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Abstract

N-(pi peridin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichl orophenyl)-4-methyl-1 H-pyrazole-3-carboxamide hydrochloride (SR141716A), a
cannabinoid CB, receptor antagonist, has inverse agonist effects in cannabinoid CB, receptor-expressing cell lines, brain and peripheral
organs. These studies characterized SR141716A-inhibited G-protein activity by measuring [3SS]GTPyS binding. Maximal inhibition of
basal [®SIGTPyS binding in cerebellar membranes was 50%. The ECs, value for inhibition of [**S|GTPyS binding was 4.4 wM,
whereas the K, for inhibition of R(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]pyrrolo[1,2,3-del-1,4-benzoxazinyl]-(1-naph-
thalenyl)methanone mesylate (WIN 55,212-2)-stimulated [**S|GTPyS binding was 0.6 nM. [*S]GTPyS autoradiography was used to
examine the regional specificity of SR141716A inhibition. SR141716A inhibited basal [358]GTPyS binding in all regions examined, with
inhibition ranging from approximately 20% in caudate-putamen to 40% in hippocampus. These studies demonstrate that SR141716A is a
competitive antagonist at nanomolar concentrations, whereas it inhibits basal receptor-mediated G-protein activity at micromolar
concentrations. These data suggest that the apparent inverse agonist effect is either not cannabinoid CB, receptor-specific or that
SR141716A is binding to different sites on the cannabinoid CB, receptor to produce inverse agonist versus competitive antagonist effects.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cannabinoid CB, receptors are the most numerous G-
protein-coupled receptors in the brain, with levels tenfold
higher than other G-protein-coupled receptors (Devane et
al., 1988; Herkenham et al., 1991). Although the role of
the endogenous cannabinoid system has not yet been fully
characterized, cannabinoid receptors are known to mediate
the effects of A°-terahydrocannabinol (Devane et al., 1988),
the active ingredient in marijuana (Gaoni and Mechoulam,
1964). Functiond effects associated with cannabinoid re-
ceptor activation include antinociception, decreased spon-
taneous activity, hypothermia and impairment of short-term
memory (Dewey, 1986; Hollister, 1986). The characteriza-
tion of cannabinoid receptors has been advanced by the
development of selective and potent ligands, such as the
cannabinoid CB, receptor-selective antagonist N-
(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichloropheny!)-
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4-methyl-1H-pyrazole-3-carboxamide hydrochloride (SR-
141716A) (Rinaldi-Carmona et al., 1994), which blocks
cannabinoid CB, receptor agonist-mediated effects in both
in vitro and in vivo preparations.

Many G-protein-coupled receptors exhibit spontaneous
activity in the absence of agonist, which can be inhibited
by inverse agonists (Costa et al., 1990; Tian et al., 1994).
The possibility that SR141716A acts as an inverse agonist
at cannabinoid receptors was suggested by Compton et al.
(1996) in studies showing stimulation of motor activity
after administration of high doses (>3 mg/kg) of
SR141716A. Subsequent studies using heterologous ex-
pression of cannabinoid CB, receptors in Chinese hamster
ovary (CHO) cells demonstrated that SR141716A is an
inverse agonist for cannabinoid-mediated effects on adeny-
lyl cyclase and mitogen-activated protein kinase activity
(Bouaboula et al., 1997). SR141716A inverse agonism has
also been reported for in situ assays of brain (Gifford and
Ashby, 1996) and isolated periphera organs (Pertwee and
Fernando, 1996; 1zzo et al., 1998; Couitts et al., 2000). In
vivo administration of SR141716A also supportsitsrole as
an inverse agonist, athough these data are complicated by
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the possibility that these effects are due to antagonism of
endogenous cannabinoids (Terranova et al., 1996; Richard-
son et al., 1997; Colombo et a., 1998ab; Gessa et dl.,
1998; Rubino et al., 2000).

The inverse agonist effects of SR141716A in brain have
been demonstrated using in vitro assays of G-protein and
adenylyl cyclase activity (Meschler et al., 2000), as well as
measures of ex vivo effector activity after in vivo adminis-
tration of the drug (Rubino et al., 2000). The involvement
of receptor-mediated G-protein activity in the inverse ago-
nist response is supported by reports that SR141716A
inhibits [*S]GTPyS binding in cannabinoid CB, receptor-
transfected cell lines (Bouaboula et al., 1995; Landsman et
al., 1997; MacLennan et a., 1998), neurona cells and
brain (Meschler et a., 2000). Data from cannabinoid CB,
receptor-expressing CHO célls indicate that SR141716A
inhibits effector responses that are mediated by G« (i.e.
adenylyl cyclase) as well as GB+ (i.e. mitogen-activated
protein kinase) (Bouaboula et al., 1997). Moreover, studies
in purified reconstituted systems have shown that
SR141716A inhibits the activation of both G;- and G,-type
G-proteins via spontaneously active cannabinoid CB, re-
ceptors (Glass and Northup, 1999). Ligand-modulated
[*SIGTPyS binding presents the opportunity to character-
ize SR141716A inverse agonism in brain because: (1) this
methodology is used to investigate drug actions directly at
the level of the G-protein and (2) moderate levels of basal
[®SIGTPyS binding in many regions indicate the presence
of spontaneous receptor activity. Basal [*S|GTPyS hind-
ing in autoradiographic assays exhibits a specific regional
digtribution (Sim et al., 1995), suggesting that specific
receptor populations exhibit spontaneous activity. Further-
more, cannabinoid receptor signal transduction properties
are known to vary by brain region (Sim et a., 1995;
Breivogel et al., 1997, 1999), but it is not clear whether
this is also true for spontaneous activity and inverse ago-
nist effects. These studies utilized ligand-modulated
[*SIGTPyS binding in rat brain membranes and sections
to investigate the inverse agonist properties of SR141716A
for G-protein activity.

2. Materials and methods
2.1. Materials

Rats (male Sprague-Dawley, 200-250 g) were ob-
tained from Harlan. [®S|GTPyS (1250 Ci/mmol) was
purchased from New England Nuclear (Boston, MA).
SR141716A and SR144528 were provided by the Drug
Supply Program of the National Institute on Drug Abuse.
Methanandamide, R(+ )-[2,3-dihydro-5-methyl-3-[(mor-
pholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxaziny!]-(1-
naphthalenyl)methanone mesylate (WIN 55,212-2) and
GDP (autoradiography) were purchased from Sigma/RBI.
GDP (membranes) and GTPyS were purchased from
Boehringer Mannheim. Kodak X-O-mat film was pur-

chased from New England Nuclear. All other reagent
grade chemicals were obtained from Sigma or Fisher.

2.2. Ligand-modulated [**SGTPyS binding in cerebellar
membranes

Animals were sacrificed by decapitation and cerebella
were dissected and placed in 20 volumes cold Buffer A
(50 mM Tris—HCI, 3 mM MgCl,, 1 mM EGTA, pH 7.4).
Tissue was homogenized with a Polytron homogenizer and
centrifuged at 48,000 X g at 4°C for 10 min. The tissue
was resuspended in Buffer A, centrifuged at 48,000 X g
and resuspended in Buffer B (50 mM Tris—HCI, 3 mM
MgCl,, 0.2 mM EGTA, 60 mM NaCl, pH 7.4). Protein
was determined using the method of Bradford (1976) and
membranes were stored in aliquots at —80°C until use. For
assays, membranes were thawed and homogenized in
Buffer B, preincubated for 10 min at 30°C in 4 mU,/ml
adenosine deaminase to remove endogenous adenosine,
then assayed for protein content (Bradford, 1976). Cerebel-
lar membranes (10 p.g protein) were incubated in Buffer B
with 0.1 nM [*S]GTPyS and appropriate concentrations of
drugs or vehicle (50:50 ethanol /dimethylsulfoxide) in the
presence of 30 wM GDP and 0.1% bovine serum abumin
in a1 ml total volume. Vehicle concentrations were ad-
justed to match the concentration of vehicle in the samples
containing drug. In some experiments, 30 .M GDP or 60
mM NaCl was replaced by varying concentrations of GDP
or NaCl, respectively. Basal binding was assessed in the
absence of drug, and nonspecific binding was determined
with 20 wM unlabeled GTPyS. The incubation was termi-
nated by filtration under vacuum through Whatman GF/B
glass fiber filters, followed by three washes with ice-cold
50 mM Tris—HCI, pH 7.4. Bound radioactivity was deter-
mined by liquid scintillation spectrophotometry at 95%
efficiency after extraction overnight in scintillation fluid.

2.3. Ligand-modulated [**Y GTPy S autoradiography

Animals were decapitated and brains were removed and
frozen in isopentane at —30°C. Twenty-micron coronal
sections were cut on a cryostat at —20°C and mounted on
gelatin-coated dlides. Slides were desiccated at 4°C
overnight and stored desiccated at —80°C until assay.
Slides were brought to room temperature, then incubated
in 50 mM Tris—HCI, pH 7.4, with 3 mM MgCl,, 0.2 mM
EGTA, 100 mM NaCl and 0.5% bovine serum abumin
(Buffer C) for 10 min at 25°C. Slides were then incubated
in Buffer C with 2 mM GDP and 9.5 mU/ml adenosine
deaminase for 15 min at 25°C, followed by incubation in
0.04 nM [*S|GTPyS, 2 mM GDP and adenosine deami-
nase with SR141716A (20 w.M), WIN 55,212-2 (10 pM)
or matching dilution of vehicle (dimethylsulfoxide) in
Buffer C at 25°C for 2 h. Basal binding was determined in
the absence of ligand. Slides were rinsed twice for 2 min
each at 4°C in 50 mM Tris—HCl, pH 7.4, then for 30 s at
4°C in deionized H,O. Slides were dried overnight, then



L.J. Sm-Selley et al. / European Journal of Pharmacology 414 (2001) 135-143 137

exposed to Kodak X-O-mat film for 6 days. Each cassette
contained a[*C] microscale for densitometric analysis and
values were corrected for [*°S] based upon incorporation of
[*5] into sections of frozen brain paste (Sim et al., 1996b).

2.4. Data analysis

Data from membrane homogenate assays are reported
as mean values + standard error (SE.) of at least three
experiments, which were each performed in triplicate.
Nonlinear iterative regression analyses of concentration—
effect curves were performed with IMP (SAS Institute,
Cary, NC). IC., values for SR141716A inhibition of
methanandamide-stimulated [*S]GTPyS binding were de-
termined by log—logit (Hill) analyses. For autoradiog-
raphy, films were digitized with a Sony XC-77 video
camera and analyzed using the NIH Image program for
Macintosh computers. Data are reported as mean values +
S.E. of triplicate sections of brains from 5 animals. Net-in-
hibition is defined as [**SIGTPyS in the presence of drug
—basal [*S]GTPyS binding. Percent change from basal is
defined as: ((®SJGTPyS in the presence of drug—basal
[*SJGTPyS binding/basal [*SIGTPyS binding) X 100%.
Statistical significance was determined by analysis of vari-
ance followed by post hoc analysis with the non-paired
two-tailed Student’s t-test using JIMP (SAS Institute).

3. Reaults

3.1. SR141716A-inhibited [**J GTPyS binding in cerebel-
lar membranes

To determine the effect of SR141716A on basal
[®*S]GTPyS hinding, a range of concentrations of SR-
1416716A were examined in membranes prepared from rat
cerebellum. Results showed that SR141716A produced a
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Fig. 1. Effect of SR141716A and SR144528 on basa [*SIGTPyS
binding in rat cerebellar membranes. Membranes were incubated as
described in Section 2 with 0.1 nM [358]GTPyS, 30 wuM GDP and
varying concentrations of drug. Data are mean+ S.E. of percent change
from basal [**S|GTPyS binding.
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Fig. 2. Competitive inhibition of WIN 55,212-2-stimulated [*SIGTPyS
binding by SR141716A in rat cerebellar membranes. Membranes were
incubated as described in Section 2 with 0.1 nM [®SIGTPyS, 30 uM
GDP and varying concentrations of WIN 55,212-2 in the absence or
presence of 5 M SR141716A. Data are mean+ S.E. of percent stimula-
tion over basal [*°SJGTPyS binding.

concentration-dependent and saturable inhibition of
[*SIGTPyS binding (Fig. 1). Non-linear regression analy-
sis of the SR141716A concentration—effect curves showed
that maximal inhibition of basal [®S]GTPyS binding was
48 + 2.8%, and half-maximal inhibition was obtained at
4.4 + 0.6 wM. A similar concentration of SR141716A was
required for half-maximal inhibition of [*S|GTPyS bind-
ing in membranes from hippocampus: 6.4 + 1.8 uM (data
not shown). In contrast to the inhibitory effect of this
cannabinoid CB, receptor-selective antagonist, the CB,-
selective antagonist SR144528 did not inhibit basal
[®SIGTPyS binding at concentrations up to 30 wM, but
instead produced a dight (~ 10%) stimulation of
[*SIGTPyS binding.

Because the inhibitory effect of SR141716A on basa
[*SIGTPyS binding was only observed at .M concentra-
tions of the drug, its ability to antagonize cannabinoid
agonist-stimulated [®*S|GTPyS binding was also exam-
ined. At a concentration of 5 nM, SR141716A produced a
rightward shift in the WIN 55,212-2 concentration—effect
curve (Fig. 2), yielding a calculated K, value of 0.57 +
0.21 nM. Similarly, the K, value for SR141716A antago-
nism of methanandamide-stimulated [*S]GTPyS binding
was 0.32 +0.07 nM (data not shown). The ability of
SR141716A to antagonize methanandamide-stimulated
[*SIGTPyS binding was also examined by varying the
concentration of the antagonist in the presence of 5 uM
methanandamide. As shown in Fig. 3, SR141716A inhib-
ited methanandamide-stimulated [*S|GTPyS binding in a
concentration-dependent manner, with an 1Cg, value of
6.6+ 0.7 nM (n,=1.0+0.1; r=0.98). Concentrations
of SR141716A above those required to completely abolish
stimulation by methanandamide resulted in inhibition of
[®SIGTPyS binding below basal levels. Interestingly,
half-maximal inhibition of basal [*S|GTPyS binding by
SR141716A in the presence of 5 wM methanandamide was
obtained at 2.8 + 0.8 wM, which was not significantly
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Fig. 3. Effect of SR141716A on methanandamide-stimulated [*SIGTPyS
binding in rat cerebellar membranes. Membranes were incubated as
described in Section 2 with 0.1 nM [®*S|GTPyS, 30 .M GDP and 5 uM
methanandamide in the absence or presence varying concentrations of
SR141716A. Data are mean+SE. of percent change from basa
[®SIGTPyS binding.
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different from the SR141716A EC., value obtained in the
absence of cannabinoid agonist (see above). Thus, the
presence of methanandamide reduced the potency of
SR141716A for competitive antagonism by over tenfold,
but had no effect on its potency for inhibition of basal
[*SIGTPyS binding.

GDP is required for the optimal modulation of
[*SIGTPyS binding by receptors in both membranes (Hilf
et al., 1989) and tissue sections (Sim et a., 1995). Thus,
the GDP-dependence of SR141716A inhibited [358]GTPyS
binding was examined in rat cerebellar membranes. Re-
sults (Fig. 4) showed that, similar to stimulation of
[®*SIGTPyS binding by WIN 55,212-2, inhibition of
[*SIGTPyS binding by SR141716A required the presence
of wM GDP concentrations. There were, however, quanti-
tative differences in the GDP-dependence of agonist-
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Fig. 4. Effect of GDP on WIN 55,212-2-stimulated and SR141716A-in-
hibited [**S]GTPyS hinding in rat cerebellar membranes. Membranes
were incubated as described in Section 2 with 0.1 nM [®S|GTPyS, and
varying concentrations of GDP in the absence or presence of 20 pM
WIN 55,212-2 or 20 .M SR141716A. Data are mean+ S.E. of percent
change from basal [*°S]GTPyS binding (measured at each GDP concen-
tration).

stimulated compared to SR141716A-inhibited [*S|GTPyS
binding. Although the percent stimulation of [*S]JGTPyS
binding by WIN 55,212-2 increased as a function of GDP
concentration up to 30 wM GDP, the percent inhibition by
SR141716A remained constant from approximately 3 to 30
wM GDP. This is probably due to the fact that net-stimu-
lated [*SIGTPyS binding by WIN 55,212-2 was maximal
at 1-3 uM GDP, whereas net-inhibited [*S]GTPyS bind-
ing by SR141716A was maximal 0.1-0.3 wM GDP (data
not shown).

The GDP dependence of SR141716A-inhibited
[*SIGTPyS binding suggested that SR141716A was in-
hibiting spontaneous receptor activity. The spontaneous
activity of many G, ,-coupled receptors is inhibited by
Na* ions (Costa et al., 1990; Hilf and Jakobs, 1992; Tian
et a., 1994). Therefore, the effect of Na* on the inhibition
of [®S|GTPyS binding by SR141716A was investigated in
cerebellar membranes. As expected, increasing NaCl con-
centrations inhibited basal [*S]GTPyS binding (Fig. 5A),
and the difference between basa and SR141716A-in-
hibited [*S]GTPyS hinding (net inhibition) was also re-
duced by increasing NaCl concentrations. However, it is
evident that although the percent inhibition was also de-
creased by NaCl (Fig. 5B), a significant percentage of
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Fig. 5. Effect of NaCl on inhibition of [®S|GTPyS binding by SR141716A
in rat cerebellar membranes. Membranes were incubated as described in
Section 2 with 0.1 nM [®S|GTPyS, 30 wM GDP and varying concentra-
tions of NaCl in the absence or presence of 20 .M SR141716A. Data are
mean+ S.E. of (A) percent of control [**SIGTPyS binding (defined as
basal binding in the absence of NaCl) or (B) percent change from basal
[*SIGTPyS binding (measured at each NaCl concentration).
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Fig. 6. Effect of SR141716A on [®S|GTPyS hinding in coronal sections of rat brain. Sections were incubated as described in Section 2 with 0.04 nM
[35S]GTP~/S and 2 mM GDP in the absence or presence of 20 .M SR141716A. Densitometric contrast is enhanced in the autoradiograms to accentuate
inhibition of basal [3SS]GTPVS binding by SR141716A, which is seen in regions including the substantia nigra, hippocampus and periaqueductal gray.

basal [*S|GTPyS binding was inhibited by SR141716A
even a 100 mM NaCl.

3.2. SR141716A-inhibited [**Y GTPy S autoradiography

Coronal sections at several levels of the rat brain were
processed for [®S|GTPyS autoradiography to determine
the regional distribution of SR141716A inverse agonism.
Adjacent sections were processed for WIN 55,212-2-
stimulated [®S|GTPyS binding to confirm the distribution
of cannabinoid receptor-activated G-proteins in regions of
interest (data not shown). As previously reported (Sim et
al., 1995, 1996a), WIN 55,212-2-stimulated [*S]GTPyS
binding was highest in basal ganglia, cerebellum and hip-
pocampus, athough stimulation of [*S]JGTPyS binding
was found in most brain regions examined. Comparison of
autoradiograms processed for SR141617A-inhibited
[*SIGTPyS hinding compared to basal showed visible
decreases in [*S]GTPyS binding. These differences were
most obvious when the contrast was maximally enhanced
to accentuate basal [*S|GTPyS binding (Fig. 6). Reduc-
tions in basal [*S|GTPyS binding by SR141716A were
visible in most regions, including hippocampus, hypothala-

Table 1
Densitometric analysis of basal and SR141716A-inhibited [*SIGTPyS
autoradiography in rat brain sections

Region [**S|GTPyS bound (nCi /g tissue)
Basa + SR141716A Net-inhibited

Cingulate cortex 196+5 150+ 82 —52+4
Caudate-putamen 212+7 167+ 6% —41+9
Globus pallidus 243+10 1724152 —56+16
Hippocampus 184+3 113+ 32 —73+4
Amygdala 387+12 277+13° —-9742
Hypothalamus 404+10 314+132 —-91+7
Medial thalamus 255+11  179+6? —-79+6
Lateral thalamus 150+7 105+ 42 —-36+5
Substantia nigra 200+5 138+ 8?2 —-62+8
Periaqueductal gray ~ 336+4 257 +12% —-89+11
Cerebellum 124+ 6 88462 —-41+4
Red nucleus 96+ 2 89+5 —-7+4

Sections were processed for [®S]GTPyS autoradiography and densito-
metric analysis was performed as described in Section 2.
%P < 0.01 different from basal binding.

mus, thalamus, amygdala, cortex, substantia nigra and
periagueductal gray.

Quantitative densitometry was performed to measure
SR141716A-inhibited [*S|GTPyS binding. Data are ex-
pressed as either net inhibition of basal [*S|GTPyS bind-
ing [basal—SR141716A-inhibited [*S|GTPyS binding] or
percent inhibition [(net /basal) X 100]. In most regions, net
SR141716A-inhibited [*SIGTPyS binding was signifi-
cantly different from basal (P < 0.005) (Table 1). The one
exception was the red nucleus, where SR141716A-in-
hibited [®S|GTPyS binding did not significantly differ
from basal. Densitometric analysis also showed low levels
of WIN 55,212-2-stimulated [*S]GTPyS binding in the
red nucleus, with net WIN 55,212-2-stimul ated [*S]GTPyS
binding of 35+ 8 nCi /g (P < 0.001 different from basal
[*SIGTPyS binding).

Net SR141716A-inhibited [*°S]|GTPyS binding ranged
from —36 nCi /g in the lateral thalamusto —97 nCi /g in
the amygdala (Table 1). Linear regression analysis showed
a correlation (r = 0.884, P < 0.0002) between the levels
of basal [**SIGTPyS binding and net inhibition produced
by SR141716A. Data were also calculated as percent
inhibition of [*S|GTPyS binding (Fig. 7). These values
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Fig. 7. Regional distribution of SR141716A-inhibited [®*S]GTPyS bind-
ing. Brain sections were processed as described in Section 2 and resulting
autoradiograms were analyzed densitometrically. Data are mean+ S.E. of
SR141716A-inhibited [®S|GTPyS binding expressed as percent change
from basal [®S|GTPyS binding. (3P = 0.001; °P = 0.005, different from
basal).
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ranged from —19% in the caudate-putamen to —39% in
the hippocampus, with no significant correlation between
the levels of basal [*S|GTPyS binding and percent inhibi-
tion.

The receptor specificity of SR141716A-inhibited
[*SIGTPyS binding was investigated in autoradiographic
assays by incubating brain sections with the cannabinoid
CB, receptor inverse agonist SR144528 (Portier et al.,
1999). No visible differences were seen between basal and
SR144528-modulated [*S]GTPyS binding (data not
shown). This was confirmed by densitometric anaysis of
the caudate-putamen and hippocampus, where SR144528-
modulated [*S|GTPyS binding did not significantly differ
from basal (11 + 22 and —7 + 8 net nCi /g, respectively).

4, Discussion

The results of the present study indicate that the
cannabinoid CB 1 receptor-selective antagonist SR141716A
inhibits basal [ SIGTPvS binding in rat brain, in agree-
ment with previous reports of inverse agonist effects of
this compound in cannabinoid receptor-containing systems.
However, much higher concentrations of SR141716A were
required to produce inverse agonism than antagonism of
cannabinoid-mediated [ SJGTPyS hinding: the EC,, value
for inhibition of basal [*S|GTPyS binding (4.4 wM) was
over 7000-fold greater than its K, vaue (0.57 nM) for
competitive antagonism of WIN 55,212-2-stimulated
[*SIGTPyS binding. Moreover, the potency of SR141716A
for inhibition of basal [*S|GTPyS binding was not af-
fected by the presence of 5 wM methanandamide, even
though the 1Cg, value of SR141716A for antagonism of 5
M methanandamide-stimulated [*S]GTPyS binding was
increased by over tenfold compared to its K, value. These
results suggest that the apparent inverse agonist effect of
SR141716A may be produced by binding to a site other
than the agonist binding site on the cannabinoid CB,
receptor. Three explanations for the inhibitory effect of
SR141716A on basal [**S]GTPyS hinding are most proba-
ble: (1) a non-receptor-mediated effect of the drug; (2)
SR141716A acting as an inverse agonist at a G-protein-
coupled receptor other than the cannabinoid CB, receptor,
to which it binds with much lower &ffinity; or (3)
SR141716A acting as an inverse agonist by binding with
lower affinity to a different site on, or a specific conforma-
tion of, the cannabinoid CB, receptor.

The possibility that SR141716A is inhibiting
SIGTPyS binding by a non-receptor-mediated mecha
nism is unlikely for two reasons. First, the effect is concen-
tration-dependent and saturable. Second, the effect is only
observed at concentrations of GDP that support receptor-
mediated effects on [*S|GTPyS binding, such as stimula-
tion by agonist. Although the inhibitory effect of
SR141716A was maximal a a lower GDP concentration
than stimulation by agonist, this is to be expected because

[35

lower concentrations of GDP would favor spontaneous
receptor-mediated G-protein activation (Onaran et al.,
1993). The second possibility, that SR141716A inhibits the
activity of non-CB,; G-protein-coupled receptors seems
plausible. Although the inhibitory effect of SR141716A
showed a regional distribution consistent with cannabinoid
CB, receptor localization in brain, the effect did not show
a perfect correlation with reported cannabinoid CB, recep-
tor density (see below). Nonetheless, the fact that the
inhibitory effect of SR141716A was relatively insensitive
to the Na* concentration agrees with previous findings
that cannabinoid agonist-stimulated G-protein activation in
cerebellar membranes was also insensitiveto Na* (Pacheco
et a., 1994; Selley et a., 1996). Thus, the possibility that
SR141716A is inhibiting basal receptor-mediated activity
in brain by binding to a site on the cannabinoid CB;
receptor that is distinct from the agonist binding site seems
to be the most likely explanation. However, the possibility
that it may also inhibit the basal activity of other G; ,,-cou-
pled receptors by acting at a homologous site cannot be
eliminated.

Information from mutational analyses of the cannabi-
noid CB, receptor may help to clarify this question. Stud-
ies using cannabinoid CB, /CB, chimeric receptors have
shown that transmembrane regions IV and V are particu-
larly important for binding of SR141716A to the cannabi-
noid CB, receptor (Shire et al., 1996). However, muta-
tional analysis of cannabinoid-modulated Ca2* currents
indicates that SR141716A may require different sites on
the cannabinoid CB, receptor for antagonist versus inverse
agonist activity. A cannabinoid CB, receptor mutant in
which lysine-192 in the third transmembrane domain was
replaced with alanine (K192A) does not bind CP 55940 or
anandamide, but retains binding for WIN 55212-2 (Song
and Bonner, 1996). WIN 55212-2 also inhibits Ca®* cur-
rents in the K192A mutant when expressed in neuronal
cultures, and this effect is reversed by SR141716A (Pan et
al., 1998). However, SR141716A fails to produce inverse
agonism at the K192A mutant receptor, even though it
facilitates Ca2* currents under conditions where endoge-
nous cannabinoids are not involved. These data suggest
that residues in the transmembrane IV /V region may be
important for high affinity binding and antagonist activity
of SR141716A, whereas residues in the transmembrane 111
region are important for inverse agonism. This apparent
difference in the structural requirements of the cannabinoid
CB, receptor for antagonist versus inverse agonist activity
of SR141716A may be the molecular basis for the differ-
ent concentrations required to produce antagonism versus
inhibition of receptor-mediated G-protein activity. There-
fore, decreased basal receptor activity in brain produced by
high concentrations of SR141716A may be due to al-
losteric modulation rather than true inverse agonism.

There are aso two less plausible explanations for the
inhibitory effect of SR141716A on [®S|GTPyS binding in
brain. Although the affinity of SR141716A for cannabi-
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noid CB, versus CB, receptors differs by over 100-fold
(Rinadi-Carmona et a., 1994; Showalter et a., 1996;
MacLennan et al., 1998) SR141716A aso acts as an
inverse agonist at cannabinoid CB, receptors (MacLennan
et a., 1998), so it is possible that SR141716A-induced
inhibition of [*S]GTPyS binding is mediated via inverse
agonism of cannabinoid CB, receptors. However, this is
unlikely because the cannabinoid CB, receptor-selective
antagonist SR144528 did not inhibit basal [*S|GTPyS
binding in brain sections or membranes, even though it is a
potent inverse agonist at cannabinoid CB, receptors (Por-
tier et a., 1999). These data agree with previous reports
that demonstrated the absence of cannabinoid CB, recep-
tors in brain (Griffin et a., 1999). It is also possible that
the effects of SR141716A are due to antagonism of en-
dogenous cannabinoid receptor ligands, as suggested for in
vivo assays (Compton et al., 1996; Terranova et a., 1996;
Richardson et al., 1997; Strangman et al., 1998). Results
from the present studies do not appear to be due to
antagonism of endogenous cannabinoids in the tissue be-
cause competitive antagonism of endogenous ligands
should require only nanomolar concentrations of
SR141716A, whereas the ECy, value for inhibition of
basal [*S]GTPyS binding was 4.4 ..M. Furthermore, these
experiments did not include enzyme inhibitors, so that any
endogenous ligands present in the tissue would probably
have been metabolized during incubation (Childers et al.,
1994). Finaly, [®SIGTPyS binding is conducted under
low affinity agonist binding conditions (i.e. in the presence
of high concentrations of NaCl and GDP), which should
promote dissociation of endogenous cannabinoid agonist
(Devane et d., 1988; Griffin et d., 1999).

The high concentration of SR141716A required for
inhibition of [**S]GTPyS binding explains why previous
studies failed to show a saturable inhibitory effect of this
compound in rat cerebellar membranes (Breivogel et a.,
1998). In fact, SR141716A inverse agonism in brain has
only been demonstrated under conditions that favor in-
creased basal receptor activity (i.e. replacement of Na*
with K*) (Meschler et a., 2000). Approximately 25%
inhibition of basal [®S]GTPyS binding was seen in those
studies. However, SR141716A was used only at 1 .M and
regional differences in inhibition were not examined. In
contrast, studies of inverse agonist effects of SR141716A
in cel lines heterologously expressing the cannabinoid
CB, receptor have found ECg, valuesin 1-5 nM range for
inhibition of [*S]JGTPyS binding (Landsman et al., 1997;
MacLennan et al., 1998) or modulation of effector activity
(Bouaboula et al., 1997). One possible explanation for this
discrepancy is the different species of origin of the recep-
tor: al of the previous studies in transfected cell systems
used the human cannabinoid CB, receptor. However, re-
cent work showing inverse agonist effects of SR141716A
for human cannabinoid CB, receptor-mediated regulation
of K* channel conductance in an oocyte expression sys-
tem found an EC., value of 200 nM (McAllister et a.,

1999). Similarly, SR141716A was reported to stimulate
Ca?* channel conductance with an EC., value of 32 nM
via the rat cannabinoid CB, receptor heterologously ex-
pressed in neurons (Pan et al., 1998). Thus, the potency of
SR141716A for inhibition of basal cannabinoid CB, recep-
tor activity does not appear to be related to a species
difference. Most of these previous studies (with the excep-
tion of Landsman et a., 1997) reported EC., values for
inverse agonism that were greater than the reported recep-
tor binding affinity of SR141716A in brain, which isin the
0.3—2 nM range (Rinaldi-Carmona et a., 1994; Breivogel
et a., 1997; Hillard et a., 1999; Meschler et a., 2000).
Moreover, the antagonist potency of SR141716A (~ 8-20
nM) against cannabinoid receptor-mediated inhibition of
smooth muscle contractions in isolated organ preparations
(Pertwee and Fernando, 1996; 1zzo et al., 1998; Coultts et
al., 2000) or inhibition of acetylcholine release in hip-
pocampal dlices (Gifford and Ashby, 1996) is at least
tenfold higher than its potency as an inverse agonist in
these preparations (> 100 nM). Thus, although the po-
tency of SR141716 for inhibition of [*S|GTPyS binding
in rat brain is lower than expected, it has generally been
reported that the inverse agonist potency of SR141716A is
lower than its affinity for the cannabinoid CB, receptor.
These findings are in agreement with in vivo studies
showing that the locomotor stimulant (Compton et al.,
1996), gastrointestina propulsive (Colombo et a., 1998b),
and acetylcholine-releasing (Gessa et al., 1998) effects of
SR141716A occur at higher doses than those required to
antagonize cannabinoid agonist effects. Thus, both in vitro
and in vivo data indicate that antagonist versus apparent
inverse agonist effects of SR141716A in brain can be
differentiated on the basis of potency.

Although inhibition of [*S]GTPyS binding by
SR141716A was detected in virtually all brain areas, the
magnitude of inhibition varied by region. Interestingly, the
regions in which the highest net SR141716A-inhibited
[*SIGTPyS binding was seen differed from those exhibit-
ing the greatest percent inhibition of basal [*SIGTPyS
binding. Net inhibition was modestly correlated with basal
[®SIGTPyS binding levels (r =0.88), indicating that
greater absolute inhibition occurred in areas with higher
levels of basal [*S|GTPyS binding, such as amygdala,
hypothalamus and periaqueductal gray. In contrast, the
percent inhibition produced by SR141716A did not corre-
late with basal levels of [*S]JGTPyS binding, suggesting
that spontaneous activity of SR141716A-inhibited recep-
tors contributes differentialy to basal [*S|GTPyS binding
in different brain areas. The relative levels of SR141716A
inhibition were also compared with cannabinoid receptor
density, by determining whether the levels of net
SR141716A-inhibited [*S]GTPyS binding measured auto-
radiographically were correlated with [*H]CP55,940 bind-
ing density reported by Herkenham et al. (1991). However,
neither net nor percent inhibition by SR141716A signifi-
cantly correlated with cannabinoid CB, receptor density.



142 L.J. Sm-Selley et al. / European Journal of Pharmacology 414 (2001) 135-143

These data suggest that SR141716A inverse agonism may
not be due to inhibition of cannabinoid CB, receptors
alone. Nevertheless, regional differences in SR141716A-
inhibited [®S]GTPyS binding are consistent with previous
studies showing regional differences in Na* sensitivity,
receptor efficiency and desensitization of cannabinoid re-
ceptors (Pacheco et al., 1994; Sim et a., 1995; Breivogel
et a., 1997, 1999).

In conclusion, the cannabinoid CB, receptor antagonist
SR141716A inhibits basal [*S]JGTPyS binding in rat brain
in a GDP and brain region-dependent manner, suggesting
that it inhibits the spontaneous activity of one or more
G-protein-coupled receptors. The high concentrations of
the drug required to produce this effect preclude the
determination that it is exclusively mediated by cannabi-
noid CB; receptors. These findings, as well as previous
studies showing apparent inverse agonist effects of
SR141716A at high concentrations, and mutational studies
showing that different residues on the cannabinoid CB;
receptor may be required for antagonism versus inverse
agonism by SR141716A indicate that different mecha
nisms mediate competitive antagonism versus inhibition of
basal receptor activity. Therefore, we propose that
SR141716A may inhibit basal receptor activity by binding
to an additional site on the cannabinoid CB, receptor that
is not the agonist binding site, and that this site may be
common to cannabinoid CB,, CB, and possibly other
G-protein-coupled receptors.
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