells Expressing Cannabinoid CB, 
Receptors 

EGO values for Maximum 
Preparation Measured effect Agonist inhibition (nM) inhibition (%) Reference 

Human Forskolin-srimulated ( - )-A9-THC slight inhibition (<O.OOl)l - Bayewitch et al., 
CBz-transfected cyclic AMP (<lo% at 1 PM) 1996 
COS-7 cells production at 37°C 

Human Forskolin-stimulated (-)-HU-210 1 ca. 50 Bayewitch et al., 
CBZ-transfected cyclic AMP (-)-A9-THC no inhibition - 1995 
CHO-Kl cells production at 37°C Anandamide no inhibition - 

Human Forskolin-stimulated CP 55,940 2.51 (0.51)’ - Rinaldi-Carmona 
CBz-transfected cyclic AMP production et al., 1994 
CHO cells 

Human Forskolin-stimulated CP 55,940 2 ca. 80 Bouaboula et al., 
CB2-transfected cyclic AMP production WIN 55,212-2 3 ca. 80 1996 
CHO cells 

Human Forskolin-stimulated A9-THC 41.8 (0.4)’ - Felder et al., 
CB*-transfected cyclic AMP production HU-210 0.578 (0.34)’ - 1995 
CHO cells CP 55,940 2.89 (0.63)’ - 

WIN 55,212-2 0.407 (59)’ - 

CBN >l /.LM - 

Anandamide 957 (0.34)’ - 

Human Forskolin-stimulated (-)-HU-210 0.37 ca. 50 Slipetz et al., 
CB+ansfected cyclic AMP (+)-HU-210 286 ca. 50 1995 

CHO-Kl cells production at 37°C (- )-CP 55,940 0.72 ca. 50 
(+)-CP 55,940 6.8 ca. 50 

(+)-WIN 55,212-2 0.72 ca. 50 

;+lI&5;212-2 >l FM - 

(+)-A9:THC 

no inhibition* - 

no inhibition* - 

1 EC,, value for CB,-mediated inhibition of cyclic AMP production/EC50 value for CB2-mediated inhibition of cyclic AMP production. 
2 Indicates nonreceptor-mediated activation of adenylate cyclase by (-)- and ( +)-A9-THC in the presence of forskolin. 
(+)-HU-210 = HU-211; (+)-CP, 55,940 = CP 56,666; (-)-WIN 55,212.2 = WIN 55,212-3; ANA, anandamide; CBN, cannabinol. Cannabinoid 

structures are given in Figs. l-10. 
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ated by a protein kinase C inhibitor, suggesting that this 
stimulation is protein kinase C-dependent (Bouaboula et al., 

1996). Interestingly, there seems to be no such involvement of 

protein kinase C in the stimulation of MAP kinase medi- 

ated in CHO cells by transfected CBi receptors (Bouaboula 

et al., 1996; Section 4.2.3). There is evidence that canna- 

binoid CB, (and CB,) receptor-mediated stimulation of 

MAP kinase leads to an enhancement of Krox-24 expres- 

sion (Bouaboula et al., 1996; Section 4.2.3). Bouaboula et 

al. (1996) have also investigated the ability of CP 55,940 to 
stimulate MAP kinase and Krox-24 expression in two hu- 

man cell lines that express cannabinoid CBz receptors nat- 
urally. Stimulatory effects of CP 55,940 were observed in 

one of these cell lines (the promyelomonocytic cell line 

HL60), but not in the other (the B lymphoblastoid line 

Daudi). In neither cell line was there any detectable can- 

nabinoid-induced modulation of cyclic AMP production. 

5.2.3. Other effector mechanisms. As yet, there is no ev- 

idence to suggest that cannabinoid CB2 receptors are cou- 

pled to any effector mechanism other than those described 

in Sections 5.2.1 and 5.2.2. Felder et al. (1995) found that 

WIN 55,212-2 (100 nM) and anandamide (300 nM) did 

not inhibit voltage-activated calcium current in AtT-20 

cells expressing cannabinoid CB, receptors at high (1.2 

pmol/mg protein) or low levels (0.189 pmol/mg protein). 
WIN 55,212-2 (100 nM) also had no detectable effect on 

the conductance of inwardly rectifying potassium currents 

in such cells. It is noteworthy that the ability of the musca- 

rinic cholinoceptor agonist oxotremorine to inhibit cal- 

cium current in AtT-20 cells was independent of CBz re- 

ceptor expression level. However, although oxotremorine 
and somatostatin retained the ability to activate inwardly 

rectifying potassium currents in AtT-20 cells expressing 

0.189 pmol cannabinoid CB2 receptorslmg protein, this 

ability was not detectable in cells expressing 7.6 pmol can- 

nabinoid CBz receptors/mg protein. 

Results from experiments with CHO cells transfected 
with cannabinoid CBz receptors indicate that these recep- 

tors do not activate phospholipases AZ, C or D, or mobilize 
intracellular calcium. Thus, Felder et al. (1995) have found 

that at concentrations of 1 nM to 100 p,M, neither WIN 

55,212-2 nor anandamide affect inositol 1,4,5-trisphos- 
phate or phosphatidylethanol formation by such cells. They 

did find that anandamide (100 PM), but not WIN 55,212-2 
(100 FM), could stimulate arachidonic acid release, an in- 
dication of phospholipase A, activation, and that HI-J-210 
(10 PM), but not WIN 55,212-2 (10 PM), could increase 
intracellular calcium levels in fura-2-loaded cells. However, 
these effects were observed in both CBz-transfected and 
-untransfected cells. Moreover, the effect of anandamide on 
arachidonic acid release was not blocked by SR141716A. 
Slipetz et al. (1995) were unable to detect a stimulatory ef- 
fect of HU-210 on calcium mobilization in fura-2/ate- 
toxymethyl ester-loaded CHO cells expressing cannabinoid 
CBz receptors. However, the concentrations of HU-210 
used in these experiments did not exceed 1 FM. 

6. DISTRIBUTION OF 
CANNABINOID RECEPTOR MRNA 

AND CANNABINOID RECEPTORS 

OUTSIDE THE CENTRAL NERVOUS SYSTEM 
6.1. Peripheral Distribution 

of Cannubinoid Receptor mRNA 
6.1.1. Cannabinoid CB, and CB,,,, receptor mRNA. 

Using Northern blot analysis, Matsuda et al. (1990) were 

unable to detect mRNA encoding CBi receptor protein 

(CBi mRNA) in rat heart, liver, kidney, spleen, small in- 

testine, testis or ovary. However, application of the same 

technique did reveal its presence in dog testis, albeit at a 

lower level than in dog, guinea-pig or rat brain tissue 

(Gerard et al., 1991). Whether this reflects a real difference 

between rat and dog testis remains to be established. CB1 

mRNA has also been detected in pregnant or ovariecto- 
mized mouse uterus, both by Northern blot analysis and by 

reverse transcription coupled to the polymerase chain reac- 

tion (Das et al., 1995). Kaminski et al. (1992) were unable 

to demonstrate CB, mRNA in mouse spleen when they 

used Northern blot analysis. However, they did detect its 

presence in this tissue when they used reverse transcription 

coupled to the polymerase chain reaction. Application of 

this more sensitive technique by other investigators has 

confirmed the presence of CB, mRNA in spleen and testis 
(Bouaboula et al., 1993; Galiegue et al., 1995; Shire et al., 

1995; Ishac et al., 1996), and revealed its presence in other 

peripheral tissues. Thus, CB1 mRNA now has also been de- 
tected in rat superior cervical ganglion and vas deferens 

(Ishac et al., 1996), in mouse vas deferens and urinary blad- 

der (G. Griffin, D. Shire and R. G. Pertwee, unpublished), 
and in human prostate, ovary, uterus, bone marrow, thy- 

mus, tonsils, pituitary gland, adrenal gland, heart, lung, 

stomach, colon, bile duct and leukocytes (B-cells > natural 

killer cells > monocytes, polymorphonuclear neutrophils, 

T4 and T8 cells) (Bouaboula et al., 1993; Galiegue et al., 
1995; Shire et al., 1995; Daaka et al., 1996). There is also 

one report that CB, mRNA is detectable in human skeletal 

muscle, liver, kidney, pancreas and placenta (Shire et al., 

1995), although another, from the same laboratory, says 
that it is not (Galiegue et al., 1995). No CBi mRNA has 
been detected yet in human thyroid or retina (Galiegue et 

al., 1995). The levels of CBi mRNA in peripheral tissues 
are all lower than in brain areas such as the cerebellum or 

cerebral cortex, peripheral tissues containing the highest 
amounts of CB1 mRNA being pituitary gland, B-cells and 
natural killer cells. Interestingly, Daaka et al. (1996) have 
obtained evidence that cannabinoid CB, receptor expres- 
sion in immune cells increases markedly when these cells 
are activated with mitogen. They found that in human cul- 
tured T-cells (Jurkat), mitogen activation produced an in- 
crease in CBi mRNA and that this was followed by the ap- 
pearance of a large population of specific, saturable [3H]CP 
55,940 binding sites (Kd = 0.144 nM; B,,, = 0.59 pmol/mg 
protein). 

Finally, Shire et al. (1995) have reported that the distri- 
bution pattern of mRNA encoding the amino-terminal 
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cannabinoid CB, receptor variant CB,,,, is essentially the 

same as that of CB, mRNA. Levels of CB,,,, mRNA in pe- 

ripheral tissues are generally at least 10 times lower than 

those of CB1 mRNA. CB,,,, mRNA was not detected by 
Ishac et al. (1996) in either superior cervical ganglia or 

brains of rats. They were also unable to detect CB, mRNA 

in rat atria or medulla oblongata. 

6.1.2. Cannabinoid CB2 receptor mRNA. Munro et al. 

(1993) used Northern blot analysis to show the presence of 

mRNA encoding CB, receptor protein in the human pro- 

myelocytic leukemic cell line HL60, and in macrophages/ 

monocytes located in the marginal zone of rat spleen. No 

CB2 mRNA was detected in rat brain, liver, kidney, lung, 

nasal epithelium or thymus. The presence of CB, mRNA in 

rat spleen has been confirmed by reverse transcription cou- 

pled to the polymerase chain reaction (Das et al., 1995; 

Facci et al., 1995). Application of this technique has also 

revealed the presence of CBZ mRNA in human and mouse 

spleen, human leukocytes (B-cells > natural killer cells >> 

monocytes > polymorphonuclear neutrophils > T8 cells > 

T4 cells) and rat peritoneal mast cells (Das et al., 1995; 
Facci et al., 1995; Galiitgue et al., 1995). In addition, CB, 

(but not CB1) mRNA has been detected in rat basophilic 

leukemia-2H3 cells and murine thymoma-derived EL4.IL-2 
T-cells (Facci et al., 1995; Condie et al., 1996). 

In their experiments with human tissues, Galiegue et al. 
(1995) detected the presence of significant levels of CB2 

mRNA, not only in spleen and leukocytes, but also in ton- 

sils. Other human tissues found to contain CB2 mRNA, al- 

beit in far smaller amounts, were thymus gland, bone mar- 
row, adrenal gland, heart, lung, prostate gland, uterus, 

pancreas, ovary and testis. CB2 mRNA was not detected in 

retina, thyroid, kidney, liver, skeletal muscle or placenta. 

CB, mRNA levels in immune tissue correlate well with 

their B-cell content. Thus, Galiitgue et al. (1995) found the 
highest concentration of CB2 mRNA to be in the tonsils. 

Indeed, the level in this tissue was shown to match that of 

CB1 mRNA in human cerebellum and to exceed CB, 

mRNA levels in B-cells and natural killer cells by almost 

4-fold, and those in monocytes and spleen by 20sfold or 

more. Human peripheral tissues in which levels of CBZ 
mRNA greatly exceed those of CB, mRNA include tonsils, 

spleen, thymus, pancreas and leukocytes (Galiegue et al., 
1995). 

6.2. Peripheral Distribution of 

Specific Cannabinoid Binding Sites 

Lynn and Herkenham (1994) used autoradiography to look 
for [3H]CP 55,940 binding sites in sections prepared from a 
range of peripheral tissues obtained from rats. Specific bind- 
ing sites were detected only in certain components of the 
immune system and in the anterior pituitary gland. Thus, 
no significant specific binding was detectable in adrenal, 
thyroid, parathyroid, lacrimal, Harder’s, submaxillary or pa- 
rotid glands, or in the gastrointestinal tract, liver, heart, 

lung, kidney, bladder, uterus, vagina, ovary, oviduct, testis, 

epididymis, seminal vesicles, prostate gland, bulbourethral 

gland, vas deferens, skeletal muscle, retina, ciliary body or 

gland of Meibom (eyelid). Of the components of the im- 

mune system examined (whole spleen, cervical lymph 

nodes, thymus, Peyer’s patches, leukocyte-enriched smears 
and bone marrow smears), whole spleen had the highest 

density of specific binding sites, 41% of that found in brain. 

Specific [3H]CP 55,940 binding was sparse or absent in 

T-cell-rich areas of spleen, lymph nodes and Peyer’s 

patches, and in thymus and bone marrow. Within the 

spleen, the areas most populated with specific sites were the 

white pulp marginal zone and mantle of white pulp follicles, 

the density of specific sites in these areas being 76% of that 

in the brain. The rank order of specific binding density was 

found to be splenic white pulp marginal zone and mantle of 

white pulp follicles > splenic red pulp > central regions of 

the splenic white pulp > lymph node cortex > Peyer’s 

patches > leukocyte-enriched smears > anterior pituitary 

gland. 

In further experiments with tissue sections, Lynn and 
Herkenham (1994) obtained evidence for the presence of 

cannabinoid receptors in rat spleen, lymph nodes and 

Peyer’s patches. In particular, they demonstrated that the 

ability of eight unlabeled cannabinoids to displace [3H]CP 
55,940 from specific binding sites in these peripheral sites 

(e.g., Tables 11 and 12) correlates well with their ability to 
compete with this probe for specific (CB,) binding sites in 

rat brain tissue. Lynn and Herkenham (1994) also found 

that specific binding of [3H]CP 55,940 to sites in rat spleen, 

lymph nodes and Peyer’s patches could be markedly attenu- 
ated by guanylyl-imidodiphosphate, a nonhydrolysable GTP 

analog that also reduces [3H]CP 55,940 binding to brain tis- 

sue (Herkenham et al., 1991~). Whilst these findings sup- 

port the presence of cannabinoid receptors in rat spleen, 

lymph nodes and Peyer’s patches, they provide no informa- 

tion about the type(s) of cannabinoid receptor present in 
these tissues. This is because the affinities for CBZ binding 

sites of the cannabinoids used either have not been deter- 

mined or are known to be little different from the corre- 
sponding affinities for CB, binding sites (Section 5.1 and 

Table 8). 

Results from binding experiments with membrane prepa- 
rations also point to the presence of specific cannabinoid 

binding sites in certain peripheral tissues (Tables 11 and 

13). In line with the experiments of Lynn and Herkenham 
(1994), specific binding sites for [3H]CP 55,940 have been 

detected in rat spleen cell membranes (Rinaldi-Carmona et 

al., 1994), in mouse spleen cell membranes (Kaminski et al., 
1992), and in human cultured monocytes and rat cultured 
leukemia cells (Bouaboula et nl., 1993; Facci et al., 1995). 
The experiments with cultured cells revealed the presence 
of a single class of cannabinoid binding site from which 
[3H]CP 55,940 could be easily displaced by unlabeled can- 
nabinoids (Table 11). Rinaldi-Carmona et al. (1994) ob- 
tained confirmatory evidence that most cannabinoid recep- 
tors expressed in the spleen are not of the CB1 type by 
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TABLE 11. The Ability of Certain Cannabinoids to Displace Radiolabeled Ligands from Specific Cannabinoid Binding Sites in 
Peripheral Tissues 

Preparation 
Radioligand and binding 

Ki values (nM) 

assay conditions HU CP WIN THC NAB CBN SR ANA Reference 

Human 
monocyte 
u937 
cell membranes 

Rat RBL-2H3 
basophilic 
leukemia 
cell membranes 

Rat 
spleen 
cell membranes 

Sections of 
rat spleen 

Sections of 
rat lymph node 

Sections of 
rat Peyer’s patches 

0.14 nM [3H]CP 55,940 - 0.062 16.14 
50 p,g protein/ml 
30°C for 1 hr 
Filtration assay 

3-4nM [3H]WIN 55,212-2 - - - 
70-80 pg protein/mL 
5 mg BSA/mL 
30°C for 1 hr 
Centrifugation assay 

0.1 nM [3H]CP 55,940 - 1.37 16.2 
7-50 p,g protein/ml 
30°C for 1 hr 
Filtration assay 

10nM [3H]CP55,940 - 7.2 - 

10nM [3H]CP 55,940 - 3.8 - 

10 nM [3H]CP55,940 - 4.0 - 

0.07 - - - - Bouaboula et al., 
1993 

- 
(I& - - 

Facci et al., 1995 

3.9 - - >lOOO - Rinaldi-Carmona 
et al., 1994 

700 300 - 

480 1010 - 

720 790 - 

- 

- 

- 

- Lynn and Herkenham, 
1994 

- Lynn and Herkenham, 
1994 

- Lynn and Herkenham, 
1994 

Values of K, (dissociation constant) were determined in competitive binding assays. HU, HU-210; CP, CP 55,940; WIN, WIN 55,212-2; NAB, nabilone; 
CBN, cannabinol; SR, SR141716A; ANA, anandamide. Cannabinoid structures are given in Figs. l-10. 

showing that in contrast to nonselective cannabinoids such 
as A9-THC, the potent CB1 selective ligand SR141716A 

does not readily displace [JH]CP 55,940 from rat splenic 
binding sites. The availability of SR141716A in both its 

unlabeled and radiolabeled forms (Section 4.1.3.3) will 

greatly facilitate the classification of peripheral canna- 

binoid receptors. 

Binding experiments with membrane preparations have 

also led to the detection of a single class of specific, high- 

affinity cannabinoid binding sites in pregnant mouse uterus 
and guinea-pig small intestine (Paterson and Pertwee, 

1993; Das et al., 1995; R. A. Ross, A. A. Coutts and R. G. 

Pertwee, unpublished). Whether the difference between 

these results and those obtained by Lynn and Herkenham 

(1994) in their autoradiography experiments with rat tissue 
sections reflects methodological or species differences is not 
known. 

6.3. Peripheral Distribution of 
Functional Cunnubinoid Receptors 
6.3.1. Spleen cells and white blood cells. As already dis- 
cussed, there is convincing evidence that cannabinoid CB, 

and CB2 receptors are present in spleen and white blood 

cells (Sections 6.1 and 6.2), and that both receptor types 

are negatively coupled to adenylate cyclase through inhibi- 
tory G-proteins (Sections 4.2.2 and 5.2.1). It is noteworthy, 

therefore, that certain cannabinoid receptor agonists have 

been shown to exert a pertussis toxin-sensitive inhibitory 

TABLE 12. Stereoselective Displacement of Radiolabeled Ligands from Specific Cannabinoid Binding Sites in Peripheral Tissues 

Unlabeled Ligand used to determine 
Preparation Radioligand ligand (n!) nonspecific binding Reference 

Sections of 10 nM [3H]CP 55,940 (-)-A9-THC 
rat spleen ( +)-A9-THC 

(- )-CP 55,940 
(+)-CP 55,940 

Sections of 10 nM [3H]CP 55,940 (-)-A9-THC 
rat lymph node (+)-A9-THC 

(-)-CP 55,940 
(+)-CP 55,940 

Sections of 10 nM [3H]CP 55,940 ( -)-A9-THC 
rat Peyer’s patches (+)-A9-THC 

(-)-CP 55,940 
(+)-CP 55,940 

700 10 FM CP 55,244 Lynn and Herkenham, 1994 
13,300 

7.2 
160 
480 10 PM CP 55,244 Lynn and Herkenham, 1994 

9700 

4’;: 
720 10 FM CP 55,244 Lynn and Herkenham, 1994 

17,800 
4 

540 

Values of K, (dissociation constant) were determined in competitive binding assays. (+)CP 55,940, CP 56,666. Cannabinoid stNctW2s are given in Figs. l-10. 
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TABLE 13. Specific Binding to Cannabinoid Receptors in Peripheral Tissues 
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Preparation 
Radioligand and binding 

assay conditions 
BJmg Ligand used to determine 
protein’ nonspecific binding Reference 

Murine 
spleen 
cells 

Rat 
spleen 
cell membranes 

Human 
monocyte 
u937 
cell membranes 

Rat RBL-2H3 
basophilic 
leukemia 
cell membranes 

Murine 
uterine 
endometrial 
cell membranes 

[3H]CP 55,940 
1.5 X lo7 cells/mL 
5 BSA/mL mg 
30°C for 1 hr 
Filtration assay 

[-‘H]CP 55,940 
Filtration assay 

0.91 1000 sites/cell 1 PM CP 55,940 Kaminski et al., 1992 

0.184 0.071 pmol/mg 10 /.LM HU-210 Felder et al., 1995 

[3H]CP 55,940 
50 protein/ml pg 
30°C for 1 hr 
Filtration assay 

[3H]WIN 55,212-2 
70-80 pg protein/ml 
30°C for 1 hr 
Centrifugation assay 

[3H]WIN 55,212-2 
150 protein/ml p,g 
30°C for 1 hr 
Filtration assay 

0.1 0.525 pmol/mg 1 PM CP 55,940 Bouaboula et al., 1993 

33.5 4.4 pmol/mg 1 FM WIN 55,212-2 Facci et al., 1995 

2.4 ca. 0.009 pmol/mg 1 PM WIN 55,212.2 Das et al., 1995 

1 Also sites/cell. Values of Kd (dissociation constant) and B,,, (specific binding capacity) were determined in saturation binding assays. Cannabinoid strut- 
tures are given in Figs. I-10. 

effect on cyclic AMP production by mouse spleen cells and A9-THC and CP 55,940 have an immunoinhibitory effect 

white blood cells, albeit at micromolar concentrations on mouse spleen cells (Kaminski et al., 1992; Schatz et al., 

(Diaz et al., 1993; Kaminski et al., 1994; Table 14). Also 1992), and that this is preventable by both pertussis toxin 

noteworthy are reports that micromolar concentrations of pretreatment and dibutyryl cyclic AMP (Kaminski et al., 

TABLE 14. Inhibitory Effect of Certain Cannabinoids on Cyclic AMP Production by Peripheral Tissues 

Preparation 
Measured effect 

concentration Agonist 

E& values Maximum 
for inhibition inhibition 

(FM) (%) Reference 

Human 
peripheral blood 
mononuclear cells 

Human ML2 
leukemia 
cell membranes 

Murine 
spleen cells 

Murine 
spleen cells 

Murine 
spleen cells 

Murine 
uterine cell 
membranes 

Murine 
blastocyst 
membranes 

Murine 
intact 
vasa deferentia 

Forskolin-stimulated 
cyclic AMP production 

Cyclic AMP 
production at 30°C 

Forskolin-stimulated 
cyclic AMP production 
at room temperature 

Forskolin-stimulated 
cyclic AMP 
at room temperature 

PMA + ionomycin- 
stimulated cyclic AMP 
production at 37°C 

Forskolin-stimulated 
cyclic AMP 
production at 25°C 

Forskolin-stimulated 
cyclic AMP 
production at 25°C 

Forskolin-stimulated 
cyclic AMP 
production at 37°C 

A9-THC at least 3.2 at least 50 Diaz et al., 1993 

A9-THC ca. 35 ca. 100 Rowley and Rowley, 1990 

A9-THC ca. 3 ca. 70 Schatz et al., 1992 

A9-THC <22 at least 85 
ANA 50-75 at least 60 

A9-THC 
CP 55,940 

<22 
~5.2 

100 
100 

A9-THC 
ANA 

ca. 0.3 
ca. 0.1 

ca. 75 
ca. 75 

A9-THC <lo at least 70 

CP 55,940 
(-)-HU-210 
(+)-HU-210 

6nM 
Inhibition with 25 nM 
No inhibition with 1 PM 

44 
- 
- 

Lee et al., 1995 

Kaminski et al., 1994 

Das et al., 1995 

Paria et al., 1995 

Pertwee et aI., 1996~ 

ANA, anandamide; PMA, phorbol-12-myristate-13-acetate; (+)-HU-210, HU-211. Cannabinoid structures are given in Figs. l-10. Results from earlier in- 
vestigations have been reviewed by Pertwee (1988). 
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1994). Appropriate stereoselectivity for cannabinoid CB1 
or CB, receptor mediation was noted for this immunoin- 

hibitory effect, the (-)-enantiomers CP 55,940 and HU- 

210 being significantly more potent than their correspond- 
ing (+)-enantiomers (Kaminski et al., 1992). 

Facci et al. (1995) have reported that the ability of cul- 

tures of rat basophilic leukemia-2H3 cells (mast cells) to re- 

lease preloaded [3H]5-HT in response to dinitrophenylated 
HSA can be inhibited by micromolar concentrations of the 

cannabinoid receptor agonists nabilone, WIN 55,212-2 and 

As-THC. Evidence that this effect may be cannabinoid CB2 

receptor-mediated comes from the findings that the cells 

contain specific cannabinoid binding sites, albeit of rather 

modest affinity, that they express CB2, but not CBi, can- 

nabinoid receptors, and that cannabidiol, which is not a 

cannabinoid receptor ligand, had no effect on [3H]S-HT re- 
lease. Interestingly, Facci et al. (1995) found that antigen- 

evoked release of [3H]5-HT from rat basophilic leukemia- 

2H3 cells was not inhibited by anandamide, which, instead, 

opposed the effects of nabilone and WIN 55,212-2. How- 

ever, [3H]5-HT release was inhibited by palmitoylethanola- 

mide, a naturally occurring structural analog of anandamide 
(Fig. 4). Low concentrations of this compound also dis- 

placed [sH]WIN 55,212-2 from specific binding sites on 
membranes from the same cell line (ICsO = 1 nM). These 

sites were presumably the recognition sites of CB2 receptors 

(see above). In view of these findings, it is noteworthy that 

Showalter et al. (1996) have found that at concentrations 

of up to 10 ~,LM, palmitoylethanolamide displaces only 20% 
of [JH]WIN 55,212-2 from binding sites on membranes ob- 

tained from CBz receptor transfected CHO cells, and that 
this displacement is not concentration-dependent. The rea- 

son for this inconsistency between the results of Facci et al. 

and those of Showalter et al. remains to be established. It 

should be noted that palmitoylethanolamide has been re- 

ported to have no significant affinity for cannabinoid CB, 

receptors (Devane et al., 1992b; Felder et al., 1993). 
Finally, Condie et al. (1996) recently have obtained fur- 

ther evidence that cannabinoids can alter lymphocyte 

function through cannabinoid CBz receptor-mediated inhi- 
bition of adenylate cyclase. Their results show that the mu- 

rine thymoma-derived T-cell line EL4.1L-2 expresses can- 

nabinoid CB2 receptors (Section 6.1.2) and suggest that 
activation of these CBz receptors leads to suppression of 

both protein kinase A activity and interleukin-2 gene tran- 
scription wia inhibition of cyclic AMP production. Current 
knowledge about the role of second messenger pathways in 
cannabinoid-induced immunosuppression has been reviewed 
by Holsapple et al. (1996). 

6.3.2. Utems. Das et al. (1995) have shown that submi- 
cromolar concentrations of A9-THC and anandamide can 
inhibit cyclic AMP production by a membrane preparation 
obtained from pregnant mouse uteri. It is likely that this ef- 
fect was mediated by cannabinoid CBi receptors. Thus, it 
has been found that (i) cannabinoid receptor agonists in- 
hibit cyclic AMP production by this preparation in a con- 

centration-related and pertussis toxin-sensitive manner; 

(ii) this inhibitory effect is not produced by micromolar 
concentrations of cannabidiol, a cannabinoid that is not a 

cannabinoid receptor ligand; and (iii) pregnant mouse uter- 

ine tissue contains specific, high-affinity cannabinoid bind- 

ing sites (Table 13), as well as mRNA for expressing CB1, 

but not CBz, receptors. 

6.3.3. Heart. Ishac et al. (1996) have reported that A9- 

THC and anandamide can both inhibit electrically evoked 

release of 3Hnorepinephrine from rat isolated atria, and 

that this effect can be competitively antagonized by 

SR141716A. When taken together with their additional 

observation that there is cannabinoid CB1 receptor mRNA 
in the rat superior cervical ganglion, these findings point to 

the presence of presynaptic cannabinoid CBi receptors on 
sympathetic nerve terminals in the heart. 

6.3.4. Vas deferens, small intestine and urinary bladder. 

Results obtained from functional bioassays provide good ev- 

idence for the presence of cannabinoid CB, receptors on 
prejunctional nerve terminals in the mouse vas deferens, 

guinea-pig small intestine and mouse urinary bladder. Re- 
sults from similar experiments also point to the presence of 

such receptors in rat and guinea-pig vasa deferentia and in 

mouse small intestine. The evidence for the presence of 

functional cannabinoid receptors in these tissues can be 

summarized as follows. 
(i) Many cannabinoid receptor agonists have been 

shown to produce a concentration-related inhibition of 

electrically evoked contractions, both of the MPLM prepa- 
ration of guinea-pig small intestine and of the mouse iso- 

lated vas deferens and urinary bladder (Pacheco et al., 1991; 
Pertwee et al., 1992; Pertwee and Fernando, 1996; see also 

Pertwee, 1988). These contractions can also be prevented 

by 100 or 200 nM tetrodotoxin, a specific Na+ channel 

blocker, indicating that they are not caused by direct stimu- 
lation of smooth muscle, but rather by contractile transmit- 

ter(s) released from electrically stimulated prejunctional 
nerves (Pertwee and Fernando, 1996; Pertwee et al., unpub- 

lished). 
(ii) Cannabinoid receptor agonists show high potency 

and remarkable stereoselectivity and structure dependence 

as inhibitors of electrically evoked twitches in all three tis- 
sues (Pacheco et al., 1991; Kuster et al., 1993; Pertwee et al., 
1992, 1995~; Pertwee and Fernando, 1996; see also Pertwee, 
1988). Their rank order of inhibitory potency correlates 
well with their affinity for specific cannabinoid binding 
sites in brain tissue. Results from similar experiments with 
CP 55,940 and its (+)-enantiomers support the presence 
of cannabinoid receptors in rat and guinea-pig vas defer- 
ens and in mouse small intestine (Pertwee et al., 1993). 
CP 55,940 has been found to be significantly less potent as 
a twitch inhibitor in these tissues than in guinea-pig 
MPLM, or in mouse vas deferens or urinary bladder. This 
could indicate either species or methodological differences, 
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as it was not possible to use the same electrical stimulation 

conditions for all these tissue preparations. 

(iii) In guinea-pig MPLM and mouse vas deferens and 

urinary bladder, cannabinoid-induced inhibition of the 
twitch response can be potently blocked or reversed by the 

selective cannabinoid CB1 receptor antagonist SR141716A 

(Rinaldi-Carmona et al., 1994; Coutts et al., 1995; Pertwee 

et al., 1995c, 1996b; Pertwee and Fernando, 1996). Opioid 

and a,-adrenoceptors can also mediate electrically evoked 

twitch inhibition in guinea-pig MPLM and mouse vas defe- 

rens. However, selective antagonists of these receptors do 

not block or reverse the inhibitory effect of cannabinoids in 

either tissue (Pertwee et al., 1992, 1996b; Coutts et al., 1995; 

Pertwee et al., unpublished). By itself, SR141716A produces 

small, but significant, increases in the amplitude of electri- 

cally evoked contractions of guinea-pig MPLM, mouse vas 

deferens and urinary bladder (Coutts et al., 1995; Pertwee 

and Fernando, 1996; Pertwee et al., 1996a,b) (see Section 

3.2 for further discussion). 

(iv) Submicromolar concentrations of CP 55,940 inhibit 

cyclic AMP production by mouse vasa deferentia, and this 

effect is readily prevented by SR141716A (Pertwee et al., 

1996~; Table 14). As in experiments in which the measured 

response is cannabinoid-induced inhibition of electrically 

evoked contractions (see above), SR141716A behaves as a 
competitive, surmountable antagonist with a Kd value close 

to 1 nM. It has also been found that cyclic AMP production 

by mouse vasa deferentia can be inhibited by the potent 

cannabinoid receptor agonist HU-210, at a concentration 

of 25 nM, but not by 1 p,M of its (+)-enantiomer, which is 

not a cannabinoid receptor ligand (Pertwee et al., 1996~). 
Because cannabinoid CB1 receptors are known to be nega- 

tively coupled to adenylate cyclase (Section 4.2.2), these 

observations provide further evidence for the presence of 
such receptors in the mouse vas deferens. The effect of can- 

nabinoids on adenylate cyclase activity in vasa deferentia 

from other species and in MPLM and mouse urinary blad- 

der remains to be investigated, as does their effect on other 

second messenger systems in all these tissues. In view of the 
evidence that cannabinoid CB, receptors are negatively 

coupled to N-type and P/Q-type calcium channels (Section 

4.2.1.1), it is also worth noting that blockers of these chan- 

nels (GVIA, MVIIA, SVIB and/or MVIIC w-conotoxin) 

share the ability of cannabinoid CB1 receptor agonists to 
inhibit electrically evoked contractions of guinea-pig 
MPLM and mouse isolated vas deferens and urinary bladder 

(Hong et al., 1996; Waterman, 1996; Wright and Angus, 
1996). As for cannabinoids (see below), there is good evi- 

dence that these calcium channel blockers exert their in- 
hibitory effect by acting prejunctionally. 

(v) Another observation that is at least consistent with 
the presence of cannabinoid receptors in the mouse vas def- 
erens is that A9-THC can induce cannabinoid tolerance in 
this tissue without affecting the sensitivity of the twitch re- 
sponse to inhibition by the olz-adrenoceptor agonist clonidine 
or by selective p,-, 6- or K-opioid receptor agonists (Pertwee 
and Griffin, 1995). Interestingly, the development of such 

tolerance in the vas deferens is not associated with any 

change in the Kd of SR141716A, as measured by its ability 

to antagonize CP 55,940. However, it is associated with dis- 

tinct reductions in both the slope of the concentration re- 
sponse curve of A9-THC and in the size of its maximal re- 

sponse, pointing to a reduction in receptor reserve. These 

findings are consistent with data obtained in binding exper- 

iments with brain tissue (Rodriguez de Fonseca et al., 1993; 

Oviedo et $., 1993; Fan et al., 1996; see also Section 4.1.9.4), 

and lend further support to the hypothesis that tolerance to 
cannabinoids results from a decrease in receptor concentra- 

tion rather than from a reduction in receptor affinity. 

Although specific cannabinoid binding sites already 
have been observed in guinea-pig small intestine (Section 

6.2), the question of whether such sites are detectable in 

the vas deferens or urinary bladder still has to be addressed. 

The presence of cannabinoid CB, receptor mRNA in rat 

superior cervical ganglion, rat and mouse vas deferens, and 

mouse urinary bladder has been noted in Sections 6.1. I and 
6.1.2. It remains to be established whether cannabinoid re- 

ceptor mRNA is also present in the vasa deferentia of other 

species, in the myenteric plexus and/or in sympathetic gan- 

glia that send nerve fibres to these tissues. 
The hypothesis that cannabinoids inhibit electrically 

evoked contractions of guinea-pig MPLM, mouse isolated 

vas deferens and mouse urinary bladder by acting prejunc- 

tionally to suppress the neuronal release of contractile 

transmitters is based on the observation that cannabinoid 

concentrations effective in attenuating the amplitude of 
electrically evoked twitches do not prevent contractions 

elicited by exogenous administration of these transmitters 

or of stable transmitter analogs (acetylcholine in guinea-pig 

MPLM, P,y-methylene-L-adenosine triphosphate and norepi- 

nephrine in mouse vas deferens and P,y-methylene-L-aden- 
osine triphosphate and acetylcholine in mouse urinary blad- 

der) (Pertwee and Griffin, 1995; Pertwee and Fernando, 1996; 

Pertwee et al., 1996b; see also Pertwee, 1988). For guinea- 
pig MPLM and rat vas deferens, there is more direct evi- 

dence for a prejunctional site of action, cannabinoids hav- 
ing been shown to inhibit electrically evoked release of 

[jH]norepinephrine from rat isolated vasa deferentia and 

both spontaneous and electrically evoked release of acetyl- 

choline from guinea-pig MPLM (Ishac et al., 1996; Pertwee 

et al., 199613; see also Pertwee, 1988). Release of [JH]nor- 
epinephrine from rat isolated vasa deferentia induced by 
tyramine is not affected by cannabinoids (Ishac et al., 1996). 
The inhibitory effect of cannabinoids on contractile trans- 

mitter release appears to be mediated by cannabinoid CB1 

receptors, as it is susceptible to antagonism by SR141716A 
(Coutts and Pertwee, 1996; Ishac et al., 1996; Pertwee et al., 
1996b). The observation that cannabinoids show marked 
potency and appropriate stereoselectivity in inhibiting 
evoked release of acetylcholine from guinea-pig MPLM also 
points to an involvement of cannabinoid receptors in 
the production of this effect (Coutts and Pertwee, 1996; 
Pertwee et al., 1996b). The evidence that cannabinoid CB, 
receptors in guinea-pig MPLM mediate cannabinoid-induced 
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inhibition of both contractile transmitter release and elec- 
trically evoked contractions supports a cause and effect re- 
lationship between these two drug responses. 

7. PHARMACOPHORE 
IDENTIFICATION AND RECEPTOR MAPPING 

Major structural differences between classical cannabinoids 
and aminoalkylindoles (Section 3.1) have prompted at- 
tempts to find pharmacophoric similarities between these 
two types of cannabimimetic agent. On the basis of molecu- 
lar modeling studies, Xie et al. (1995) have proposed that 
the naphthoyl, carbonyl and morpholino groups of the ami- 
noalkylindole WIN 55212-2 (Fig. 3) correspond, respectively, 
to the pentyl side chain, phenolic hydroxyl and 9-hydroxyl 
group of the classical cannabinoid, (-)-9@hexahydrocan- 
nabinol. On the other hand, Huffman et al. (1994) have 
proposed that C-7 of the naphthalene ring of WIN 55,2 12-2 
coincides with C-9 of A9-THC (Fig. 1) and that the carbo- 
nyl and morpholinoethyl groups of WIN 55,212-2 are 
equivalent to the phenolic hydroxyl and pentyl side chain 
of A9-THC, respectively. In line with this hypothesis, it has 
been shown that the two morpholinoethyl groups of WIN 
55,212.2 can be replaced with a pentyl group [to form 
l-pentyl-2-methyl-3-( 1-naphthoyl)indole; see Fig. lo] with- 
out loss of cannabimimetic potency (Huffman et al., 1994; 
Pertwee et al., 1995~). It has also been shown in discrimina- 
tion experiments with Rhesus monkeys that l-butyl- 
2-methyl-3-( 1-naphthoyl)indole (Fig. 10) produces full dose- 
dependent substitution for As-THC (Wiley et al., 1995~). 
Interestingly, three compounds in which the indole nucleus 
of WIN 55,212-2 has been additionally modified by re- 
moval of the aromatic ring and of the methyl group at the 
2-position retain cannabimimetic properties (Lainton et al., 
1995; Pertwee et al., 1995c). These compounds are l-per&, 
l-hexyl-and 1-heptyl-3-( I-naphthoyl)pyrrole (Fig. 10). 

Thomas et al. (1996) have used molecular modeling 
techniques to look for pharmacophoric similarities between 
arachidonyl compounds, such as anandamide (Fig. 4) and 
classical cannabinoids (Fig. 1). They have concluded that a 
looped conformation of anandamide is energetically favor- 
able and that this conformation can be superimposed on 
the A9-THC molecule, such that the oxygen of the arachi- 
donyl carboxyamide lies over the pyran oxygen, the hy 
droxyl group of the arachidonyl ethanol over the phenolic 
hydroxyl group, the five terminal arachidonyl carbons over 
the hydrophobic pentyl side chain, and the arachidonyl 
polyolefin loop over the tricyclic ring system of A9-THC. 
Thomas et al. (1996) have also found that the cannabimi- 
metic potencies of eight anandamide analogs correlate rea- 
sonably well with their ability to overlay A9-THC, accord- 
ing to the proposed pharmacophore. 

Makriyannis and co-workers have used a combination of 
biophysical techniques and computer modeling methods to 
predict the preferred conformation of certain cannabinoids 
within the membrane (Makriyannis, 1995; Xie et al., 1996). 
They predict from their calculations that cannabinoids 

reach their receptors by lateral diffusion through the lipid 
bilayer, that cannabinoid molecules are oriented with their 
hydroxyl groups facing the polar region of the membrane 
bilayer and their alkyl side chains arranged perpendicularly 
to the membrane surface, and that this orientation favors 
productive collisions with the recognition site of the can- 
nabinoid receptor protein. 

Bramblett et al. (1995) have constructed a three-dimen- 
sional model of the cannabinoid CBi receptor that shows 
the likely orientation of its seven transmembrane helices. 
According to this model, the helix bundle arrangement of 
the CBi receptor largely resembles the one proposed for the 
G-protein-coupled receptor rhodopsin in that the degree of 
exposure to membrane lipid is greatest for helices 1 and 4 
and least for helix 3. 

Shire et al. (1996a) have carried out experiments di- 
rected at identifying the domain(s) of the cannabinoid CB, 
receptor responsible for the recognition and binding of the 
selective CBi receptor antagonist SR141716A. Their ap- 
proach was to transfect COS-3 cells with mutated CBi re- 
ceptors or with a range of different chimeric CBl/CBz re- 
ceptors. They then compared the affinity of SR141716A for 
each of these receptors with its affinity for wild-type can- 
nabinoid CB, receptors. The results obtained suggest that 
the fourth and fifth transmembrane domains of the CBi re- 
ceptor are essential for high-affinity binding of SR141716A, 
whereas the extracellular loop between these two domains 
is unimportant for the binding of this ligand. However, 

FIGURE 10. The structures of (a) I-alkyl-2-methyl.3-( l-naph- 
thoyl)indole (e.g., R = propyl, pentyl or butyl) and (b) l-alkyl- 
S-(1-naphthoyl)pyrrole (e.g., R = pentyl, hexyl or heptyl). 
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Shire et al. (1996a) did obtain evidence that this extracellu- 

lar loop does have an important role in the binding of CP 

55,940. This compound differs from SR141716A in having 

equally good affinity for CB1 and CB2 receptors (Tables 2 

and 8). Consequently, it is noteworthy that it is in the re- 
gion made up by the fourth and fifth transmembrane do- 

mains of the CB, receptor together with the extracellular 

loop connecting these two domains that the greatest CB1- 
CB2 differences in size and primary sequence are to be 

found (Shire et al., 1996a). 

Song and Bonner (1996) have investigated the impor- 

tance to the cannabinoid-cannabinoid receptor interaction 

of lysine at position 192 in the third transmembrane domain 

of the human cannabinoid CB1 receptor [Lys 3.28(192)]. 

This they did by transfecting human embryonal kidney 293 

cells with cannabinoid CB, receptors in which they had in- 

troduced a lysine to alanine mutation at the 192 position, 

and then comparing the cannabinoid binding and signal 
transduction properties of this mutant receptor with those 

of the wild-type cannabinoid receptor. They found that this 
mutation essentially eliminated the inhibitory effect of 

HU-210, CP 55,940 and anandamide on cyclic AMP pro- 

duction by transfected cells, and also abolished the ability 
of these cannabinoids to compete with [3H]WIN 55,212-2 

for specific binding sites. On the other hand, the mutation 

had little effect on the binding affinity of WIN 55,212-2 or 

on its ability to inhibit adenylate cyclase. It seems, there- 

fore, that Lys 3.28( 192) is a critical point of interaction on 

the CB1 receptor for HU-210, CP 55,940 and anandamide, 
but not for WIN 55,212-2. Evidence for a difference be- 

tween the binding of WIN 55,212-2 and that of other can- 

nabinoid receptor ligands to CB1 recognition sites has also 

been obtained by Petitet et al. (1996). They observed that 
WIN 55,212-2 was markedly less potent in displacing 

[3H]SR141716A than in displacing [3H]WIN 55,212-2 
from specific binding sites on rat cerebellar membranes, 

whereas SR141716A, anandamide, A9-THC and 11-hydroxy 

A9-THC showed no such potency difference. There is also 

evidence that WIN 55,212-2 may differ from other can- 
nabimimetic agonists in the manner in which it binds to 

mouse and/or human CB2 receptors. Thus, Shire et al. 

(1996b) have found that whereas A9-THC, CP 55,940, and 

anandamide bind equally well to human and mouse CB2 re- 
ceptors, WIN 55,212-2 has approximately 6 times greater 

affinity for the human receptor (Table 8). In view of these 
findings, it is important to remember that competitive 

binding experiments have yielded data indicating that 

WIN 55,212-2 readily displaces other types of cannabinoid 

receptor agonist from the recognition sites of native can- 
nabinoid receptors (Tables 2, 3 and 11). Therefore, there 
must be considerable overlap between the recognition site 
for WIN 55,212,2 and that for members of other groups of 
cannabinoid receptor agonists. 

Huffman et al. (1996) have suggested that the canna- 
binoid CB, receptor Lys 3.28( 192) promotes the binding of 
cannabinoids that contain a hydroxyl group or a pyran oxy 
gen by forming a hydrogen bond with the hydroxyl or pyran 

oxygen atom. They used the computer model of the can- 

nabinoid CB1 receptor constructed by Bramblett et $. (1995) 

to predict how the three cannabinoid CB1 receptor agonists, 

1 I-hydroxy_As-THC-dimethylheptyl (HU-210), 1-deoxy_HU- 

210 and 1-deoxy-As-THC-dimethylheptyl (Figs. 5 and 9) 
interact with Lys 3.28(192). They concluded that Lys 

3.28( 192) hydrogen bonds to the phenolic group of HU-210, 
to the C-11 hydroxyl group of l-deoxy-HU-210 and to the 

pyran oxygen of the hydroxyl-free cannabinoid, l-deoxy- 

As-THC-dimethylheptyl. They further concluded that Tyr 

5.39(275) hydrogen bonds to the 1 1-hydroxyl group of HU- 

210 and that Val6.43(351) and Ile 6.46(354) form a hydro- 
phobic binding pocket for the dimethylheptyl side chain of 

all three compounds. According to these predictions, the 

orientation of l-deoxy-As-THC-dimethylheptyl relative to 

the receptor protein differs considerably from that of HU- 

210 or 1-deoxy-HU-210. One predicted consequence of 
this difference is that the number of carbon atoms of the 

dimethylheptyl side chain participating in the putative in- 

teraction with the hydrophobic binding pocket is less for 
1-deoxy_As-THC-dimethylheptyl than for the other two com- 

pounds. This may explain why 1 -deoxy-As-THC-dimethyl- 

heptyl is less potent and has less affinity for the CB, recep- 

tor than HU-210 or l-deoxy-HU-210. It is also possible that 

1-deoxy-HU-210 is less potent than HU-210 as a CB1 recep- 

tor agonist because it forms one hydrogen bond rather than 

two. The lack of a phenolic hydroxyl group in 1 -deoxy-HU- 
210 deserves comment, as it is often stated in the literature 

that the presence of a phenolic hydroxyl group is manda- 

tory for cannabimimetic activity. 

8. GENERAL DISCUSSION AND SUMMARY 

It is clear from the material presented in this review that 

there are at least two types of cannabinoid receptor, CB1 
and CB2. Cannabinoid CB, receptors occur both within 

and outside the CNS, whereas cannabinoid CB2 receptors 

so far have only been found peripherally. Here, together 

with CB, receptors, they are present in cells of the immune 
system, presumably mediating cannabinoid-induced immu- 

nosuppression and possibly also an anti-inflammatory effect 
(Section 6). The predicted amino acid sequence of the CB, 

receptor is well conserved across species so far investigated 

(human, rat and mouse). However, the cannabinoid CBZ 
receptor sequence shows greater species variation, at least 

when the human and mouse receptors are compared (Sec- 

tion 2.2). Variants of the CBI receptor have been detected 
in human tissue (CB,(,J and in one strain of mouse (C57BL/ 

6) (Section 2.2). The pharmacological and physiological sig 
nificance of these variants remains to be established. There is 
also evidence from binding assays with brain tissue that the 
CB1 receptor can exist in at least two conformations (Sec- 
tion 4.1.6). It may prove that these represent coupled and 
uncoupled versions of the receptor, in which case it may be 
possible to develop inverse agonists (Section 3.2). 

Although the distribution pattern of cannabinoid CB1 
receptors in the brain is largely in agreement with the 
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known pharmacology of cannabinoid receptor agonists 
(Section 2.2.1), there are some inconsistencies. Thus, cer- 
tain areas of the CNS that are known to be cannabinoid- 

sensitive are quite sparsely populated with CB, receptors. 

These include the hypothalamus, at which cannabinoids 

are thought to bring about thermoregulatory changes, and 

the brain stem and spinal cord, both putative sites for can- 
nabinoid-induced antinociception. Possibly, the CB1 recep- 

tors within these areas are concentrated only at a limited 

number of critical locations. Alternatively, it may be that 

the efficiency with which CBI receptors in these areas are 

coupled to their effector mechanisms is particularly high 

(cf. Section 4.1.10), or that these areas contain other can- 
nabinoid receptor types that can mediate the production of 

cannabimimetic effects. 
Some CB1 receptors are located on presynaptic nerve ter- 

minals, and there is little doubt that activation of these 

receptors can lead to a suppression of neurotransmitter 

release from central and peripheral nerve terminals: acetyl- 

choline in rat hippocampus and guinea-pig small intestine, 

norepinephrine in rat heart, norepinephrine and/or acetyl- 

choline in mouse urinary bladder, and norepinephrine and/ 
or adenosine triphosphate in mouse vas deferens (Sections 

4.2.1.6, 6.3.3 and 6.3.4). 

Several effector systems have been identified for canna- 

binoid receptors (Section 4.2). In particular, there is con- 
vincing evidence that both CB1 and CB, receptors are neg 

atively coupled through Gil,-protein to adenylate cyclase. 
Another probable G,,,,-protein-coupled effector system for 

both these types of receptor is MAP kinase. In addition, 

there is good evidence that CB, receptors are negatively 

coupled through G,iO-protein to N-type and P/Q-type cal- 
cium channels, and that they are positively coupled 

through GilO-protein to potassium channels, both A-type 

and inwardly rectifying. Together or separately these effec- 
tor systems could well account for CB, receptor-mediated 

inhibition of neurotransmitter release from nerve terminals. 

There is also some preliminary evidence that arachidonic 

acid may serve as a second messenger for CB, receptors and 

that CB1 receptors may be coupled to 5-HT3 receptor ion 
channels. Finally, cannabinoids can inhibit inward sodium 

currents. However, the question of whether this effect is 
mediated by cannabinoid receptors has yet to be addressed. 

The announcement in 1990 of the cloning of the can- 

nabinoid CB1 receptor was followed within 2 years by the 
discovery in the brain of an endogenous cannabinoid recep- 
tor ligand, arachidonylethanolamide (Section 3.1). This 
compound, anandamide, which is also found outside the 
CNS, can bind to both CB1 and CB2 receptors. Several en- 
dogenous cannabinoid receptor ligands have since been de- 
tected in mammalian tissues (Section 3.1). These too are 
fatty acid derivatives. The question of whether other fatty 
acid derivatives, or other types of endogenous compound, 
may also serve as cannabinoid receptor ligands has still to 
be resolved (Evans et al., 1992, 1994; Deadwyler et al., 1995a; 
Priller et al., 1995). Evidence that anandamide has physiologi- 
cal significance comes from observations that brain tissue 

contains mechanisms for its production and release, and for 

its removal from the extracellular space after release (Sec- 
tion 3.1). Further experiments are required to determine 

whether endogenous cannabinoid receptor ligands are stored 

or synthesized on demand, and whether they serve as neu- 

rotransmitters and/or hormones. The central and peripheral 

locations at which they are released and the physiological 

circumstances in which this release takes place have also 
still to be established. It could well be that the ability of the 

cannabinoid CB, receptor antagonist SR141716A to pro- 

duce effects opposite in direction to those produced by can- 

nabinoid receptor agonists (Section 3.2) is an indication of 

endogenous cannabinoid release. 
The possible pathophysiological roles of cannabinoid 

CB1 and CB2 receptors and of their endogenous ligands re- 
quire further research. Associations between certain central 

neurological disorders and changes in the expression level 

or binding properties of cannabinoid CB, receptors in the 

brain already have been the subject of several studies (Sec- 

tion 4.1.9.3). However, the possibility that endogenous 
cannabinoids may ever be released inappropriately to pro- 

duce significant pathophysiological changes remains to be 

investigated. The pathophysiology of the CB2 receptor has 

also still to be explored. 

There is an ever-growing array of cannabinoid receptor 

ligands. Particularly important has been the recent devel- 
opment of selective cannabinoid receptor antagonists (Sec- 

tion 3.2). The best characterized of these is SR141716A, a 

potent, surmountable antagonist with marked selectivity 
for the CB, receptor. Antagonists that show selectivity for 

the CB2 receptor, or that bind irreversibly to cannabinoid 

receptors, are currently not available. However, there is no 
reason to suppose that such compounds will not be devel- 

oped soon. 

Cannabinoid receptor agonists are usually classified by 

chemical structure into one of four main groups: classical, 

nonclassical, aminoalkylindole and eicosanoid (Section 3.1). 

Future classification schemes will have to take account of 
the recent development of compounds with significant se- 
lectivity for CB1 or CB2 receptors. Classification is further 

complicated by the known existence of partial agonists and 

possible existence of inverse agonists. Whilst there is consid- 

erable information about the structural features of canna- 
binoids that determine CB1 binding affinity or pharmacolog 

ical potency for the production of CB1 receptor-mediated 
effects, less is known about those features that bestow selec- 
tivity for CB, or CB, receptors or that govern efficacy. 

In view of the major structural differences that exist be- 

tween the aminoalkylindoles and other cannabinoid receptor 
agonists, the emergence of evidence that the aminoalkylindole 
WIN 55,212-2 binds differently to cannabinoid CB1 recep- 
tors than members of other chemical groups of canna- 
binoids is not at all unexpected (Section 7). The pharma- 
cological significance of this binding difference remains to 
be established. The question of whether yet further varia- 
tions in the mode(s) of productive binding of cannabinoids 
to their receptors can occur has also still to be explored. 
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Certain cannabinoid receptor agonists (nabilone and 

A9-THC) already are used clinically against nausea and 

vomiting provoked by cancer chemotherapy and against ac- 

quired immunodeficiency syndrome-related anorexia (Hol- 

lister, 1986; Beal et al., 1995; Pertwee, 1995). In the future, 

cannabinoids may well also come to be used in the manage- 

ment of multiple sclerosis, spinal injury, chronic pain, in- 

flammation, glaucoma, bronchial asthma, and/or epilepsy. 
The ongoing increase in the variety of available canna- 

binoid receptor ligands could well have a significant impact 

on the therapeutic exploitation of cannabinoids. Thus, se- 

lective CB2 receptor agonists should lack cannabimimetic 

psychotropic effects, partial agonists with high potency and 

low efficacy such as O-823 (Section 3.1) may have greater 
benefit to risk ratios than full agonists, and antagonists 

should decrease the background tone resulting from the re- 

lease of endogenous cannabinoids. Indeed, results from rat 

and mouse experiments already have led to the suggestion 

that the CB1 receptor antagonist SR141716A may have 

therapeutic potential in the management of memory defi- 

cits associated with ageing and/or neurological diseases 

(Terranova et al., 1996). The opportunity to modulate ex- 

tracellular concentrations of endogenous cannabinoid re- 

ceptor ligands also exists. 

The ability of cannabinoids to induce marked tolerance 

is well documented (see Pertwee, 1991). Evidence that one 
cause of such tolerance is a reduction in cannabinoid recep- 

tor concentration was presented in Sections 4.1.9.4 and 
6.3.4. Further experiments are now required to establish 

whether such reductions arise from internalization of can- 

nabinoid receptors, from a decrease in the expression of re- 

ceptor protein, or both. The finding that coupling effi- 
ciency is not the same for all cannabinoid receptors in the 

brain (Section 4.1.10), raises the possibility that canna- 

binoid-induced reductions in receptor-effector coupling ef- 

ficiency may also contribute to cannabinoid tolerance. 

Some effects of cannabinoid receptor agonists are recep- 

tor-independent. Likely examples are (1) modulation of the 
activity of membrane-bound enzymes such as vesicular 

ATPase, (2) arachidonic acid release, at least in some ex- 

perimental models, and (3) the perturbation of membrane 
lipids (see Pertwee, 1988; Sections 4.2.4 and 4.2.5). Can- 

nabinoids can also modulate the neuronal uptake of certain 

neurotransmitters (see Pertwee, 1988). However, for one 
transmitter at least (GABA), this effect may be canna- 

binoid receptor-mediated. Thus, Maneuf et ~1. (1996) have 
reported that the inhibitory effect of A9-THC on GABA 

uptake into slices of rat globus pallidus can be attenuated by 

SR141716A, albeit at rather high concentrations (>l PM). 
The extent to which nonreceptor-mediated actions con- 
tribute to the pharmacology of cannabinoids, or to which 
these actions are shared by cannabinoids of different chem- 
ical groups, is not known. It is worth noting that some can- 
nabinoids that do not bind to cannabinoid receptors are 

pharmacologically active. One example is HU-211, the 
(+)-enantiomer of HU-210, which is an N-methyl-o-aspartate 
receptor blocker (Feigenbaum et al., 1989). A second exam- 

ple is cannabidiol, which has anticonvulsant activity 

(Dewey, 1986). Either or both of these properties could 

come to be exploited in the clinic (Hollister, 1986; Sho- 
hami et at., 1995). 

Finally, several technical difficulties are associated with 

the study of cannabinoid receptors and their ligands. Chief 
amongst these is the high lipophilicity and low water solu- 

bility of cannabinoids and their tendency to bind avidly to 

plastic, metal and glassware (see Pertwee, 1988; Section 

4.1.5). Because of these physical properties, it is necessary 
to use solubilizing agents. Such vehicles often bind/seques- 

ter cannabinoid molecules so as to reduce the concentra- 

tion of these molecules in free solution. They may also be 

pharmacologically active or interact synergistically or an- 

tagonistically with cannabinoids. Consequently, the possi- 

bility of increasing the water solubility of cannabinoids 

without significantly reducing their cannabimimetic activ- 

ity, or of developing water-soluble cannabinoids that can 

serve as prodrugs, requires further investigation (Zitko et al., 

1972). An additional problem associated with the study of 

anandamide and other fatty acid ethanolamides is the sus- 

ceptibility of these compounds to enzymic hydrolysis (Sec- 
tion 3.1). This problem is usually circumvented by the use 

of stable analogs or of the general protease inhibitor PMSF. 

The search is now on for inhibitors of fatty acid ethanola- 

mide hydrolysis that are more selective and less toxic than 

PMSF. The detection of cannabinoid CB, binding sites in 

peripheral tissues also poses a problem. There is little doubt 

that this is because these sites are localized in discrete re- 

gions, such as nerve terminals, so that their concentration 
in homogenates of whole organs other than brain is low. A 

likely solution to measure specific binding of cannabinoids 

in neuronal fractions of peripheral tissues is currently yield- 

ing promising results (R. A. Ross, A. A. Coutts and R. G. 

Pertwee, unpublished). One other problem is the current 

shortage of CBz-selective bioassays. Thus, whilst there are 

plenty of sensitive, quantitative in viva and in vitro bioassays 
for CB, receptor ligands, the known pharmacology of 

ligands for CB, receptors is based mainly on results ob- 
tained in experiments with cultured cells (Section 2.3). 
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