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ABSTRACT

Cannabinoid receptors are members of the superfamily of G
protein-coupled receptors. Their activation has previously been
shown to stimulate guanosine 5’-O-(3-[3°S]thio)-triphosphate
([®®S]GTP+S) binding in a range of brain regions using both
membrane preparations and autoradiography. This study eval-
uates the activities of structurally diverse cannabinoid receptor
ligands in the GTP+S binding assay, comparing the relationship
between receptor binding and activation and also examining
efficacy differences between compounds. Using rat cerebellar
membrane preparations, the effects of GDP concentration on
GTP~vS binding and the activities of a range of cannabinoid
receptor ligands, including the CB, selective antagonist
SR141716A, were investigated. GDP concentration was found
to have differing effects on cannabinoid-stimulated [*°S]GTPyS
binding depending on the nature of the agonist used. The
stimulation produced by high efficacy compounds, such as CP

55,940 and WIN 55212-2, was increased by raising the GDP
concentration, but that of a low efficacy agonist, (—)-A-tetrahy-
drocannabinol, was decreased. Of the cannabinoid com-
pounds tested, a wide range of potencies (EC5,) and levels of
maximal stimulation (E,,,,) were observed. These ranged from
CP 55,244 (E, .. of 165, 148-183%, and an EC,, of 0.47,
0.22-0.96, nM) through (—)-A-tetrahydrocannabinol, cannabi-
nol and anandamide, which produced no concentration-depen-
dent stimulation of [**S]GTPvS binding under the same condi-
tions. SR141716A competitively antagonized all the agonists
against which it was tested, providing equilibrium dissociation
constants (K, values) in the sub-nanomolar range (0.06-0.40
nM), implicating a CB, receptor mediated response. These
results provide a more detailed characterization of the canna-
binoid-stimulated [*°*S]GTP+S binding assay than has previ-
ously been reported.

Cannabinoid drugs are thought to produce their unique
pharmacological profile of effects through activation of spe-
cific membrane receptors (Devane et al., 1988; Munro et al.,
1993). These receptors, termed CB; and CB,, couple to gua-
nine nucleotide binding proteins (G proteins) as described for
a large variety of other receptors (Matsuda et al., 1990; Mu-
nro et al., 1993; Kenakin, 1996). Cannabinoid receptors are
found throughout both the central nervous system and the
periphery (Herkenham et al., 1991; Munro et al., 1993).
Within the central nervous system, cannabinoid receptors
are found to be localized in many brain areas, with the
regions of densest receptor localization including the cerebel-
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lum, hippocampus, cortex and the basal ganglia (Herkenham
et al., 1991). This distribution may be related to the pharma-
cological effects of administered cannabinoid drugs (Pertwee,
1993) and is very similar irrespective of species (Herkenham
et al., 1991; Jansen et al., 1992; Glass et al., 1997).

Several functional assays are presently used to character-
ize cannabinoid compounds including whole animal tests,
such as inhibition of locomotor activity and the development
of hypothermia; inhibition of electrically stimulated contrac-
tions of isolated smooth muscle preparations; and inhibition
of forskolin-stimulated cAMP accumulation in tissues and
cell lines. In addition, the effects of cannabinoids on ion
channel conductance and on the activity of mitogen-activated
protein kinase have been used (for review see: Martin et al.,
1995; Bouaboula et al., 1995).

Recently, a method for measuring cannabinoid-stimulated

ABBREVIATIONS: [**S|GTPyS, guanosine-5'-O-(3-[**S]thio)-triphosphate; PMSF, phenylmethylsulfonyl fluoride; EGTA, ethylene glycol bis(8-aminoethyl
ethen-N,N,N’,N'-tetraacetic acid; THC, (—)-A%-tetrahydrocannabinol; CP 55,940, —)-3-[2-hydroxyl-4-(1,1-dimethylheptyl)-phenyl]-4-[3-hydroxypropyllcyclo-
hexan-1-ol; SR141716A, N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamidehydrochloride;  WIN55212-2,
(R)-(-+)-[2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyllpyrolo[1,2,3-de]-1,4-benzoxazin-6-yl|(1-naphthalenylmethanone;  JWH-073,  1-(1-butyl)-3-(1-naph-
thoyl)-indole; JWH-030, 3-naphthoyl-N-pentylpyrrole; O-1064, 2,16,16-trimethyl-all-cis-5,8,11,14-docosatetraenoyl-2'-fluoroethanolamide; HU-210, (—)-11-
OH-A8-THC-dimethylheptyl; ANOVA, analysis of variance; CB;, central cannabinoid receptor; CB,, peripheral cannabinoid receptor.
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[®**SIGTP+S binding in brain membranes has been described
(Sim et al., 1995). This model measures the first step in
functional activation of the receptor as a result of agonist
binding, therefore allowing for the delineation of agonist/
antagonist activity regardless of the second messenger sys-
tem involved. Following activation of the receptor by an ag-
onist, the affinity of the G protein alpha subunit increases
with respect to GTP vs. GDP. As a consequence, GDP is
displaced from the G protein and GTP or GTPyS binds. If a
radioactive label, such as [°S], is attached to the GTPyS
molecule, then the formation of the G protein/[**S]GTPyS
complex may be directly measured using liquid scintillation
spectrophotometry (Weiland and Jakobs, 1994).

The aim of this study was to investigate the effects of a
range of structurally diverse cannabinoid receptor ligands on
[®**SIGTP4S binding. Further to this was an attempt to cor-
relate a compound’s ability to stimulate GTPyS binding with
previously reported receptor affinity data and also with in
vivo potency data.

Experimental Procedures

Materials. Male Sprague-Dawley rats (150—250 g) were obtained
from Harlan (Dublin, VA). GDP and GTPyS were purchased from
Boehringer Mannheim (Indianapolis, IN). [**S]JGTPyS (1000-1200
Ci/mmol) was purchased from New England Nuclear (Boston, MA).
Other reagent grade chemicals were purchased from Sigma (St.
Louis, MO). THC and cannabinol were obtained from NIDA.
SR141716A, CP 55,940 and CP 55,244 were generously provided by
Pfizer (Groton, CT), and WIN 55212-2 was purchased from Research
Biochemicals (Natick, MA). Anandamide, fluoromethanandamide
and O-1064 were synthesized by Dr. Raj Razdan (Organix, Woburn,
MA). HU-210 was generously provided by Prof. Raphael Mechoulam
(Hebrew University, Jerusalem, Israel). Deoxy-HU-210, JWH-030
and JWH-073 were synthesized by Dr. John Huffman (Clemson
University, Clemson, SC). All compounds were stored as 1 mg/ml
solutions in ethanol.

Membrane preparation. Cerebella were dissected on ice from 3
fresh male Sprague-Dawley rat brains. The pooled tissue was sus-
pended in centrifugation buffer (50 mM Tris HCl, 1 mM EGTA, 3 mM
MgCl,; pH 7.4) and homogenized using a Kontes Potter-Elvehjem
glass-Teflon grinding system (Fisher Scientific, Sprinfield, NJ). The
homogenate was centrifuged at 48,000 X g for 20 min at 4°C. The
pellet was then resuspended in assay buffer (50 mM Tris HCL, 9 mM
MgCl,, 0.2 mM EGTA, 150 mM NaCl; pH 7.4), homogenized, and
centrifuged as previously. The final P2 pellet was then resuspended
in assay buffer, homogenized, and diluted to a concentration of ~ 2
ng/pl with assay buffer. The protein concentration was determined
by the method of Bradford (1976). Aliquots were then stored at
—80°C.

[33S1GTPS binding. The methods for measuring agonist-stim-
ulated [3*S]GTP+S binding were adapted from those of Sim et al.
(1995). Rat cerebellar membranes (10 pg) were incubated in assay
buffer containing .1% fatty acid free bovine serum albumin with GDP
1-100 uM, [3**S]GTP«S 0.05 nM and cannabinoid compounds/ethanol
control in siliconized glass tubes. The total assay volume was 0.5 ml,
which was incubated at 30°C for 30 min. An incubation time of 60
min was used in experiments with HU-210 as a time course experi-
ment demonstrated this to be the optimal time for maximal stimu-
lation of [**S]GTPyS binding (data not shown). Experiments with
anandamide also included 50 uM PMSF. The reaction was termi-
nated by addition of 2 ml ice-cold wash buffer (50 mM Tris HCI, 5
mM MgCl,; pH 7.4) followed by rapid filtration under vacuum
through Whatman GF/C glass-fiber filters using a 12-well sampling
manifold. The tubes were washed once with 2 ml of ice-cold wash
buffer, and the filters were washed twice with 4 ml of ice-cold wash
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buffer. Filters were placed into 7 ml plastic scintillation vials (RPI
Corp., Mount Prospect, IL). Bound radioactivity was determined by
liquid scintillation spectrophotometry after extraction in 5 ml Bud-
getSolve scintillation fluid. Non-specific binding was determined
using 10 uM GTP~S. Basal binding was assayed in the absence of
agonist and in the presence of GDP. The stimulation by agonist was
defined as a percentage increase above basal levels (i.e., {[dpm (ag-
onist) — dpm (no agonist)]/dpm (no agonist)} X 100).

Data analysis. Data are reported as mean * S.E.M. of three to
eight experiments, performed in triplicate. Nonlinear regression
analysis of concentration-response data was performed using Prism
2.0 software for the Macintosh (GraphPAD Software, San Diego, CA)
to calculate E . and EC;, values. One-way ANOVA using Dunnett’s
post-hoc (P < .05) was used for statistical analysis. The equilibrium
dissociation constant (K,) for the interaction of the antagonist and
the receptor has been calculated from the equation (dose ratio — 1) =
[B] — K, where [Blis the concentration of the antagonist used in the
experiment (Pertwee et al., 1995a).

Results

Effects of GDP on agonist-stimulated [3°S]IGTPyS
binding. Preliminary experiments were directed at optimiz-
ing the assay conditions for WIN 55212-2 stimulation of
[®**SIGTP+S binding. To optimize this assay, the conditions
should ideally overcome spontaneous agonist-independent
guanine nucleotide exchange at the G protein, as has been
demonstrated to occur with other G protein-coupled recep-
tors (Kenakin, 1996), and also to maximize the ability of an
agonist to induce GDP dissociation and [®**S]GTPyS associa-
tion with the G protein following receptor activation (Wei-
land and Jakobs, 1994). The combination of these factors may
be expected to result in both a decrease in basal and an
increase in agonist-stimulated [*°S]GTPyS binding. There-
fore, the influences of GDP, sodium and magnesium ions on
WIN 55212—2-stimulated [**S]GTPyS binding were investi-
gated.

Sodium ions have been shown to modulate the affinity of
the receptor for the G protein, reduce spontaneous coupling
of opioid receptors and G proteins and to increase the inhib-
itory effect of GDP on basal [**S]GTPyS binding (Kenakin,
1996; Weiland and Jakobs, 1994). High concentrations of
sodium ions (100-150 mM) have also been demonstrated to
increase the ability of WIN 55212-2 to stimulate [>**S]GTP~S
binding in rat cerebellar membranes (Selley et al., 1996).
Furthermore, magnesium ions have also been shown to in-
fluence agonist-stimulated[**S]GTPyS binding to G proteins
by increasing the affinity of the G protein for the receptor
(Weiland and Jakobs, 1994). Therefore, the concentrations of
these ions were varied to establish the optimal concentra-
tions of 9 mM MgCl,, and 150 mM NaCl.

Previously, the effect of GDP concentration on agonist-
stimulated [>**S]GTP+S binding has been investigated (Selley
et al., 1996). In the presence of excess GDP, the population of
G proteins shifts toward an inactive state, thus ensuring both
minimal basal binding and also maximal stimulation by ago-
nists. To investigate the effect of GDP concentration on WIN
55212-2-stimulation of [®*°S]GTPyS binding, membranes
were incubated with various concentrations of GDP in the
presence and absence of WIN 55212-2. Using the conditions
of Sim et al. (1995), it was found that, at concentrations of 30
to 100 uM, GDP inhibited both basal binding and also that of
10 uM WIN 55212—-2-stimulated binding in a concentration-
dependent manner (fig. 1A). If the data are replotted as a
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found that increasing GDP concentrations increase the ago-
nist-induced stimulation observed (fig. 1B). To maximize the
stimulation produced by cannabinoid agonists, a GDP con-
centration of 100 uM was chosen.

The effect of GDP, at concentrations of 10 and 100 uM, on
the concentration-response curves of three cannabinoid re-
ceptor ligands, WIN 55212-2, CP 55,940 and THC is shown
in figure 2. The maximal stimulation (E, ,.) of each of these
compounds under each condition is shown in table 1. WIN
55212-2 and CP 55,940 both produced a greater E_ .. with
100 uM GDP, but at this concentration, there was no concen-
tration-dependent stimulation of [**S]GTPyS binding by
THC. However, at 10 uM GDP, THC produced a significant
concentration-dependent stimulation of [**S]GTPyS binding
(one-way ANOVA, Dunnett’s post-hoc, P < .05).

To summarize, to establish optimal conditions for maximal
stimulation of binding, a systematic evaluation of WIN
552122 effects were undertaken. WIN 552122 was chosen
as it has previously been shown to stimulate [**S]GTPyS
binding in rat cerebellar membranes (Selley et al., 1996). The
optimal conditions for WIN 55212-2-stimulated [**S]GTPyS
binding were found to be: 10 ug protein per 0.5 ml assay
volume; 9 mM MgCl,; 150 mM NaCl; 100 uM GDP; 30 min
incubation at 30°C. Under these conditions, WIN 552122, at
a concentration of 10 uM, stimulated [®**S]GTPvS binding by
156% (144-169%) over basal levels (table 2).

Effects of various cannabinoid receptor ligands on
[2*S]IGTPyS binding. To examine the effects of a number of
structurally diverse cannabinoid ligands on[**S]GTP+S bind-
ing, membranes were incubated with varying concentrations
of ligands from each of the four classes of cannabinoids; (1)
classic cannabinoids (THC; HU-210; deoxy-HU-210; cannabi-
nol), (2) nonclassic cannabinoids (CP 55,940; CP 55,244), (3)
aminoalkylindoles (WIN 55212-2; JWH-030; JWH-073) and

Effect of GDP concentration on the ability of three cannabinoid
receptor agonists to stimulate [*>S]JGTPyS binding in rat cerebellar
membranes

Agonist GDP concentration E Lax

uwM % Stimulation of binding
CP 55,940 10 61 (32-91)

100 114 (97-131)
WIN 55212-2 10 89 (75-109)

100 156 (144-169)
THC 10 51 (46-57)

100 N/A

NA, not applicable; no significant concentration-dependent stimulation.
The numbers in parentheses represent 95% confidence limits.

(4) eicosanoids (anandamide; fluoromethanandamide;
0-1064). HU-210 and CP 55,244 were used as they have
previously been shown, in several assay systems, to be high
potency cannabinoid agonists (Howlett, 1995). Deoxy-HU-
210 was used as this has a much higher affinity for CB,
receptors than it does for CB; (Huffman et al., 1996). JWH-
030 and JWH-073 were used as these indole analogues have
been shown to have affinity for both CB; and CB, receptors
and have not previously been tested in any functional assays
(Showalter et al., 1996; B.R. Martin, unpublished results).
Fluoromethanandamide and O-1064 were used as high affin-
ity, metabolically stable anandamide analogues (Adams et
al., 1995). The structures for each of these compounds are
shown in figure 3. To keep conditions for the comparison of
each compound identical, the GDP concentration was kept
constant (100 uM). The results of these experiments are
shown in table 2. CP 55,244 was the most potent of the
compounds, and also produced the highest percentage stim-
ulation of binding, with EC;, and E_ . values of 0.47 (0.22—
0.96) nM and 165% (148—-183%), respectively. WIN 55212-2,
deoxy-HU-210 and HU-210 all had E, ., values that did not

C

Fig. 2. Effect of 10 uM (®) and 100 pM
(O) GDP on the concentration-response
curves of WIN 55212-2 (A), CP 55,940 (B)
and THC (C). Data represent percentage
stimulation over basal binding. Results
are presented as mean * S.E. for n = 4
experiments.
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TABLE 2

Ability of various cannabinoid receptor ligands to stimulate
[®**SIGTPyS binding in rat cerebellar membranes at a GDP
concentration of 100 uM

Compound Eoax ECjq C}?il

% Stimulation nM nM
CP 55,244 165 (148-183) 0.47 (0.22—-0.96) 0.11¢
WIN 55212-2 156 (144-169) 151.1 (101.6-227) 1.89°
Deoxy-HU-210 150 (95-205) 9.60 (0.91-95.6) 1.15¢
HU-210 140 (117-152) 0.55 (0.25-1.20) 0.73¢
CP 55,940 114 (97-131) 17.57 (7.03-43.94) 0.58°¢
Fluoromethanand- 97 (55-140) 25.37 (4.98-129.2) 5.70°

amide

JWH-030 56 (37-76) 82.40 (14.0-484.1) 87"
JWH-073 29 (19-40) 104.8 (16.94-648.3) 8.90¢
0-1064 60 (5-116) 246.2 (12.45-4869) 0.97%
Anandamide NA NA 89"
THC NA NA 40.70¢
Cannabinol NA NA 308°

NA, not applicable; no significant concentration-dependent stimulation.
“ Melvin et al. 1995.

® Kuster et al., 1993.

¢ Huffman et al., 1996.

4 Compton et al., 1993.

¢ Showalter et al., 1996.

7 Lainton et al., 1995.

£ B. R. Martin, unpublished results.

/f Adams et al., 1995.

* CB1, central cannabinoid receptor.

The numbers in parentheses represent 95% confidence limits.

differ significantly from CP 55,244 and therefore may also be
classified as full agonists. CP 55,940, fluoromethanandam-
ide, 0-1064, JWH-030 and JWH-073 all stimulated
[®**S]IGTP+S binding, but with a significantly lesser maximal
effect, and may therefore be classed as partial agonists. The
maximal percentage stimulations of these partial agonists
ranged from 114% (97-131%) with CP 55,940 to 29% (19—
40%) with JWH-073. THC, anandamide and cannabinol did
not stimulate [**S]GTPyS binding under these conditions.
The ability of THC to antagonize CP 55,940-induced stimu-
lation of [*°S]GTPyS was also tested. THC was found to
produce a slight, but nonsignificant rightward shift of the
concentration-response curve of CP 55,940 (results not
shown). Following the observation that THC stimulated
[®**SIGTP%S binding with a GDP concentration of 10 uM, but
not at 100 uM, anandamide was also tested at this lower
GDP concentration. However, it was found that anandamide
did not stimulate [**S]GTP+S binding at this GDP concen-
tration. Furthermore, lowering the sodium and magnesium
ion concentrations did not affect anandamide’s ability to
stimulate GTPyS binding. PMSF, at a concentration of 50
uM, was included in the assay buffer for experiments using
anandamide and, at this concentration, was found not to
effect [**S]GTPyS binding. To examine the possibility that
tissue metabolism accounted for the lack of stimulatory effect
of anandamide on GTPyS binding, a radioligand displace-
ment curve was constructed. It was found that in rat cere-
bellum, anandamide, in the presence of 50 uM PMSF, dis-
placed 1 nM [*H]CP 55,940 with a K, = 145.4 nM (results not
shown).

Effect of the selective CB, antagonist, SR141716A, on
cannabinoid-stimulated [3**SIGTPyS binding. Since the
discovery of the CB; selective antagonist in 1994 (Rinaldi-
Carmona et al., 1994), this compound has been used in a wide
variety of assays to assess the role of the CB; receptor in the
production of a cannabimimetic effect (Rinaldi-Carmona et
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al., 1994; Pertwee et al., 1995a; Compton et al., 1996). To
determine the role of the CB; receptor in the production of
cannabinoid-stimulated [3®S]GTP+yS binding, concentration-
response curves of a number of the more potent and effica-
cious agonists used in this study were compared in the pres-
ence and absence of SR141716A.

The effect of three concentrations of SR141716A (1, 3 and
10 nM) on the log concentration-response curve of CP 55,940
is shown in figure 4. SR141716A produced concentration-
dependent rightward shifts of the CP 55,940 concentration-
response curve without affecting the E_ . of the agonist (fig.
4). Construction of a Schild plot confirmed the competitive
and reversible nature of the antagonism, as previously de-
scribed for SR141716A using other assays (Rinaldi-Carmona
et al., 1994; Pertwee et al., 1995a). The equilibrium dissoci-
ation constant, K, for SR141716A in the presence of CP
55,940 was found to be 0.14 (0.01-0.20) nM. SR141716A
itself, at concentrations from 0.1 nM through 10 uM, had no
effect on [**S]GTPyS binding (results not shown). Table 3
shows K, values calculated in the presence of a number of
other cannabinoid agonists. The K, values calculated from
these experiments do not differ significantly between the
various agonists suggesting the role of a single receptor, CB;,
in the production of the response to each of these agonists.
Furthermore, the calculated K, value correlates well with
previously observed binding affinity (Rinaldi-Carmona et al.,
1994; Showalter et al., 1996) and with K, values observed in
other functional assays (Pertwee et al., 1995a; Rinaldi-Car-
mona et al., 1994).

Discussion

Effects of GDP on agonist-stimulated [*°SIGTPyS
binding. WIN 55212-2 was chosen for the initial optimiza-
tion experiments as it has been used as a standard cannabi-
noid receptor agonist, acting as a potent full agonist, in many
different assays (Howlett, 1995; Martin et al., 1995). It also
displays a high affinity for both subtypes of cannabinoid
receptor (Showalter et al., 1996) and has been demonstrated
to stimulate [**S]GTPyS binding in rat cerebellar mem-
branes (Selley et al., 1996). Optimal WIN 55212-2-stimu-
lated [®**S]GTPvS binding occurred with the conditions de-
scribed in the results section and were used for all
subsequent experiments. A significantly greater maximal
percentage stimulation was observed at 100 uM GDP than at
10 uM. The E,, .. and the potency of WIN 55212—2 obtained
under these conditions correspond with previous studies that
used varying assay conditions with both rat cerebellar mem-
branes and membrane preparations from other brain areas
(Selley et al., 1996; Hosohata et al., 1997). When similar
experiments were conducted using CP 55,940, an identical
trend was observed. However, THC, at the higher GDP con-
centration (100 uM), produced no significant stimulation of
binding whereas, at a GDP concentration of 10 uM, a clear
concentration-dependent stimulation of [>**S]GTPvS binding
was observed. This apparently contradictory set of results
may be explained by considering the role of GDP in this
assay. As previously discussed in the results section, GDP is
included in the assay to promote G protein inactivation. High
efficacy agonists, such as CP 55,940 and WIN 55212-2, are
thought to be more efficient at overcoming this ‘GDP block’
than agonists of lower efficacy, such as THC (Selley et al.,
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1996). This difference may be as a result of a better ability of
high efficacy compounds to induce and/or stabilize changes in
receptor conformation. Therefore, by reducing the “GDP
block,” THC may now be capable of stimulating [**S]GTPvS
binding. It has also been suggested that excess GDP may
cause a decrease in the catalytic rate of G protein activation,
to which high efficacy agonists may be less susceptible (Em-
merson et al., 1996). The results presented here are consis-
tent with these possibilities. This observation has previously
been demonstrated in other studies (Selley et al., 1996;
Breivogel et al., 1997a).

Effects of various cannabinoid receptor ligands on
[3*SIGTPYS binding. The pharmacologies of the cannabi-
noid receptor ligands tested in this study, in the presence of
100 uM GDP, demonstrate a wide range of activities. The
compounds ranged from the highly potent and efficacious
through to compounds displaying little or no concentration-
dependent stimulation of [**S]GTPvS binding. Of the range
of compounds tested; CP 55,244, HU-210, deoxy-HU-210 and
WIN 55212-2 may be regarded as full agonists; CP 55,940,
fluoromethanandamide, O-1064, JWH-030 and JWH-073 dis-
played varying degrees of partial agonism and THC, anand-
amide and cannabinol were not active (although THC was
active at 10 uM GDP). This disparity of activities, and the
finding that several compounds, known to act as full agonists
in other functional assays, have little or no activity in this
assay, requires further examination.

With many functional assays, high correlations have been
demonstrated comparing pharmacological potency with re-
ceptor affinity. However, with the results of this study, this
type of comparison yields inconclusive results, whether using
potency (ECj;,) or E_ .. levels for the comparison. Linear
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Fig. 3. Structures of compounds used in this
study.

regression analysis of a comparison of EC;, values in the
GTPyS assay with K, values (CB;) from affinity binding
studies (see table 2) provides an r* value of .62. The K, values
used were obtained from a number of sources, each of which
used slightly different experimental conditions and receptor
preparations. This lack of a direct correlation between po-
tency in the [**S]GTP~yS binding assay and receptor affinity
may be related in part to the mixed effects of GDP. As
discussed previously, the fact that a particular GDP concen-
tration may be optimal for one compound does not necessar-
ily mean that this applies to all compounds, as was found
with THC and WIN 55212-2. In this study, each agonist was
tested at a single GDP concentration, 100 uM, as this had
been shown to be optimal for WIN 55212—-2-stimulated
[®**S]IGTP%S binding and also to ensure consistency between
experiments. However, it is likely, as was found to be the case
with THC, that for some of these compounds, a lower concen-
tration of GDP may be required for maximal binding. A
further consideration is the differences in assay conditions
used to produce receptor affinity data and those used in these
experiments. It may be expected that high affinity agonist
binding would be impaired by the high concentrations of
sodium ions and guanine nucleotides used in our experi-
ments. Furthermore, the affinity data used for the compari-
son is a combination of results from several studies, all of
which use slightly different experimental conditions and
membrane preparations. Additionally, the affinity data used
is taken from displacement of cannabinoid receptor agonists,
namely [*)H]CP 55,940 and [*H]WIN55212—2. An alternative
method would be to determine K, values by conducting dis-
placement assays under identical conditions as those for the
GTPyS assay using [PH]SR141716A as a radioligand. The
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Fig. 4. Effect of SR141716A at concentrations of 1 nM (W), 3 nM ([J) and
10 nM (A) on the log concentration response curve of CP 55,940 (O). Data
represent percentage stimulation over basal binding. Results are pre-
sented as mean * S.E. for n = 4 experiments.

binding of [PH]SR141716A is not altered by guanine nucleo-
tides (Rinaldi-Carmona et al., 1996). However, Burkey et al.
(1997) in a receent report in which identical radioligand and
GTPyS binding conditions were used concluded that drug
potency measurements were not the best measure of drug-
mediated functional responses. Instead they propose relative
efficacies (not E_,,) may be more relevant). All of these
factors may contribute to the observed differences in potency
and affinity.

A similar comparison between the [**S]GTPyS binding
assay and other functional models also reveals a low corre-
lation (72 = .53). One difference between this model and other
functional models is the measured response itself. For exam-
ple, inhibition of forskolin-stimulated cAMP accumulation,
inhibition of neurotransmitter release and inhibition of
smooth muscle contraction (for examples; Howlett and Flem-
ing, 1984; Ishac et al., 1996; Pertwee and Griffin, 1995) all
measure responses farther downstream of the initial recep-
tor/G protein coupling, at the end of the signal transduction
cascade. The effects of such measurements may be 2-fold.
First, it is possible that in these models there is sufficient
amplification of what may be a very low G protein signal to
produce a full response. Second, the [**S]GTPvyS assay does
not take into account any contributions of the G protein beta
gamma subunits, which themselves have been shown to both
directly modulate effectors and also to modify the activity of
the alpha subunit (Kenakin, 1996). Both of these factors may
contribute to differences between respective functional as-
says.

Furthermore, many assays measure the coupling of a par-
ticular type of G protein to the receptor (for example, inhibi-
tion of adenylate cyclase is thought to be largely mediated by
G;, Howlett, 1995, or inhibition of neuronal calcium channels
by G,, Hescheler et al., 1987). This assay, however, does not
measure such a specific coupling. As GTPyS has affinities for
all G proteins (Weiland and Jakobs., 1994), this assay simply
measures the binding of [*®S]GTPyS to a G protein. It is
therefore possible that some of the disparities between a
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TABLE 3

Equilibrium dissociation constants (K, values) of SR141716A
calculated in the presence of five cannabinoid receptor agonists

Agonist used K, (95% limits)

nM
WIN 55,212-2 0.33 (0.22-0.78)
CP 55,940 0.14 (0.01-0.20)
HU-210 0.40 (0.08-1.22)

Deoxy-HU210
Fluoro-methanandamide

0.06 (0.01-0.16)
0.33 (0.08-0.90)

compound’s activity in the [**S]GTPyS binding assay and
other functional assays may reflect a more promiscuous re-
ceptor/G protein coupling, not only within subtypes of a par-
ticular G protein, but also with different G proteins. This has
previously been demonstrated to occur with other G protein-
coupled receptors, such as alpha-2 adrenoceptors (Eason et
al., 1992) and mu and delta opioid receptors (Laugwitz et al.,
1993; Prather et al., 1994).

Anandamide has been described as an endogenous ligand
for the cannabinoid receptor (Devane et al., 1992), and there-
fore it is reasonable to expect that anandamide should also
induce a stimulation of [**S]GTP+S binding. However, this
was not found to occur. THC stimulated [**S]GTP+yS binding
at 10 uM but not at 100 uM GDP, and therefore anandamide
was also tested at this lower GDP concentration. However,
anandamide did not stimulate binding when tested at this
concentration of GDP. It is possible that the potency of anan-
damide may be very low, as has been previously described
(Selley et al., 1996), and therefore, in the concentration range
used here, a concentration-dependent effect may not be seen
(10 uM was the highest concentration used in any experi-
ment due to both the high levels of ethanol used and also to
avoid any nonspecific effects of these highly lipophilic com-
pounds). Furthermore, the conditions used in these experi-
ments were optimised for WIN 55212—-2 stimulation of bind-
ing, and it is feasible that the potency of anandamide is
simply too low to detect any stimulation of binding using this
method. Although experiments were conducted with lower
GDP concentrations, and also with lower sodium and mag-
nesium ion concentrations, it is possible that further optimi-
sation of conditions may improve the apparent potency of
anandamide. Anandamide has also been shown to be suscep-
tible to metabolism by several tissue and membrane prepa-
rations (Abadji et al., 1994; Pertwee et al., 1995b). The ex-
periments with anandamide included the nonspecific
amidase inhibitor, PMSF, in an attempt to prevent any me-
tabolism of anandamide. However, the possibility that me-
tabolism occurred in these experiments cannot be fully dis-
counted. Anandamide, in the presence of 50 uM PMSF,
displaced [*H]CP 55,940 from cerebellar membranes with a
K, of 145 nM. This value is ~2- to 3-fold higher than previ-
ously reported values although the literature varies (Devane
et al., 1992; Abadji et al., 1994; Showalter et al., 1996) and
this may indicate that a small amount of metabolism is
occurring, although the crudeness of the membrane prepara-
tion may also account for this apparent lower affinity. Met-
abolic inactivation is further supported by the observation
that the high affinity, metabolically stable analogue of anan-
damide, fluoromethanandamide (Adams et al., 1995) did pro-
duce a significant concentration-dependent stimulation of
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[®**SIGTPyS binding. The pharmacology of anandamide
within the GTPyS assay warrants further study.

Effect of the selective CB, antagonist, SR141716A, on
cannabinoid-stimulated [**S]GTPyS binding. The re-
sults of this study demonstrate that in rat cerebellar mem-
branes, cannabinoid-induced stimulation of [**S]GTP+S
binding is mediated by specific cannabinoid receptors. The
ability of SR141716A to antagonize cannabimimetic effects
has been demonstrated in detail in many other assays. In
isolated smooth muscle preparations, for example,
SR141716A has been reported to antagonize electrically
evoked contractions with K, values ranging from ~1 through
10 nM (Rinaldi-Carmona et al., 1994; Pertwee et al., 1995a).
Similarly, Selley et al. (1996) demonstrated that SR141716A,
at a concentration of 200 nM, antagonized WIN 55212-2-
induced stimulation of [**S]GTPyS binding in rat cerebellar
membranes. Although the authors did not quote a K; value,
it was estimated to be no greater than 2 nM. The K, values
of SR141716A calculated in the presence of five cannabinoid
receptor agonists correlate closely with each other, irrespec-
tive of the agonist used, suggesting that cannabinoid agonist-
induced stimulation of [2*S]GTP+S binding is mediated by a
single receptor site, CB;. The agreement of the K, values
found in this study with those previously reported using
other experimental models is further evidence of the validity
of this assay for the study of cannabinoid receptor antago-
nists.

In rat cerebellar membranes, SR141716A alone did not
affect [**S]GTPvS binding, suggesting that it acts as a neu-
tral antagonist, rather than as an inverse agonist, of the CB,
receptor, under the conditions used in these experiments.

It has also been suggested that the cerebellum, as well as
being very densely populated with CB; receptors, may also
contain a number of CB,, receptors (Skaper et al., 1996). The
use of the CB,-selective compound, deoxy-HU-210, was an
attempt to investigate whether or not any of the stimulation
of [**S]GTP+S binding produced by this compound was me-
diated by CB, receptors. If any of the observed stimulation
was attributable to CB, receptors, then it may be expected
that the CB; selective antagonist, SR141716A would not
antagonize this component, therefore resulting in a higher
estimate of the K, value. The observation that the K, value of
SR141716A was not significantly different to that observed
in the presence of the other, nonselective, agonists suggests
that cannabinoid-induced stimulation of [**S]GTP%S binding
was solely the result of CB; binding and activation. However,
it is important to note that deoxy-HU-210, although CB,
selective, still retains a high affinity for the CB; receptor,
1.15 nM (Showalter at al., 1996). The possible existence of
CB,, receptors in the cerebellum may be more conclusively
tested using a CB, agonist with negligible CB; affinity or
with the recently announced CB,-selective antagonist,
SR144528 (Barth et al., 1997).

In summary, the data presented in this report represent a
further characterization of the cannabinoid-stimulated
[®**SIGTP+S binding assay in rat cerebellar membranes. The
results demonstrate the importance of the assay conditions
that are used, in particular that of GDP concentration, and
the care which must be taken in the interpretation of data.
We confirm the potential of the technique for the investiga-
tion of known cannabinoid receptor agonists and antagonists
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as well as its use for the delineation of novel cannabinoid
receptor ligands.

References

Abadji V, Lin S, Taha G, Griffin G, Stevenson LA, Pertwee RG and Makriyannis A
(1994) (R)-Methanandamide: A chiral novel anandamide possessing higher po-
tency and metabolic stability. J Med Chem 37:1889-1893.

Adams IB, Ryan W, Singer M, Thomas BF, Compton DR, Razdan RK and Martin BR
(1995) Evaluation of cannabinoid receptor binding and in vivo activities for anan-
damide analogs. J Pharmacol Exp Ther 273:1172-1181.

Barth F, Rinaldi-Carmona M, Millan J, Derocq JM, Bouaboula M, Casselas P, Congy
C, Oustric D, Sarran M, Calandra B, Portier M, Shire D, Breliere JC and Fur GL
(1997) SR144528, a potent selective antagonist of the CB2 receptor. In 1997
Symposium on the cannabinoids, International Cannabinoid Research Society,
Burlington, VT.

Bouaboula M, Poinot-Chazel C, Bourrie B, Canta X, Calandra B, Rinaldi-Carmona
M, Fur GL and Casellas P (1995) Activation of mitogen-activated protein kinases
by stimulation of the central cannabinoid receptor CB1. Biochem J 312:637—641.

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248-254.

Breivogel CS, Sim LJ and Childers SR (1997) Regional differences in cannabinoid
receptor/G protein coupling in rat brain. J Pharmacol Exp Ther 282:1632-1642.
Burkey TH, Quock RM, Consroe P, Ehlert FJ, Hosohata Y, Roeske WR and
Yamamura HI (1997) Relative efficacies of cannabinoid CB1 receptor agonists in

the mouse brain. Eur J Pharmacol 336:295-298.

Compton DR, Rice KC, De Costa BR, Razdan RK, Melvin LS, Johnson MR and
Martin BR (1993) Cannabinoid structure-activity relationships: Correlation of
receptor binding and in vivo activities. J Pharmacol Exp Ther 265: 218—-226.

Compton DR, Aceto MD, Lowe J and Martin BR (1996) In vivo characterization of a
specific cannabinoid receptor antagonist (SR141716A): Inhibition of A®-
tetrahydrocannabinol-induced response and apparent agonist activity. J Pharma-
col Exp Ther 277:586-594.

Devane WA, Dysarz FA, Johnson MR, Melvin LS and Howlett AC (1988) Determi-
nation and characterization of a cannabinoid receptor in rat brain. Mol Pharmacol
34:605-613.

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D,
Mandelbaum A, Etinger A and Mechoulam R (1992) Isolation and structure of a
brain constituent that binds to the cannabinoid receptor. Science 258:1946-1949.

Eason MG, Kurose H, Holt BD, Raymond JR and Liggett SB (1992) Simultaneous
coupling of a2-adrenoceptors to two G proteins with opposing effects. J Biol Chem
267:15795-15801.

Emmerson PJ, Clark MJ, Mansour A, Akil H, Woods JH and Medzihradsky F (1996)
Characterization of opioid agonist efficacy in a Cg glioma cell line expressing the u
opioid receptor. J Pharmacol Exp Ther 278:1121-1127.

Glass M, Dragunow M and Faull RLM (1997) Cannabinoid receptors in the human
brain: a detailed anatomical and quantitative autoradiographic study in the fetal,
neonatal and adult human brain. Neuroscience 77:299-318.

Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR and Rice KC (1991)
Characterization and localization of cannabinoid receptors in rat brain: A quan-
tative in vitro autographic study.  Neurosci 11:563-583.

Hescheler J, Rosenthal W, Trautwein W and Schultz G (1987) The GTP-binding
protein, Go, regulates neuronal calcium channels. Nature 325:445-447.

Hosohata Y, Quock RM, Hosohata K, Makriyannis A, Consroe P, Roeske WR and
Yamamura HI (1997) AM630 antagonism of cannabinoid-stimulated [?58] GTPyS
binding in the mouse brain. Eur J Pharmacol 321:R1-R3.

Howlett AC and Fleming RM (1984) Cannabinoid inhibition of adenylate cyclase.
Pharmacology of the response in neuroblastoma cell membranes. Mol Pharmacol
26:532-538.

Howlett AC (1995) Pharmacology of cannabinoid receptors. Annu Rev Pharmacol
Toxicol 35:607—634.

Howlett AC (1995) Cannabinoid compounds and signal transduction mechanisms. In
Cannabinoid Receptors, ed. by Roger Pertwee, pp 167-204, Academic Press, Lon-
don.

Huffman JW, Yu S, Showalter V, Abood ME, Wiley JL, Compton DR, Martin BR,
Bramblett RD, Reggio PH (1996) Synthesis and pharmacology of a very potent
cannabinoid lacking a phenolic hydroxyl with a high affinity for the CB2 receptor.
J Med Chem 39:3875-3877.

Ishac EJN, Jiang L, Lake KD, Varga K, Abood ME and Kunos G (1996) Inhibition of
exocytotic noradrenaline release by presynaptic cannabinoid CB1 receptors on
peripheral sympathetic nerves. Br J Pharm 118:2023-2028.

Jansen EM, Haycock DA, Ward SJ and Seybold VS (1992) Distribution of cannabi-
noid receptors in rat brain determined with aminoalkylindoles. Brain Res 575:93—
102.

Kenakin T (1996) The classification of seven transmembrane receptors in recombi-
nant expression systems. Pharmacol Rev 48:451.

Kuster JE, Stevenson JI, Ward SJ, D’Ambra TE and Haycock DA (1993) Aminoal-
kylindole binding in rat cerebellum: Selective displacement by natural and syn-
thetic cannabinoids. J Pharmacol Exp Ther 264:1352-1363.

Lainton JAH, Huffman JW, Martin BR and Compton DR (1995) 1-Alkyl-3-(1-
naphthoyl)pyrroles: A new class of cannabinoid. Tetrahedron Lett 36:1401-1404.

Laugwitz K-L, Offermans S, Spicher K and Schultz G (1993) n and d opioid receptors
differentially couple to G protein subtypes in membranes of human neuroblastoma
cells. Neuron 10:233-242.

Martin BR, Thomas BF and Razdan RK (1995) Structural requirements for canna-
binoid receptor probes. In Cannabinoid receptors ed. by R. G. Pertwee, p. p. 35-86,
Academic Press, London.

Matsuda LA, Lolait SJ, Brownstein MdJ, Young AC and Bonner TI (1990) Structure



560 Griffin et al.

of a cannabinoid receptor and functional expression of the cloned ¢cDNA. Nature
346:561-564.

Melvin LS, Milne GM, Wilken GH and Howlett AC (1995) Structure-activity rela-
tionships defining the ACD-tricyclic cannabinoids: cannabinoid receptor binding
and analgesic activity. Drug Des Discov 13(2):155-166.

Munro S, Thomas KL and Abu-Shaar M (1993) Molecular characterization of a
peripheral receptor for cannabinoids. Nature 365:61-64.

Pertwee R (1993) The evidence for the existence of cannabinoid receptors. Gen
Pharmacol 24:811-824.

Pertwee RG, Griffin G, Lainton JAH and Huffman JW (1995a) Pharmacological
characterisation of three novel cannabinoid receptor agonists in the mouse isolated
vas deferens. Eu J Pharm 284:241-247.

Pertwee RG, Fernando SR, Griffin G, Abadji V and Makriyannis A (1995b) Effect of
phenylmethylsulphonyl fluoride on the potency of anandamide as an inhibitor of
electrically evoked contractions in two isolated tissue preparations. Eu J Pharm
272:73-78.

Pertwee RG and Griffin G (1995) A preliminary investigation of the mechanisms
underlying cannabinoid tolerance in the mouse vas deferens. Eu J Pharm 272:67—
72.

Prather PL, Loh HH and Law PY (1994) Interaction of §-opioid receptors with
multiple G proteins: A non-relationship between agonist potency to inhibit adeylyl
cyclase and to activate G proteins. Mol Pharmacol 45:997-1003.

Rinaldi-Carmona M, Barth F, Heaulme M, Shire D, Calandra B, Congy C, Martinez
S, Maruani, J, Neliat G, Caput D, Ferrar P, Soubrie P, Breliere JC and Fur GL
(1994) SR141716A, a potent and selective antagonist of the brain cannabinoid
receptor. FEBS Lett 350:240-244.

Vol. 285

Rinaldi-Carmona M, Pialot F, Congy C, Redon E, Barth F, Bachy A, Breliere, J-C,
Soubrie P and Le Fur G () Characterisation and distribution of binding sites for
[3H]SR141716A, a selective brain (CB1) cannabinoid receptor antagonist, in ro-
dent brain. Life Sci 56:2033—-2040, 1996.

Selley DE, Stark S, Sim LJ and Childers SR (1996) Cannabinoid receptor stimula-
tion of guanosine-5'-O-(3-[*S]thio)triphosphate binding in rat brain membranes.
Life Sci 59:659—668.

Showalter VM, Compton DR, Martin BR and Abood ME (1996) Evaluation of binding
in a transfected cell line expressing a peripheral cannabinoid receptor (CB2):
Identification of cannabinoid receptor subtype selective ligands. J Pharmacol Exp
Ther 278:989-999.

Sim LJ, Selley DE and Childers SR (1995) In vitro autoradiography of receptor-
activated G proteins in rat brain by agonist-stimulated guanylyl 5'-[y-[>*S]thio]-
triphosphate binding. Proc Natl Acad Sci USA 92:7242-7246.

Skaper SD, Buriani A, Toso RD, Petrelli L, Romanello S, Facci L and Leon A (1996)
The ALIAmide palmitoylethanolamide and cannabinoids, but not anandamide, are
protective in a delayed postglutamate paradigm of excitotoxic death in cerebellar
granule neurons. Proc Natl Acad Sci USA 93:3984-3989.

Weiland T and Jakobs KH (1994) Measurement of receptor-stimulated guanosine-
5’-O-(y-thio)triphosphate binding by G proteins. Methods Enzymol 237:3-13.

Send reprint requests to: Dr. Mary Abood, Department of Pharmacology
and Toxicology, Medical College of Virginia, Virginia Commonwealth Univer-
sity, P.O. Box 980524, Richmond, VA 23298.




