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Rimonabant (SR141716) was the first potent and selective cannabinoid CB1 receptor antagonist
synthesized. Several data support that rimonabant behaves as an inverse agonist. Moreover, there is
evidence suggesting that this inverse agonism may be CB1 receptor-independent. The aim of the present
study was to elucidate whether the effect of rimonabant over G protein activation in postmortem human
brain is CB1 dependent or independent.

K?ywor‘ljjs" [3°S]GTPYS binding assays and antibody-capture [>°S]GTPyS scintillation proximity assays (SPA)
Ei:l?g;:g;ism were performed in human and mice brain. [?H]SR141716 binding characteristics were also studied.
G proteings Rimonabant concentration-dependently decreased basal [3*S|GTPyS binding to human cortical

membranes. This effect did not change in the presence of either the CB1 receptor agonist WIN 55,212-2,
the CB1 receptor neutral antagonist 0-2050, or the CB1 allosteric modulator Org 27569. [>*>S|GTPyS
binding assays performed in CB1 knockout mice brains revealed that rimonabant inhibited the
[3°S]GTPyS binding in the same manner as it did in wild-type mice. The SPA combined with the use of
specific antibody-capture of G, specific subunits showed that rimonabant produces its inverse agonist
effect through Gis, G, and G, subtypes. This effect was not inhibited by the CB1 receptor antagonist O-
2050. Finally, [?H]SR141716 binding assays in human cortical membranes demonstrated that
rimonabant recognizes an additional binding site other than the CB1 receptor orthosteric binding
site recognized by 0-2050.

This study provides new data demonstrating that at least the inverse agonist effect observed with
>1 M concentrations of rimonabant in [3*S|GTP+yS binding assays is not mediated by the CB1 receptor
in human brain.
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Human brain

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The discovery of the endocannabinoid system and its activity as
a neuromodulator, has led to the search for new therapeutic

Abbreviations: BSA, bovine serum albumin; cAMP, cyclic 3’,5'-adenosine monopho- strategies through the pharmacological modulation of the different

sphate; DPCPX, 1,3-dipropyl-8-cyclopentyl-1,3-dipropylxanthine; DTT, dithio-
threitol; EGTA, etylene glycol-bis ((-aminoethyl ether); GDP, guanosine
diphosphate; GPCR, G protein-coupled receptor; GTPvyS, guanosine-5-0-(3-
thio)triphosphate; MAPK, mitogen-activated protein kinase; 0-2050, (6Ar,10aR)-
3-(1-methanesulfonylamino-4-hexyn-6-yl)-6a,7,10,10a-tetrahydro-6,6,9-tri-
methyl-6H-dibenzo[b,d]pyran; Org 27569, (5-chloro-3-ethyl-1H-indole-2-carbox-
ylic acid [2-(4-piperidin-1-yl-phenyl)-ethyl]-amide); [>*S]GTPvS, guanosine-5'-O-
(3-[*°S]-thio)triphosphate; SEM, standard error of the mean; SR141716, N-
piperidin-O-5(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-3-pyrazole-3-
carboxamide; Tris-HCl, 2-amino-2-(hydoxymethyl)-1,3-propanediol hydrochlo-
ride; WIN 55,212-2, (R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)-pyr-
rolo-[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone.
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components of this system. Two different cannabinoid receptors
have been identified and cloned to date in mammalian tissue: CB1
[1,2] and CB2 [3]. The CB1 receptor is the most abundant G protein-
coupled receptor (GPCR) in the brain [4,5] where it plays an
important role in the inhibition of neurotransmitter release. This
receptor is mostly coupled to Gj, proteins to inhibit adenylyl
cyclase, activate mitogen-activated protein kinase (MAPK), inhibit
voltage gated Ca?* channels and activate inwardly rectifying K*
channels [6].

Rimonabant (SR141716) was the first highly potent and
selective CB1 receptor antagonist to be developed [7]. Thereafter,
it has been widely used in experimental and therapeutic
pharmacology. In this way, rimonabant was approved as an
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obesity treatment in more than 50 countries worldwide. However,
it is well documented that it has inverse agonist properties, that
overall have been attributed to the CB1 receptor, since these
biochemical or behavioural effects are generally opposite in action
to the effects of CB1 agonists. For example, in heterologous
expression systems, rimonabant produces a decrease in the
[3>SIGTPyS basal binding [8], a decrease in MAPK activity [9]
and an increase in forskolin stimulated cAMP production [10].
Furthermore, these effects have also been observed in native
tissue. Accordingly, rimonabant decreases [3°S]GTPyS basal
binding in rat [11,12] and mouse brain [13], increases basal cAMP
production in rat and human brain membranes [14], and produces
an increase in evoked neurotransmitter release [15,16]. Finally,
behavioural studies have corroborated that rimonabant also exerts
opposite in vivo effects to those of cannabinoids, since it produces
hyperalgesia [17], an increase in the locomotor activity [18], a
decrease in food consumption [19,20], and an improvement in
memory [21].

Nevertheless, there is also evidence that the inverse agonist
effects of rimonabant are produced in a CB1 receptor-independent
manner. Thus, in CB1 knockout mice rimonabant still produces a
decrease in the [>>S]GTPyS basal binding [13,22].

On the whole, different possible mechanisms have been
proposed for the inverse agonist effects of SR141716 [23]: (1)
rimonabant may modulate the constitutive activity of CB1 receptors,
(2) it may antagonize the responses to the endogenously released
endocannabinoids or even other neurotransmitters acting on CB1
receptors, and (3) these inverse agonist effects could be produced by
CB1 receptor-independent mechanisms, either through another
receptor or by a receptor-independent mechanism.

Research interest in separating “inverse agonist” activity from
“neutral antagonist” activity has been increased in recent years as a
result of efforts to distinguish therapeutic effects from unwanted
side effects for cannabinoid antagonists used as medicinal
compounds [24]. This is particularly important for rimonabant
since it was withdrawn from the market due to increased rates of
depression, anxiety and suicidality related to its use as a treatment
for obesity [25]. However, the inverse agonist effect of rimonabant
could constitute an advantageous treatment in some pathological
states such as dyslipidemia, metabolic syndrome or tobacco
addiction [26,27]. In this context, the therapeutic interest of inverse
agonism at different receptors has already been suggested [28].

In this study we aimed to evaluate the effect of rimonabant on G
protein activation in postmortem human brain membranes.

2. Materials and methods
2.1. Postmortem human brain samples

The study was developed in compliance with policies of
research and ethical review boards for postmortem brain studies.
Human brain samples, from subjects who had died by sudden and
violent causes (motor-vehicle accidents) were obtained at autopsy
in the Basque Institute of Legal Medicine, Bilbao, Spain. All the
subjects were determined to be free of neurological or psychiatric
disorders based upon both medical histories and postmortem tissue
examinations. Samples from the prefrontal cortex (Brodmann'’s
area 9) were dissected at the time of autopsy and immediately
stored at —70 °C until assay. The postmortem delay of the samples
used ranged from 8 to 18 h.

2.2. Animals
Animal care was performed in agreement with European Union

regulations (0.]. of E.C. L 358/1 18/12/1986). Swiss mice were
obtained from the Animal Facility of the University of the Basque

Country, Leioa, Spain. CB1 knockout mice were generated as
described previously [29]. Animals were killed by cervical
dislocation, their brains were removed and stored at —70 °C until
assay was performed.

2.3. [?°S]GTPyS binding assays

Preparation of plasma membranes (P, fraction) and [>*S]GTPyS
binding assays were performed as previously described [30] with
minor modifications. Tissue samples of each subject were
homogenized using an Ultra-Turrax T8 Homogenizer (IKA Labor-
technik, Satufen, Germany) at maximum speed for 10s in 30
volumes of homogenization buffer (1 mM EGTA, 3 mM MgCl,,
1mM DTT, and 50 mM Tris-HCl, pH 7.4) supplemented with
0.25 M sucrose. The crude homogenate was centrifuged for 5 min
at 1000 x g at 4 °C and the supernatant was recentrifuged for
10 min at 40,000 x g (4 °C). The resultant pellet was washed twice
with 5 volumes of homogenization buffer and recentrifuged in
similar conditions. Aliquots of 0.9 mg protein were stored at
—70 °C until assay. Protein content was measured according to the
method of Bradford [31] using BSA as standard.

The incubation buffer for measuring [>*S]GTPyS binding to
brain membranes contained, in a total volume of 500 wl, 1 mM
EGTA, 3mM MgCl,, 100 mM NaCl, 0.2 mM DTT, 50 uM GDP,
50 mM Tris-HCl at pH 7.4 and 0.5 nM [3>S]GTP~S. For the binding
studies, protein aliquots were thawed and resuspended in
resuspension buffer (RB) containing 1 mM EGTA, 3 mM MgCl,,
100 mM NacCl, and 50 mM Tris-HCI, at pH 7.4. The incubation was
started by addition of the membrane suspension (30 pg of
membrane proteins) to the previous mixture and was performed
at 30°C for 120 min with shaking. In order to evaluate the
influence of several cannabinoid ligands on [3*°S]GTPyS binding,
different concentrations of rimonabant, 0-2050 and/or WIN
55,212-2 were included in the incubation buffer. Incubations
were terminated by adding 3 ml of ice-cold incubation buffer
followed by rapid filtration through Whatman GF/C filters
presoaked in the same buffer. The filters were rinsed twice and
transferred to vials containing 5 ml of OptiPhase HiSafe II cocktail
(Wallac, UK). The radioactivity trapped was determined by liquid
scintillation spectrometry (Packard®™ 2200CA). Nonspecific bind-
ing of the radioligand was defined as the remaining [>*>S]GTPvS
binding in the presence of 10 wM unlabelled GTP+S.

2.4. Antibody-capture [>>S]GTPYS scintillation proximity assay (SPA)

Specific activation of different subtypes of Ga proteins was
determined using a homogeneous protocol of [3>S]GTP~yS scintil-
lation proximity assay coupled with the use of specific antibodies
essentially as described by DeLapp et al. [32]. [**S|GTPyS binding
was performed with the same membrane preparation described
above but in 96-well Isoplates (PerkinElmer Life Sciences,
Maanstraat, Germany) and in a final volume of 200 .l containing
1 mM EGTA, 3 mM MgCl,, 100 mM Nacl, 0.2 mM DTT, 50 mM Tris-
HCl at pH 7.4, 0.4 nM [3>S]GTP~S, 25 g of protein per well, and
different concentrations of GDP depending on the Go subunit
tested (see Table 1). At the end of the 2 h incubation period (30 °C),
20 pl of Igepal 1% were added to each well, and plates were
incubated at room temperature (RT) for 30 min with gentle
agitation. Specific antibodies for each Ga subunit of interest were
then added to each well before an additional 60 min RT incubation
period. The antibodies and dilutions employed are described in
Table 1. PVT SPA beads coated with secondary anti-rabbit or anti-
mouse antibodies (PerkinElmer Espaiia, S.L., Tres Cantos, Madrid,
Spain) were then added (1 mg of beads per 25 g protein), and
plates were incubated for 3 h at RT with gentle agitation. Finally,
plates were centrifuged (5 min at 1000 x g), and radioactivity was
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Table 1

Antibodies, dilutions and GDP concentrations employed in the [*>S]GTPyS scintillation proximity assays.
Target Description Commercial firm Catalog # [GDP] Ab. dilution Beads
Gaiq Mouse monoclonal anti-Ga;q Santa Cruz sc-56536 100 uM 1:20 Mouse
Gaip Rabbit Polyclonal anti-Ga Santa Cruz sc-7276 50 WM 1:20 Rabbit
Gas Rabbit polyclonal anti-Gas ENZO SA-129 100 uM 1:30 Rabbit
Ga, Mouse monoclonal anti-Go, ENZO SA-280 50 uM 1:75 Mouse
Gatsjolf Rabbit Polyclonal anti-Gatsore Santa Cruz sc-383 100 uM 1:20 Rabbit
Gogi1 Rabbit Polyclonal anti-Gogjq1 Santa Cruz sc-392 1M 1:20 Rabbit
Ga, Rabbit Polyclonal anti-Ga, Santa Cruz sc-388 100 uM 1:20 Rabbit

detected on a MicroBeta TriLux scintillation counter (PerkinElmer
Espania, S.L., Tres Cantos, Madrid, Spain). In order to test their effect
on the [*>S]GTPvS binding to the different Ga subunit subtypes,
10 uM of WIN 55,212-2, rimonabant and/or 0-2050 were used.
Nonspecific binding was defined as the remaining [3*>S]GTPyS
binding in the presence of 10 wM unlabelled GTP+yS.

2.5. [’H]SR141716 competition assays

Plasma membranes (P, fraction) were prepared as follows:
brain tissue samples (~200 mg) were homogenized in 5 ml of ice-
cold buffer (5mM Tris-HCI, 250 mM sucrose, pH 7.4) using an
Ultra-Turrax T8 at maximum speed for 10s at 4°C. The
homogenates were centrifuged at 1000 x g for 10 min at 4 °C.
The pellet (P; fraction) was discarded and the supernatants
recentrifuged at 40,000 x g for 10 min (4 °C). The resulting pellets
were resuspended in 2 ml of fresh Tris incubation buffer (50 mM
Tris-HCl, pH =7.5) and recentrifuged under similar conditions.
This washing procedure was repeated and the resultant pellets (P;)
were resuspended in an appropriate volume of incubation buffer to
a final protein content of approximately 0.5mgml~' and
homogenized. The protein content was determined by the method
of Bradford [31] with BSA as the standard.

Competition binding assays of [H|SR141716 (5nM) with
unlabelled rimonabant and 0-2050 were carried out in order to
determine the inhibition constants (K;) and to compare the
maximal inhibition of the [*H]SR141716 specific binding produced
by these drugs. To delineate the competition curve, increasing
concentrations of the competing drugs were used (10712107 M,
10 concentrations), and the non-specific binding was determined
in the presence of 10 wM unlabelled rimonabant. The incubation
buffer contained, in a final volume of 500 .1, 50 mM Tris-HCI and
0.5% (w/v) BSA at pH 7.5. The tubes were incubated with shaking
for 1 h at 30 °C. Incubations were terminated by dilution of the
samples with 3 ml of ice-cold incubation buffer (4 °C) followed by
rapid filtration through Whatman GF/C filters presoaked with 0.5%
polyethylenimine. The filters were rinsed twice with 3 ml of ice-
cold incubation buffer and transferred to vials containing 5 ml of
OptiPhase HiSafe II cocktail. The radioactivity trapped was
determined by liquid scintillation spectrometry (Packard
2200CA) with a 40-50% counting efficiency and c.p.m. values
were transformed to d.p.m. values by an internal calibration
program.

2.6. Data analysis and statistical procedures

Pharmacological parameters of the concentration-response
curves for the [>>S]GTPyS binding, the maximal effect (Ep.x) and
the concentration of the drug that determines the half-maximal
effect (ECso/ICsg), were obtained by non-linear analysis using
GraphPad Prism™® software. In order to allow better interpretation
of the data, the concentration-response curves are displayed as
relative stimulations/inhibitions over basal values (% of basal).
Basal binding was determined in the absence of the cannabinoid
drugs and was defined as 100%.

The statistical comparison of the data sets was performed in
GraphPad Prism®, by a co-analysis of the curves, comparing the
goodness of fit to a monophasic or biphasic binding model by
means of an F test (based on the principle of extra sum of squares),
described elsewhere [33]. The statistical significance of the
improvement was determined with a level of significance p = 0.05.

Specific binding data obtained from [>*S]GTP+yS scintillation
proximity assays were transformed to percentage of the basal
binding value (binding values observed in the absence of any
exogenous drug) obtained for each Ga protein subunit studied. The
statistical comparison of the SPA results was carried out by a two-
tailed one sample Student’s t-test with a significance level of
p=0.05.

Data obtained from [>H]|SR141716 competition assays were
also analyzed by non-linear analysis using GraphPad Prism®
software, in order to determine the inhibitory constants (K;) along
with the maximal inhibition of the [2H]SR141716 specific binding.

All data are expressed as the mean + SEM values.

2.7. Drugs, chemicals reagents and other materials

[3°S]GTPyS (1250 Ci/mmol) was purchased from PerkinElmer
Life Sciences (Maanstraat, Germany) and [*H|SR141716 (44 Ci/
mmol) from GE Healthcare Life Sciences (Buckinghamshire, UK).
WIN 55,212-2, naloxone and GTPyS were purchased from Sigma-
Aldrich (St. Louis, MO, USA); DPCPX, O-2050 and Org 27569 were
from Tocris Bioscience (Bristol, UK) and rimonabant was donated
by Sanofi-Synthelabo (Longjumeau, France). All other chemical
reagents were of analytical quality and were purchased from
Merck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO,
USA).

3. Results

3.1. Effects of rimonabant on G protein activation in human brain
membranes

Initially, the cannabinoid antagonist effect of rimonabant in
human prefrontal cortex was demonstrated by [3>S]GTPyS binding
assays. The [>>S]GTPyS assay measures the level of G protein
activation following agonist occupation of a GPCR, by determining
the binding of the non-hydrolyzable analog [3*>S]GTPYS to G,
subunits. Thus, the assay measures a functional consequence of
receptor occupancy at one of the earliest receptor-mediated
events. The assay allows the determination of traditional
pharmacological parameters of potency and efficacy, with the
advantage that agonist measures are not subjected to amplification
or other modulation that may occur when analyzing parameters
further downstream of the receptor [34]. Rimonabant (10 wM)
significantly right shifted the stimulation curve produced by the
cannabinoid agonist WIN 55,212-2 (10-'2-1073 M, 10 concentra-
tions). The —logECso moved from 5.8 +0.1 (ECspo=1.4 uM) to
4.6 +£ 0.2 (ECs9 =21 wM) and the E,,.x was reduced from 187 + 2% to
125 £ 3% (p < 0.001 for both parameters) in the presence of 10 wWM
rimonabant (Fig. 1A).
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Fig. 1. Concentration-response curves of the stimulation of the [>**S]GTPyS specific
binding to human brain cortical membranes by: (A) WIN 55,212-2 in the absence
and in presence of the cannabinoid antagonists rimonabant (10 wM) or 0-2050
(10 wM), (B) rimonabant in the absence and in presence of WIN 55,212-2 (1 M)
and (C) 0-2050 in the absence and in presence of WIN 55,212-2 (1 wM). Data shown
are mean + S.E.MM. values of three independent experiments performed in brain
samples of three different subjects and ran in duplicate.

Rimonabant itself (10~ '>-10—3 M, 12 concentrations) inhibited
the basal binding of [3>S]GTP+yS to human cortical membranes in a
concentration dependent manner, with a —logICsg of 4.7 £ 0.2
(ICso =20 pM) and a maximal inhibition of 48 + 2% (Fig. 1B). When
the same experiment was performed in the presence of WIN 55,212-2
(1 M), the curve fitted better to a two site model (Fig. 1B). The
increase in the [>>S]GTPyS basal binding induced by WIN 55,212-2
(+47%), was antagonized by increasing concentrations of rimonabant
with a —loglICsy of 8.7+ 0.4 (ICso=2.1nM). Nevertheless, at
rimonabant concentrations higher than 1077-10~% M, the inhibitory
effect of this drug over the [*>S|GTPyS basal binding was still
observed in the presence of WIN 55,212-2 (—logICso =4.6 + 0.2;
ICs0 = 28 wM) (Fig. 1B).

Some experiments were performed to validate the 0-2050
compound, a neutral antagonist of the CB1 receptor, as a suitable
pharmacological tool to further study the effects of rimonabant. In
order to confirm its ability to antagonize the effect mediated by
cannabinoids, [>>S]GTPyS binding assays were performed in
human cortical membranes at increasing concentrations of WIN

55,212-2 (1072-10~3M, 10 concentrations) in the absence or
presence of the antagonist. 0-2050 (10 wM) completely blocked
the effect produced by the cannabinoid agonist WIN 55,212-2
confirming its antagonism of the cannabinoid CB1 receptor
(Fig. 1A). In the same way, 0-2050 concentration-dependently
blocked the increase of the [*>S]GTPyS basal binding induced by
WIN 55,212-2 (1 wM) (—log ICs0 = 7.3 + 0.2; ICso = 47 nM) (Fig. 1C).
On the other hand, when [3*S]GTPvS binding assays were carried out
at increasing concentrations of 0-2050 (10~'>-10"* M, 10 concen-
trations), this drug barely affected the basal binding of [>**S]GTPvyS
(Fig. 1C).

Neither 10 .M nor 100 .M concentrations of 0-2050 were able
to significantly antagonize the inhibition of the basal binding of
[3>S]GTPyS to human prefrontal cortex membranes produced by
rimonabant (10-'>-10~3M, 15 concentrations) (Fig. 2A). The
—log ICsowas 4.7 + 0.1 (ICsp = 22 wM) in both cases and the maximal
inhibition in the presence of 10 or 100 wM 0-2050 was 49 + 2% and
51 + 3% respectively.

In order to further investigate the putative involvement of the
cannabinoid CB1 receptors in this rimonabant effect, an allosteric
modulator of these receptors, Org 27569, was tested. Neither
100 nM nor 1 wM of Org 27569 were able to significantly modify
the inhibition of the basal binding of [3S]GTPyS to human
prefrontal cortex membranes produced by rimonabant (10~8-
103 M, 12 concentrations) (Fig. 2B). The values obtained were
—log1C50=4.3 £ 0.1 (IC50=46 wM) in both cases and a maximal
inhibition of 52 + 2% and 49 + 3%, in the presence of 100 nM and
1 wM Org 27569, respectively.

In regard to the possible involvement of the opioid and
adenosine receptors in this effect of rimonabant [12,22], the same
experiments were performed in the presence of the p, 8 and k
opioid receptor antagonist naloxone (10 wM), and the A; adeno-
sine receptor antagonist DPCPX (1 wM). None of these drugs
significantly affected the concentration-dependent inhibition
curve produced by rimonabant (—log ICsg = 4.7 + 0.2, IC5¢ = 20 uM
and —log ICs0 5.0 £ 0.2, IC50 = 10 wM; the maximal inhibitions being
44 + 3% and 46 + 2%, respectively; Fig. 2C).

3.2. Effects of rimonabant on G protein activation in CB1 knockout
mice

[3°S]GTPyS binding experiments were carried out with brain
membranes from Swiss wild-type and CB1R knockout mice. In
Swiss control mice, rimonabant (10~'>-10~3M, 12 concentra-
tions) inhibited the basal binding of [*°S]GTPyS in a similar
manner to human cortical membranes (Fig. 3A), producing an
inhibition of 63 + 2% with a —logICso of 4.4 £ 0.1 (ICs50 = 42 uM).
When the same experiment was performed in CB1 knockout mice
brain membranes, the curve was not different from the one for the
wild type mice (Fig. 3A): —log ICs 0f 4.4 & 0.1 (IC50 = 36 wM) and an
inhibition of 61 + 3%.

In order to validate that the CB1 receptor was not functional in
CB1 knockout mice, [*>S]GTPyS specific binding concentration-
response curves for WIN 55,212-2 were performed in Swiss and
CB1 knockout mice brain membranes. In Swiss control mice WIN
55,212-2 produced a maximal stimulatory effect of 163 + 2% over
basal, with a —log ECs5¢ of 6.5 + 0.1 (ECs = 0.3 wM). Conversely, in
CB1 knockout mice the WIN 55,212-2 stimulation curve was
significantly shifted rightward with a maximal effect of 116 4+ 2%
over basal (Fig. 3B).

3.3. Study of the G protein subtypes involved in WIN 55,212-2 and
rimonabant mediated signalling in human brain membranes

[3>S]GTP~S scintillation proximity assays coupled to immuno-
precipitation with different specific antibodies against several Ga
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Fig. 2. Effect of increasing concentrations of rimonabant (10~'2-103M, 15
concentrations) on the [3°S]GTPyS specific binding to human brain cortical
membranes in the absence and in the presence of: (A) 0-2050 (10 and 100 wM), (B)
Org 27569 (100 nM and 1 puM) and (C) naloxone (10 wM) or DPCPX (1 wM). Data
shown are mean + S.E.M. values of three independent experiments performed in brain
samples of three different subjects and ran in duplicate.

subunit subtypes showed that 10 uM WIN 55,212-2 induced a
statistically significant stimulation of the [*>S]GTPyS binding
mediated by Gj; (137 + 9%, p = 0.006), Gi» (133 £ 8%, p =0.001), G;3
(196 + 19%, p = 0.001) and G, (142 + 10%, p = 0.001), but not by Gg/11
(97 £ 3%, p=0.474), Ggoir (97 £4%, p=0.412) or G, (106 £ 5%,
p =0.205) protein subunits (Fig. 4). This WIN 55,212-2 induced
stimulation was always antagonized by the co-incubation with
10 wM rimonabant or 10 wM 0-2050 (Fig. 4).

When the incubation was carried out in the presence of 10 uM
0-2050 alone, neither stimulation nor inhibition of the basal
binding values were observed for any of the Ga subtype subunits
analyzed (Fig. 4). However, the incubation with 10 wM SR141716
induced a reduction in the basal binding values obtained for some
of these Ga subunits.

In order to determine the Ga subunits implicated in the inverse
agonist effect of rimonabant, the [>*>S]GTPyS SPA were carried out
in the presence of 10 wM SR141716 alone and in the presence of
10 wM 0-2050. In this case, no stimulation over the basal binding
was observed with any of the antibodies used. However, a
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Fig. 3. Concentration-response curves of the stimulation of the [3*S]GTPyS specific
binding by: (A) rimonabant and (B) WIN 55,212-2 in Swiss control and CB1
knockout mice whole brain membranes. Data shown are mean + S.E.M. values of
three independent experiments.

reduction of the [>S]GTPyS basal binding values (considered as
100%) was obtained when specific anti-Gj3 (70 & 8%, p = 0.005),
anti-G, (83 +£3%, p <0.001) or anti-G, (89 + 2%, p <0.001) anti-
bodies were used, triggering an inhibition of the basal binding values
of these subtypes of around 30%, 17% and 11%, respectively (Fig. 4).
The presence of 10 wM 0-2050 in the incubation with SR141716 was
not able to inhibit its inverse agonist effect and statistically significant
reductions of the basal binding values were still observed for
immunoprecipitations with anti-G;3 (83 + 10%, p =0.031), anti-G,
(87 4+ 4%, p=0.002) or anti-G, (88 & 4%, p = 0.008) antibodies; i.e.
inhibitions of 17%, 13% and 12%, respectively (Fig. 4).

Antibody specificity, as previously described in the literature
[35-37], was confirmed in our experimental conditions by
Western blot (data not shown).

3.4. [’H|SR141716 competition assays

Competition assays of [>H]SR141716 binding (5nM) by
increasing concentrations (107'2-107> M, 10 concentrations) of
unlabelled rimonabant and 0-2050 were performed in human
brain membranes to further compare both cannabinoid antago-
nists. These inhibitions showed a pK; of 8.6 + 0.1 (K; = 2.2 nM) and
7.5+ 0.1 (K; = 30.0 nM), respectively. However, 0-2050 only inhib-
ited by 61 + 5% the [>H]SR141716 specific binding (Fig. 5). These data
indicate that [®H|SR141716 recognizes an additional binding site
other than the CB1 receptor recognized by 0-2050. On the other hand,
naloxone did not significantly displace [?H|SR141716 specific
binding, even at high micromolar concentrations (Fig. 5).

4. Discussion

Rimonabant (SR141716) was the first potent and selective
antagonist of the brain cannabinoid CB1 receptor to be synthesized
[7,38]. In the same way, it was the first therapeutically relevant
cannabinoid antagonist, able to suppress the reinforcing/reward-
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ing properties of food and different drugs of abuse, and therefore, it
is potentially effective for the treatment of drug addiction and
obesity-related disorders [39]. The metabolic effects of rimonabant
appear to involve the modulation of metabolism through antago-
nism at the CB1 receptors [40]. However, apart from behaving as an
antagonist at the CB1 receptors, it has been suggested that
rimonabant could also have inverse agonist properties [8,10-
14,18-23]. Moreover, there is evidence suggesting that this inverse
agonism is not mediated by the CB1 receptor [23]. In this context,
the present study tried to elucidate whether this inverse agonism
mechanism is CB1 dependent or independent in the brain. Here, we
presented new evidence in postmortem human brain, demonstrat-
ing that the inverse agonist effect of rimonabant on G proteins
observed with >1 wM concentrations in [3>S]GTP~S binding assays
is not mediated by the CB1 receptor.

Firstly, we demonstrated by [>>S]GTPyS binding assays that in
human brain cortical homogenates rimonabant antagonizes the
effect produced by the CB1 agonist WIN 55,212-2 on the G
proteins. This was indeed verified by two different experimental
approaches. First, 10 wM rimonabant produced an important
rightward shift of the concentration-dependent stimulation
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produced by WIN 55,212-2. Second, the stimulation produced by
10 wM WIN 55,212-2 was antagonized by increasing concentra-
tions of rimonabant. Thus, we confirmed that rimonabant acts as a
CB1 receptor antagonist in human brain as previously suggested
[41,42].

Interestingly, when rimonabant was tested alone in [*>S]GTPyS
binding experiments, a concentration-dependant inhibition of 48%
of the basal binding was observed (Figs. 1B and 2). This effect may
be considered as an inverse agonist effect of rimonabant over the G
protein’s activation. This reduction in the [**S]GTPyS binding by
rimonabant has previously been reported in other tissues, either in
heterologous expression systems [8], cultured rat brain cells [16]
or rodent brain [11-13,22]. Moreover, it has also been reported
that in human brain, rimonabant also behaved as an inverse
agonist on cAMP production [14]. The slight reduction of potency
of rimonabant and WIN 55,212-2 in the [3>S]GTPyS binding assays
as compared with previously reported values in cells or in other
mammalian tissues could represent differences in the receptor:G-
protein ratio in humans, differences in the methodological
conditions, or could be intrinsic to study conditions in postmortem
human brain.

It has been shown that rimonabant reduces food intake in obese
animals by antagonizing an increased endocannabinoid tone [43].
In this context, some authors suggested that the inverse agonist
effect of rimonabant could be due to the antagonism of responses
to endogenously released endocannabinoids [16,23]. However,
this does not seem to be probable because competitive antagonism
of endogenous ligands should require only nanomolar concentra-
tions of rimonabant, while the inhibition of the basal [*>S]GTPvyS
binding occurred at the micromolar range, both in the present
study, and in previous ones [8,11,22]. Moreover, the incubation
with the cannabinoid receptor antagonist 0-2050 did not show an
inhibition of the basal binding values under the same experimental
conditions (Fig. 1C). Besides, the endogenous ligands present in the
tissue would probably have been degraded during incubation.

In the present study, the suspicion that this inverse agonist
effect was not mediated by the CB1 receptor rose when 1 M WIN
55,212-2 did not modify the inhibitory concentration-dependent
curve of rimonabant. Similarly, a previous study also observed
that the presence of another CB1 receptor agonist, methananda-
mide at 5 wM, did not significantly alter the effect produced by
rimonabant [11].

We considered that the neutral antagonist of the CB1 receptor
0-2050 used in the same kind of experiments would provide more
precise pharmacological data. Validation experiments were
performed beforehand, in order to confirm its reported neutral
antagonism over the CB1 receptor [23,44]. As expected, 0-2050
completely antagonized the [3°S]GTPyS binding stimulation
produced by WIN 55,212-2 in human prefrontal cortex (Fig. 1A).
When tested alone, 0-2050 did not affect the basal binding in a
significant manner in [*>S]GTPvyS binding (Fig. 1C). Moreover, O-
2050 did not modulate the basal binding of [3>S]GTP~yS for any of
the studied Ga subunits in our SPA (Fig. 4). These data confirm for
the first time that O-2050 behaves in vitro as a neutral antagonist of
the CB1 receptors in human brain membranes.

The presence of 0-2050 at 10 wM or 100 wM was not able to
antagonize the inhibition produced by rimonabant over [>*S]|GTPyS
basal binding in [>*S]GTPS binding assays (Fig. 2A), or over the basal
binding of the different Ga subunits tested in SPA (Fig. 4), which
further supports that this inverse effect is not mediated by the CB1
receptor. These results agree with data obtained in mouse cortical
membranes where rimonabant-induced inverse agonist effects on G
protein signalling were not reversed by 0-2050 [22]. Additional
confirmation that rimonabant produced an inverse agonist effect on
G protein signalling in a CB1 receptor-independent manner rose
from the [*°S]GTPyS experiments in CB1 knockout mice brain

membranes. These experiments were performed in order to confirm
data obtained in human brain. Similarly to previous reports [13,22],
rimonabant concentration-dependently inhibited [>>S]GTPyS basal
binding in CB1 knockout mice brain membranes, in the same
manner it did in wild-type brain and with a similar efficacy and
potency to that observed in human brain.

It is also possible that the effect of rimonabant could be
mediated by its binding to a site on the cannabinoid CB1 receptor
distinct from the agonist binding site, or even due to an allosteric
modulation of this receptor [11]. In this context, some investiga-
tors have found a particular domain in the CB1 receptor which they
suggest is necessary for the inverse agonist effects of rimonabant
[45,46]. More precisely, in a mutant CB1 receptor where this site
was altered, rimonabant no longer exhibited inverse agonism in
Ca®* currents, but it could still antagonize the effect of WIN 55,212-
2 [45]. This is the reason why we tested the effect of the CB1
receptor allosteric modulator Org 27569. This synthetic compound
had been shown to display a number of characteristics commonly
associated with allosteric modulators, such as, (a) either enhance-
ment or inhibition of orthosteric CB1 ligand binding depending on
the nature of the orthosteric probe, (b) a slowing of the dissociation
rate constants for a radioligand from the occupied CB1 receptor,
and (c¢) a non-competitive inhibition of CB1 receptor orthosteric
agonist efficacy, for instance, in its mediated G protein signalling
[47]. However, the inhibition of the basal G protein signalling
produced by rimonabant was not altered in the presence of this
allosteric modulator (Fig. 2B), at doses proven to be effective for the
allosterism in [3>S]GTPyS assays [47].

Several studies have suggested that other GPCRs different from
the CB1 receptors might be involved in the inverse agonist effect of
rimonabant [11,12,23]. In this regard, in the present study
[®H]SR141716 displacement experiments in human cortical mem-
branes have demonstrated that the CB1 receptor neutral antagonist
0-2050 inhibited only ~60% of the specific binding displaced by
rimonabant (Fig. 5). Certainly, these data reveal that, at least in
human brain membranes, rimonabant recognizes an additional
binding site other than the CB1 receptor recognized by 0-2050. This
finding could also explain the biphasic curve produced by
rimonabant in the presence of WIN 55,212-2 (Fig. 1B). The first
part of the curve could be due to the antagonism of the CB1 receptors
by rimonabant. The second part would correspond to the effect of
rimonabant over this second binding site.

Different receptors could be responsible for this inhibitory
effect on the G proteins. Tonic adenosine A1 receptor-dependent G
protein activity has been reported in basal conditions in rat brain
[3>SIGTPyS binding studies [48,49]. In this regard, it has been
observed that rimonabant only inhibited [3>S]GTP~yS basal binding
to rat brain membranes in conditions where tonic adenosine Al
receptor signalling was present [12]. Accordingly, rimonabant no
longer produced this effect in the presence of the selective Al
receptor antagonist DPCPX [12]. These findings suggested the
hypothesis that the inhibitory effect of rimonabant was due to the
blockade of the activation of A1 receptors produced by endoge-
nously released adenosine. Nevertheless, in the present study we
have observed no significant effect for DPCPX over the inverse
agonist effect produced by rimonabant on the [*>S]GTPYyS basal
binding (Fig. 2C). We therefore suggest that this effect is not
mediated by the A1 receptor, at least in our experimental
conditions in human prefrontal cortex.

The p.-opioid system has also drawn attention to this issue, due
to the similarities between the p-opioid receptor and CB1 receptor
families, and their interactions at the level of G proteins in the
brain [50,51]. Furthermore, in the context of alcoholism, the ability
of rimonabant to reduce alcohol intake in rodents is significantly
potentiated by the concomitant administration of the opioid
receptor antagonists naltrexone or naloxone [52-54]. Recently, a
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novel pertussis toxin-insensitive opioid signalling has been
unmasked by the co-application of DAMGO and rimonabant in
cells over-expressing recombinant p-opioid receptors [22].
However, we have observed that the inverse agonist effect of
rimonabant on G protein signalling is not affected in the presence
of the ., d and k opioid antagonist naloxone (Fig. 2C). Furthermore,
inhibition experiments of [°’H]SR141716 with naloxone showed no
displacement at all, even at high concentrations of the opioid
ligand (Fig. 5). Altogether these results suggest that the inverse
agonist effect of rimonabant in human brain is not mediated by
opioid receptors. Moreover, the unknown second binding site of
[3H]SR141716 is not an opioid receptor.

Since endogenous cannabinoids such as anandamide also
activate the vanilloid receptor type 1 [55,56], rimonabant could
similarly bind to this receptor. Thus, rimonabant inhibited the
effect of anandamide and capsaicin mediated by vanilloid receptor
type 1 at concentrations higher than those required for antagonism
of the CB1 receptor [57]. Additionally, it has been reported that
capsazepine, a selective vanilloid 1 receptor antagonist, complete-
ly reversed rimonabant-induced neuroprotective effects [58].
Nevertheless, the vanilloid receptor type 1 is a channel receptor,
and since the approach we have used in the present study is the G
protein signalling, we rule out the possibility that rimonabant
inhibits [*>S]GTPyS through this receptor.

The orphan GPR55 has been suggested to be a putative
cannabinoid receptor, since it responds to several cannabinoid
ligands [59-61]. Interestingly, rimonabant is also a ligand for the
GPR55 receptor, although in some studies it behaves as an agonist
and in others as an antagonist [61]. So far the effect of rimonabant
on the G protein signalling produced by this receptor has not been
determined in heterologous expression systems. Thus, the
possibility that the observed inhibition in G protein signalling
produced by rimonabant is through the GPR55 cannot be
discarded. However, GPR55 is coupled to Gg, G12 or Gq3 for signal
transduction, and the classical [>>S]GTPvS binding assay measures
mainly the activity of those GPCRs coupled to Gj,, since these are
generally more abundant than the other families and have higher
rates of nucleotide exchange [34]. Moreover, in the [3>S]GTP-yS SPA
we have not observed any effect, neither activation nor inhibition,
of rimonabant over the G protein subunit (G;, and G;3 were not
tested), which indicates that this effect might not be GPR55-
dependent.

Finally, there is some evidence suggesting that other GPCRs
could mediate this effect, since several cannabinoid ligands
interact with them. The antihyperalgesic effect of WIN 55,212-2
has been suggested to be mediated through interaction with spinal
metabotropic glutamate-5 receptors in rats [62]. However,
metabotropic glutamate-5 receptors couple preferentially to G,
11 isoforms [63] and we have observed that rimonabant does not
inhibit the signalling of this subunit. The anxiolytic effects of THC
seem to be modulated by serotonergic 5-HT;s receptors [64].
Indeed, 5-HT; 4 receptors are coupled to Gy, proteins and our SPA
showed that rimonabant inhibits the signalling of Gz and G,
subtypes. There is also evidence for novel non-CB1/non-CB2
cannabinoid receptors, localized in the endothelium [65] and the
central nervous system [66] that could also mediate the observed
effects of rimonabant.

It has also been suggested that rimonabant could inhibit the
basal [3S]GTPyS binding by a non-receptor-mediated mechanism.
This is unlikely in our study because the effect that we observed is
concentration-dependent and saturable. Besides, the inhibitory
effect observed in rat brain was only observed at concentrations of
GDP that support receptor-mediated effects on [3*S]GTPyS
binding, such as stimulation by agonists [11].

[3>S]IGTP~S scintillation proximity assays coupled with immu-
noprecipitation with different G subunit specific antibodies

showed that WIN 55,212-2 stimulates the [>*S]GTPyS binding to
Gi1, Gi2, Gi3 and G, subtypes. On the other hand, rimonabant
specifically inhibits the signalling of Gj3, G, and G, subtypes in
human brain, while it has no effect over the [>**S]GTPyS binding
due to Gji, Giz Ggj11 or Ggjoir subunits. Moreover, this effect of
SR141716 reducing the [3>S]GTP~S basal binding is not blocked by
incubation in the presence of 0-2050. All these data could reinforce
the hypothesis that the mechanism through which rimonabant
exerts its inverse agonist effect is not CB1-dependant.

To conclude, the present study demonstrates in postmortem
human brain that rimonabant produces a concentration-depen-
dent inverse agonist effect on the G protein signalling, which is CB1
independent.
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