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Affinities and efficacies of several reference cannabinoid ligands were investigated at central and peripheral cannabinoid recep
ifferent species (rat, mouse, and human). The tested compounds belong to different chemical classes such as classical and

erpene derivatives (�8-THC,�9-THC, HU 210, CP 55,940, CP 55,244, CP 55,243 and CP 47,947), aminoalkylindole (WIN 55,212-
5,212-3) and diarylpyrazole cannabinoids (SR 141716A, SR 144528). As cannabinoid receptors have been shown to be mainly
i/o type G- proteins, and by using the [35S]-GTP�S nucleotide binding modulation, we characterized the functional activity of these li
hich can act as agonists (positive intrinsic activity), partial agonists (partial positive intrinsic activity), antagonists (no intrinsic acity), or

nverse agonists (negative intrinsic activity). To our knowledge, some derivatives (�8-THC, WIN 55,212-3, CP 55,243 and CP 47,947) h
ever been characterized in [35S]-GTP�S binding assays and up to now, this study represents the largest survey of reference cann
erformed in unique experimental conditions and in the same laboratory.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery of�9-tetrahydrocannabinol (�9-
HC) by Mechoulam in the 1960s (Gaoni and Mechoulam,

Abbreviations: CHO, Chinese hamster ovary cells; CP 55,940, (−)-
is-3-[2-hydroxy-4-(l,l-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)
yclohexan-1-ol; Gpp(NH)p, 5′-guanylylimidodiphosphate; GTP�S, gua-
osine-5′-O-(3-thiotriphosphate); HU 210, (6αR)-trans-3-(l,l-dimethylhep-

yl)-6α,7,10,10�-tetrahydro-l-hydroxy-6,6-dimethyl-6H-dibenzo[b,d]pyra-
-9-methanol; PEI, polyethyleneimine;�8-THC,�8-tetrahydrocannabinol;
9-THC, �9-tetrahydrocannabinol; SR 141716A,N-(piperidin-l-yl]-5-(4-

hlorophenyl)-l-(2,4-dichlorophenyl)-4-methyl-lH-pyrazole-3-carboxami-
e hydrochloride; WIN 55,212-2 mesylate, (R)-(+)-[2,3-dihydro-5-
ethyl-3-(4-morpholinylmethyl)pyrrolo[l,2,3-de]-1,4-benzoxazin-6-yl]-1-
aphthalenylmethanone

∗ Corresponding author. Tel.: +32 2 764 73 47; fax: +32 2 764 73 63.
E-mail address:lambert@cmfa.ucl.ac.be (D.M. Lambert).

1964) as the main active constituent of the hempCannabis
sativaL. extract, almost a quarter of the century has b
needed to characterize the molecular pharmacology an
biochemistry of cannabinoid receptors. Nowadays, a
some recent data have suggested that additional can
noid receptors might exist, two cannabinoid receptor
types have been described. The cannabinoid CB1 recepto
(Matsuda et al., 1990; Ǵerard et al., 1991), which was firs
evidenced by autoradiography and radioligand binding s
ies using [3H]-CP 55,940 was cloned from rat, human a
mouse tissues. It is expressed in the brain and some peri
tissues including testis, ileum, urinary bladder and vas
erens. An alternative spliced form of the cannabinoid1
receptor, christened CB1A, has also been described, but
far, no peculiar property in terms of ligands recognition
receptor activation has been shown for this variant (Shire

928-0987/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structures of the different reference cannabinoids used in this study.�9-THC,�8-THC, HU 210, CP 55,940, CP 55,244, CP 55,243 and CP 47,947 are
classical and non-classical terpene derivatives, WIN 55,212-2 and WIN 55,212-3 are aminoalkylindole representatives and SR 141716A and SR 144528 are
diarylpyrazole cannabinoids.

et al., 1995). The human cannabinoid CB2 receptor was dis-
covered by sequence homology (Munro et al., 1993); it was
predominantly detected in the immune system (spleen, ton-
sils, immune cells) and further cloned from the mouse (Shire
et al., 1996) and recently from the rat (Griffin et al., 2000;
Brown et al., 2002).

Many authors used the [35S]-GTP�S nucleotide binding
modulation to characterize the coupling of G-protein coupled
receptors, specially when the receptors were coupled to Gi/o
or Gs proteins (Milligan, 2003; Harrison and Traynor, 2003).
Briefly, this derived binding technique allowed to charac-
terize the activity of ligands at G-protein coupled receptors,
including cannabinoid receptors (Sim et al., 1995; Breivogel
et al., 1998; for a review,Pertwee, 1999) but also alteration
in the functional properties of receptors in several diseases
(Berrendero et al., 2001). This assay constitutes a functional
measure of the interaction of the receptor and the G-protein,
the first step in activation of the G-protein coupled receptors.
In addition, it is possible to define the functional activity of
ligands as agonist (positive intrinsic activity), partial ago-
nist (partial positive intrinsic activity), antagonist (no intrin-
sic activity), and inverse agonist (negative intrinsic activity).
The inverse agonist properties of the diarylpyrazole cannabi-
noids, SR 141716A (Rinaldi-Carmona et al., 1994) and SR
144528 (Rinaldi-Carmona et al., 1998), previously consid-
e g this

approach (Bouaboula et al., 1997; Rinaldi-Carmona et al.,
1998; MacLennan et al., 1998; Portier et al., 1999).

The aim of this study was to characterize the affinities and
efficacies of several cannabinoid ligands (Fig. 1) belonging to
different chemical classes such as classical and non-classical
terpene derivatives (�8-THC,�9-THC, HU 210, CP 55,940,
CP 55,244, CP 55,243 and CP 47,947), aminoalkylindole
(WIN 55,212-2, WIN 55,212-3) and diarylpyrazole cannabi-
noids (SR 141716A, SR 144528) and to measure their in-
fluence in the binding of [35S]-GTP�S. To our knowledge,
some derivatives (�8-THC, WIN 55,212-3, CP 55,243 and
CP 47,947) have never been characterized in this assay. Up to
now, this study constitutes the largest survey of cannabinoid
ligand affinities and efficacies performed in unique experi-
mental conditions.

2. Materials and animals

2.1. Drugs and chemical reagents and apparatus

[3H]-SR 141716A (1.92 TBq/mmol, 52 Ci/mmol) and
[35S]-GTP�S (370 MBq/ml, 1101 Ci/mmol) were from
Amersham (Roosendaal, The Netherlands). [3H]-CP
55,940 (3.737 TBq/mmol, 101 Ci/mmol) and [3H]-
W re
red as cannabinoid antagonists were evaluated usin
 IN 55,212-2 (1879.6 GBq/mmol, 50 Ci/mmol) we
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from New England Nuclear (Boston, MA). Fatty acid
free bovine serum albumin, dithiothreitol, GDP and
Gpp(NH)p, �9-tetrahydrocannabinol (�9-THC) and �8-
tetrahydrocannabinol (�8-THC) were purchased from Sigma
(Boornem, Belgium). HU 210 was from Tocris Cookson
(Bristol, UK). WIN 55,212-2 and WIN 55,212-3 were from
Research Biochemicals International (Boornem, Belgium).

CP 55,940, CP 55,244, CP 55,243 and CP 47,947 were
generously provided by Pfizer Inc (Groton, CT, USA). SR
141716A and SR 144528 were generous gifts from Dr. F.
Barth and Dr. Mosśe respectively, from Sanofi-Synthelabo
Research (Montpellier, France). GF/B filters were purchased
from K-Lab. Aqualuma was from Lumac-LSC (Schaesberg,
The Netherlands). All other reagent grade chemicals were ob-
tained from Sigma–Aldrich–Fluka (Boornem, Belgium). All
tested compounds were dissolved at 10−2 M in dimethylsul-
foxide. The final dimethylsulfoxide concentration was less
than 0.1%. The cell harvester was a 48-well Brandell cell
harvester (Semat, UK).

2.2. Preparation of membranes from rat cerebellum
and/or mouse brain

Male Wistar rats (250–300 g) and mice (18–27 g, OF1-
IOPS) were purchased from IFFA-CREDO (Les Oncins,
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2.4. Cell culture and preparation of CHO-CB1h or
CHO-CB2h transfected cells membranes

Dr. P. Nokin and Dr. M. Detheux kindly provided CHO
cells stably transfected with the cDNA sequences encoding
either the human CB1 or CB2 cannabinoid receptors, respec-
tively (Euroscreen S.A., Brussels, Belgium). The cells were
grown in Nutrient mixture Ham’s F12 supplemented with
10% fetal calf serum, 2.5�g/ml fungizone, 100 U/ml peni-
cillin, 100�g/ml streptomycin and 400�g/ml G418. At con-
fluence, cells were trypsinized and collected by centrifugation
at 100× g for 10 min. The following steps were performed at
0–4◦C. Pelleted cells were lysed in ice-cold 50 mM Tris–HCl
pH 7.4, and the homogenates were centrifuged at 400× g
for 10 min. The pellets were resuspended in the same buffer,
homogenized and centrifuged at 15,000× g for 10 min. The
resulting pellets (membranes) were washed twice more in the
same conditions. The protein concentration was measured as
indicated above.

2.5. Saturation and competitive binding assays

The competitive binding experiments were performed in
presence of the appropriate radioligands at 1 nM ([3H]-SR
141716A, [3H]-CP 55,940, [3H]-WIN 55,212-2) at 30◦C
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rance). All experiments on animals were approved by
ocal ethical committee and the housing conditions w
s specified by the Belgian Law of 14 November 1
n the protection of laboratory animals (agreement no
230315). Cerebella and/or brains were carefully disse
n ice. All the manipulations were performed at 0–4◦C.
at cerebellum homogenates and mouse brain homoge
ere prepared in 50 mM Tris–HCl pH 7.4 with a po
nd a Dounce and the suspension was centrifuged a
g for 10 min. The supernatants were collected and

rifuged at 39,000× g for 10 min. The resulting pelle
ere resuspended in 50 mM Tris–HCl pH 7.4, homo
ized and centrifuged again at 39,000× g for 10 min.
he pellets were washed twice more in the same
itions. The protein concentration was measured by
radford assay (Bradford, 1976), using Coomasie Blu

Biorad, Belgium), with bovine serum albumin as a s
ard.

.3. Preparation from rat or mouse spleen membranes

Spleens from male Wistar rats (250–300 g) and f
F1-IOPS mice (18–27 g) were carefully dissected

ce after peritoneal incision. All the manipulations w
erformed at 0–4◦C. The spleens were cut in seve
ieces and placed in a 50 mM Tris–HCl pH 7.4 solu
ontaining 3 mM MgCl2, 1 mM EDTA and 0.5% bovin
erum albumin. The preparation of membranes was
ormed according to the method described byHillard et al.
1999).
s

n siliconized plastic tubes on membranes from rat c
ellum (20�g protein/tube), rat spleen (80�g/tube), mous
rain (100�g protein/tube), mouse spleen (80�g/tube), o

ransfected CHO cells (40�g protein/tube) resuspended
ml (final volume) binding buffer (50 mM Tris–HCl, 5 m
gCl2·6H2O, 1 mM disodium EDTA, 0.5% (w/v) bovin

erum albumin, pH 7.4). Competitors were present at v
ng concentrations and the non-specific binding of the
ioligands was determined in the presence of 10�M HU
10. After 1 h incubation, the suspension was rapidly filte

hrough 0.5% PEI pre-treated GF/B glass fiber filters o
8-well cell harvester and washed twice with 3 ml ice-c
inding buffer without bovine serum albumin. Radioactiv
n filters was measured with a Pharmacia Wallac 141�-
ounter by liquid scintillation in 10 ml Aqualuma (Luma
chaesberg, The Netherlands). Similar binding condi
ere used when performing saturation binding assays

3H]-SR 141716A, [3H]-CP 55,940 or [3H]-WIN 55,212-2
hich were used at 0.5–50, 0.05–10 and 0.9–30 nM, re

ively. Assays were made in triplicates.

.6. Binding of [35S]-GTP�S

The binding experiment was performed at 30◦C in plastic
ubes containing 20�g protein resuspended in 1 ml (fin
olume) binding buffer (50 mM Tris–HCl (pH 7.4), 5 m
gCl2·6H2O, 1 mM disodium EDTA, 100 mM NaCl, 0.1

w/v) bovine serum albumin) supplemented with 20�M GDP
nd 0.01 nM–100�M agonists or antagonists. The bind
as initiated by the addition of [35S]-GTP�S (0.05 nM fina
oncentration). Incubations were performed for 1 h



236 S.J. Govaerts et al. / European Journal of Pharmaceutical Sciences 23 (2004) 233–243

Table 1
Determination ofKD andBmax values on membranes from rat and mouse cerebella and spleens, and from human CB1 and CB2 receptors expressed in transfected
CHO cells

Species, source Radioligand used (1 nM final) Bmax (pmol/mg proteins) KD (nM)

CB1

Rat, cerebellum [3H]-CP 55,940 1.40± 0.33 2.08± 0.32
[3H]-SR 141716A 3.32± 0.12 3.13± 0.16

Human, CB1-CHO cells [3H]-CP 55,940 12.26± 4.14 4.73± 1.32
[3H]-SR 141716A 43.79± 8.36 13.90± 2.48

Mouse, cerebellum [3H]-WIN 55,212-2 0.81± 0.04 2.57± 0.73

CB2

Rat, spleen [3H]-CP 55,940 0.71± 0.02 2.18± 0.46
Human, CB2-CHO cells [3H]-WIN 55,212-2 109.34± 10.02 12.02± 1.29
Mouse, spleen [3H]-CP 55,940 0.31± 0.03 3.35± 0.45

Data shown are mean± S.E.M. from three to six experiments performed in duplicates.

were terminated by addition of 3 ml of ice-cold washing
buffer (50 mM Tris–HCl (pH 7.4), 5 mM MgCl2·6H2O,
1 mM disodium EDTA, 100 mM NaCl). The suspension was
immediately filtered through GF/B filters using a 48-well
cell harvester and washed twice with ice-cold binding buffer.
Radioactivity trapped on the filters was counted as mentioned
above. The non-specific binding was measured in the pres-
ence of 100�M Gpp(NH)p. Assays were made in triplicates.

2.7. Data analysis

Radioligand and nucleotide binding data were analysed
by non-linear regression with the software GraphPad Prism,
Version 3.00 (GraphPad, San Diego, CA).

3. Results

3.1. Quantification of cannabinoid receptors

Before determining the relative affinities of the cannabi-
noid ligands, the quantification of cannabinoid receptors
was performed using commercially available radioligands
in the three species (rat, mouse, human). In the latter
case, two recombinant human cannabinoid receptors sta-
b the
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,
h d us-

ing both radioligands yieldingBmaxvalues 9–13 times higher
than the ones determined in rat cerebella, reflecting the ef-
ficacy of transfection and expression. The comparison be-
tween the data obtained using two different radioligands gave
a similar situation than the one observed in the rat cere-
bella: the measuredBmax values were significantly higher
using the [3H]-SR 141716A, compared to those obtained
with [3H]-CP 55,940. The density of cannabinoid receptors
measured using a radioligand agonist, the [3H]-WIN 55,212-
2, in the mouse brain was almost similar to the one in the
rat.

The cannabinoid CB2 receptors have been studied in
the three same species; the spleen was used as a source of
cannabinoid CB2 receptors for the rat and the mouse. Unfor-
tunately, the CB2 selective radioligand antagonist [3H]-SR
144528 was not commercially available albeit previously de-
scribed (Seltzman et al., 2001) and in consequence, the non-
selective cannabinoid radioligand agonists [3H]-CP 55,940
and [3H]-WIN 55,212-2 were used (Table 1). The expression
of the cannabinoid receptors in the spleen was significantly
higher in the rat compared to the mouse. The density of
cannabinoid CB2 receptors expressed in CHO-cells was
very high (Bmax value = 109.34± 10.02 pmol/mg pro-
teins).

F
( lla
h riments,
v

ly expressed in the CHO cell line were used. All
ata were summarized inTable 1. In adult rat cerebell
embranes, where only cannabinoid CB1 receptors ar
bundant, saturation experiments were performed usin
adioligands: [3H]-SR 141716A and [3H]-CP 55,940. Th
ntagonist, [3H]-SR 141716A, labelling both the active a

nactive cannabinoid CB1 receptors (Kearn et al., 1999),
llowed to detect a single population of binding site w
KD value of 3.13± 0.16 nM and aBmax value of 3.32±
.12 pmol/mg protein (n = 3). Under the same condition
KD value of 2.08± 0.32 nM and aBmax value of 1.40
0.33 pmol/mg protein (n = 3) were obtained when th

annabinoid radioligand agonist [3H]-CP 55,940 at 1 nM wa
sed.

Using the recombinant human cannabinoid CB1 receptors
igher densities of cannabinoid receptors were measure
ig. 2. Effect of HU 210 (�), CP 55,940 (�) WIN 55,212-2 (×), �9-THC
�) and SR 141716A (�) on [3H]-SR 141716A binding on rat cerebe
omogenates. Data are the mean from at least three separate expe
ertical lines show S.E.M.
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Table 2
Determination of the affinities of reference cannabinoids (expressed in pKi ) on membranes from rat and mouse cerebella and spleens, and from human
cannabinoid CB1 and CB2 receptors expressed in transfected CHO cells using [3H]-SR 141716A (CB1r), [3H]-CP 55,940 (CB1h, CB2r and CB2m) and
[3H]-WIN 55,212-2 (CB1m and CB2h)

CB1r
(cerebellum)

CB1m
(cerebellum)

CB1h
(CB1-CHO)

CB2r
(spleen)

CB2h
(CB2-CHO)

CB2m
(spleen)

Selectivity
(CB1h–CB2h)

Radioligands [3H]-SR 141716A [3H]-WIN 55,212-2 [3H]-CP 55,940 [3H]-CP 55,940 [3H]-WIN 55,212-2 [3H]-CP 55,940 �pKi

Compounds
HU 210 8.56± 0.13 9.49± 0.26 8.76± 0.06 7.35± 0.22 8.84± 0.26 7.25± 0.19 −0.08
CP 55,940 7.42± 0.08 9.52± 0.13 8.18± 0.02 N.D. 7.95± 0.07 N.D. 0.23
CP 55,244 N.D. 9.59± 0.03 8.99± 0.08 N.D. 8.62± 0.15 N.D. 0.37
CP 55,243 N.D. N.D. 5.15± 0.04 N.D. 5.12± 0.05 N.D. 0.03
CP 47,947 N.D. N.D. 7.21± 0.02 N.D. 7.04± 0.13 N.D. 0.17
WIN 55,212-2 6.55± 0.16 8.15± 0.28 6.89± 0.06 8.74± 0.43 7.78± 0.03 8.31± 0.42 −0.89
WIN 55,212-3 N.D. N.D. 4.98± 0.08 N.D. 4.44± 0.38 N.D. 0.54
�8-THC N.D. 6.91± 0.15 6.60± 0.04 N.D. 6.38± 0.10 N.D. 0.22
�9-THC 6.68± 0.33 7.01± 0.18 7.49± 0.13 N.D. 6.51± 0.15 N.D. 0.98
SR 141716A 8.91± 0.10 8.03± 0.25 7.48± 0.16 5.79± 0.74 5.67± 0.15 5.77± 0.31 1.81
SR 144528 N.D. N.D. 6.15± 0.22 7.06± 0.21 7.46± 0.08 7.13± 0.50 −1.31

Data shown are mean± S.E.M. from three to seven experiments performed in duplicates. N.D.: not determined. The selectivity has been determined by
comparing the pKi values obtained in CB1h–CB2h (�pKi = pKiCB1h − pKiCB2h).

3.2. Determination of the affinity on cannabinoid
receptors

The affinities of a large set of cannabinoid ligands be-
longing to different chemical classes such as classical and
non-classical terpene derivatives (�8-THC, �9-THC, HU
210, CP 55,940, CP 55,244, CP 55,243 and CP 47,947),
aminoalkylindole (WIN 55,212-2, WIN 55,212-3) and di-
arylpyrazole cannabinoids (SR 141716A, SR 144528) were
determined towards both types of cannabinoid receptors in
the three different species (human, rat, mouse). The data
are summarized inTable 2. The displacement curves ob-
tained for these compounds in the [3H]-SR 141716A radioli-
gand competitive assay on rat cerebella homogenates, in the
[3H]-CP 55,940 radioligand competitive assay on the human
cannabinoid CB1 transfected CHO homogenates (hCHO-
CB1) and in the [3H]-WIN 55,212-2 radioligand compet-
itive assay on the hCHO-CB2 homogenates are shown in
Figs. 2, 3A and B and 4A and B, respectively.

F 7,947 (×
b ata ar how S.E.M.
( 16A (�) o ed
i ents, v

AsKearn et al. (1999)have shown that [3H]-SR 141716A,
an inverse agonist, labelled the active and inactive cannabi-
noid CB1 receptors while the agonist [3H]-CP 55,940 la-
belled only the active cannabinoid CB1 receptors, selected
compounds (HU 210, CP 55,940, SR 141716A and WIN
55,212-2) were deeply studied using these two different ra-
dioligands, i.e. [3H]-CP 55,940 and [3H]-SR 141716A in the
human cannabinoid CB1 transfected CHO cells. According
to these authors, the�pKi obtained by the relation�pKi =
pKi([3H]-CP 55,940)

− pKi([3H]-SR 141716A)
gave a first indication on

the function of the ligands: positive�pKi were observed for
agonists, while negative values�pKi were observed for in-
verse agonists. The respective pKi – the�pKi are indicated
into brackets – were: HU 210 = 8.76± 0.06 and 7.74± 0.10
[1.02]; CP 55,940 = 8.18± 0.02 and 7.21± 0.17 [0.97]; WIN
55,212-2 = 6.89± 0.06 and 5.37± 0.03 [1.52]; SR 141716A
= 7.48± 0.16 and 8.62± 0.16 [−1.14].

The selectivity towards the human cannabinoid receptors
has also been determined (Table 2). Considering a difference
ig. 3. (A) Effect of�8-THC (�), �9-THC (�), WIN 55,212-3 (�), CP 4
inding on human cannabinoid CB1 receptors expressed in CHO cells. D
B) Effect of HU 210 (�), CP 55,940 (�), WIN 55,212-2 (×) and SR 1417
n CHO cells. Data are the mean from at least three separate experim
), CP 55,244 (�), CP 55,243 (�) and SR 144528 (©) on [3H]-CP 55,940
e the mean from at least three separate experiments, vertical lines s
n [3H]-CP 55,940 binding on human cannabinoid CB1 receptors express
ertical lines show S.E.M.
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Fig. 4. (A) Effect of HU 210 (�), CP 47,947 (�), WIN 55,212-2 (�), �8-THC (©), SR 144528 (�) and SR 141716A (�) on [3H]-WIN 55,212-2 binding on
human cannabinoid CB2 receptors expressed in CHO cells. Data are the mean from at least three separate experiments, vertical lines show S.E.M. (B) Effect
of CP 55,940 (©), CP 55,243 (×), CP 55,244 (�), WIN 55,212-3 (�) �9-THC (�) on [3H]-WIN 55,212-2 binding on human cannabinoid CB2 receptors
expressed in CHO cells. Data are the mean from at least three separate experiments, vertical lines show S.E.M.

of one unit in the pKi values, HU 210, CP 55,940, CP 55,244,
CP 55,243, CP 47,947, and�8-THC were found non selec-
tive cannabinoid ligands while�9-THC and SR 141716A
exhibited a CB1, selectivity and SR 144528 showed a CB2
selectivity (Figs. 3A and B and 4A and B). WIN 55,212-2 ex-
hibited a slight preference for the cannabinoid CB2 receptor
with a difference of 0.89 in the pKi values.

3.3. Influence of cannabinoid ligands on the binding of
[35S]-GTP�S in rat cerebella membranes

Optimization of cannabinoid agonist-induced [35S]-
GTP�S binding was performed using the reference
cannabinoid agonist, HU 210. Maximal stimulation of
[35S]-GTP�S binding was obtained when the assay was
performed with 20�g protein resuspended in 1 ml (final
volume) binding buffer supplemented with 20�M GDP
(range of GDP tested from 0 to 50�M, data not shown). The
effect of some representative cannabinoids on the binding

F (�) (p n
[ an from Effect of CP
5 ) (part n
[ n from

of [35S]-GTP�S to rat cerebella membranes is shown in
Fig. 5A and B. The pharmacological parameters (maximal
response and pEC50 values) obtained for a variety of natural
and synthetic cannabinoid receptor agonists are summarized
in Table 3. Among the drugs tested, HU 210, CP 55,940,
WIN 55,212-2 and CP 55,244 behaved as full agonists,
stimulating the [35S]-GTP�S binding up to about 300%
of basal. Partial responses were obtained using the natural
cannabinoid ligands�8-THC and�9-THC (41.3± 5.9%
and 47.6± 8.6% increase above basal). As expected, SR
141716A showed inverse agonist property as it decreased
the nucleotide binding by 30.5± 2.1% as compared to basal,
albeit this effect was modest compared to the one measured
in transfected cells. However, contrasting with its nanomolar
affinity for the cannabinoid receptor measured in radioligand
binding assay, the potency of SR 141716A was in the sub-
micromolar range (pEC50 of 6.34± 0.15). SR 144528, WIN
55,212-3 and CP 55,243 exhibited also inverse agonists prop-
erties.
ig. 5. (A) Effect of HU 210 (�), CP 47,947 (�) (full agonists),�9-THC
35S]-GTP�S binding on rat cerebella homogenates. Data are the me
5,244 (�), CP 55,940 (�), WIN 55,212-2 (×) (full agonists),�8-THC (�

35S]-GTP�S binding on rat cerebella homogenates. Data are the mea
artial agonist), CP 55,243 (×) and SR 141716A (�) (inverse agonists) o
at least three separate experiments, vertical lines show S.E.M. (B)

ial agonist), WIN 55,212-3 (©) and SR 144528 (�) (inverse agonists) o
at least three separate experiments, vertical lines show S.E.M.
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Table 3
Determination of potency (pEC50) and percentage of basal maximal stimulation (Emax) of reference cannabinoids on membranes from rat cerebella and from
human cannabinoid CB1 and CB2 receptors expressed in transfected CHO cells

Compounds CB1r CB1h CB2h

pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%)

HU 210 8.77± 0.21 203± 14 10.11± 0.21 67± 10 9.22± 0.18 46± 6
CP 55,940 7.61± 0.05 260± 38 9.00± 0.58 60± 9 8.41± 0.10 57± 4
CP 55,244 9.03± 0.22 232± 42 10.14± 0.46 68± 16 8.97± 0.01 70± 14
CP 55,243 a a 4.86± 0.19 −83± 10 6.34± 0.07 47± 8
CP 47,947 5.86± 0.17 185± 15 8.24± 0.35 30± 6 9.65± 0.12 49± 6
WIN 55,212-2 6.67± 0.10 232± 25 7.39± 0.13 68± 19 8.25± 0.12 32± 2
WIN 55,212-3 5.55± 0.16 −32± 2 5.40± 0.03 −43± 6 5.54± 0.19 −26± 4
�8-THC 6.93± 0.23 41± 6 N.D. N.D. 8.88± 0.18 −16± 4
�9-THC 6.61± 0.08 48± 9 N.D. N.D. 7.63± 0.18 −27± 1
SR 141716A 6.34± 0.15 −31± 2 8.00± 0.05 −84± 1 5.96± 0.02 −73± 1
SR 144528 4.56± 0.10 −21± 10 6.42± 0.09 −30± 3 8.67± 0.07 −69± 4

Data shown are mean± S.E.M. from three to seven experiments performed in duplicates. N.D.: not determined.
a GraphPad Prism was not able to calculate neither pEC50 norEmax.

3.4. Influence of cannabinoid ligands on the binding of
[35S]-GTP�S using transfected CHO cells expressing
human recombinant cannabinoid receptors

The effects of cannabinoid ligands on the stimulation of
the binding of [35S]-GTP�S in homogenates of transfected
CHO cells expressing a high level of either human cannabi-
noid CB1 or CB2 receptors are shown inTable 3. For the hu-
man cannabinoid CB1 receptor (Fig. 6A and B) as well as for
the rat CB1 receptor (Fig. 5A and B), the ranking of the pEC50
was as follows: WIN 55,212-2 < CP 47,947 < CP 55,940 < HU
210 < CP 55,244. Except for CP 47,947, theEmax values of
the agonists reached almost 70% of the basal maximal stimu-
lation using the recombinant CB1 receptor model suggesting
that CP 47,947 was the only partial agonist in this assay.
Four compounds behaved as inverse agonists (SR 144528,
WIN 55,212-3, CP 55,243 and SR 141716A), with the high-
est negative effect of the binding of [35S]-GTP�S observed
in this study: it varied from−30 to −84%. On the human
cannabinoid CB2 receptor (Fig. 7A and B), the efficacy of
stimulation (Emax) by agonists was variable with the follow-

F R 141 id
C eparat
( 243 (×) n
C eparat

ing ranking WIN 55,212-2 < HU 210–CP 47,947–CP 55,243
< CP 55,940 < CP 55,244. All the remaining compounds in-
cluding�8-THC and�9-THC behaved as inverse agonists.
Together, these results indicated that a same amplitude of re-
sponse was observed between the two recombinant receptors
models in both maximal positive and negative stimulations
of [35S]-GTP�S binding.

In contrast, in the rat cerebellum, even if all the ligands
kept the same function, the results were different in terms
of amplitude. The positive stimulation induced by agonists
was by far higher, reaching 260% inEmax while the negative
effect of inverse agonists was less pronounced approximately
−30%.

4. Discussion

The aim of this study was to compare the affinities and
efficacies of several reference cannabinoids. To our knowl-
edge, some of them have not been characterized in the [35S]-
GTP�S binding assays and the whole study represents the
ig. 6. (A) Effect of HU 210 (�), WIN 55,212-2 (�) (full agonists) and S
HO-CB1 cells homogenates. Data are the mean from at least three s

full agonists), CP 47,947 (�) (partial agonist), WIN 55,212-3 (�), CP 55,
HO-CB1 cells homogenates. Data are the mean from at least three s
716A (×) (inverse agonist) on [35S]-GTP�S binding on human cannabino
e experiments, vertical lines show S.E.M. (B) Effect of HU 210 (♦), CP 55,244 (�)
and SR 144528 (�) (inverse agonists) on [35S]-GTP�S binding on huma
e experiments, vertical lines show S.E.M.
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Fig. 7. (A) Effect of HU 210 (♦), WIN 55,212-2 (�), CP 55,940 (�), CP 55,244 (�) (full agonists), SR 141716A (©) and SR 144528 (×) (inverse agonist) on
[35S]-GTP�S binding on human cannabinoid CB2 receptors expressed in CHO cells. Data are the mean from at least three separate experiments, vertical lines
show S.E.M. (B) Effect of CP 55,243 (©), CP 47,947 (�) (partial agonist),�8-THC (�), �9-THC (�), WIN 55,212-3 (×) (inverse agonists) on [35S]-GTP�S
binding on human cannabinoid CB2 receptors expressed in CHO cells. Data are the mean from at least three separate experiments, vertical lines show S.E.M.

largest comparison of reference cannabinoids performed in
the same experimental conditions.

The commercial availability of different cannabinoid radi-
oligands such as the non selective [3H]-CP 55,940 and [3H]-
WIN 55,212-2 and the CB1 inverse agonist [3H]-SR 141716A
allowed the characterization of the cannabinoid receptors in
the different species. In rat cerebella homogenates, the level
of cannabinoid receptors was around 1.40 pmol/mg proteins
when [3H]-CP 55,940 was used and 3.32 pmol/mg proteins
when [3H]-SR 141716A was used. In the hCHO-CB1 prepa-
ration, the level of receptors was considerably higher and
the labelling by [3H]-SR 141716A was superior than the one
performed with the agonist [3H]-CP 55,940. Most of the lig-
ands follow the same ranking of affinity for the cannabinoid
CB1 receptor in the mouse, rat and human. Slight differences
were observed depending on the nature of the radioligand,
the agonists exhibit higher pKi values versus the agonist ra-
dioligand compared to the inverse agonist radioligand. This
phenomenon was previously observed byKearn et al. (1999).
As described in the literature, most of the classical and non-
classical cannabinoids do not show absolute selectivity for
one subtype of cannabinoid receptor. The aminoalkylindole
WIN 55,212-2 was found gently selective for the cannabi-
noid CB2 receptor. At the opposite,�9-THC exhibited some
selectivity for the cannabinoid CB1 receptor. The two inverse
a ective
c
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W
t RNAs
o e-
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C
e ob-
s
r ptors
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0.02 pmol/mg protein, respectively in the rat spleen; withKD
andBmaxvalues of 3.35± 0.45 nM and 0.31± 0.03 pmol/mg
protein, respectively in the mouse spleen (Table 1). Using
the same rat spleen preparations, the specific binding of the
cannabinoid CB1 selective radioligand, [3H]-SR 141716A,
was almost undetectable (not shown). Competition studies
indicated that compounds WIN 55,212-2, HU 210 and SR
144528 efficiently displaced the [3H]-CP 55,940 specific
binding (pKi values of 8.74± 0.09, 7.40±0.15 and 7.06
± 0.21, respectively) whereas similar displacement was only
obtained with high concentrations of SR 141716A (pKi value
of 5.78± 0.05) (Table 2).

In the rat cerebellum [35S]-GTP�S assay, as previously re-
ported, WIN 55,212-2, CP 47,947, HU 210, CP 55,940 and
CP 55,244 were characterized by a full agonist response and
their potency was in agreement with those reported in the lit-
erature. The inverse agonist (negative intrinsic activity) prop-
erty of SR 141716A first described in transfected CHO cells
expressing the human cannabinoid CB1 receptor (Bouaboula
et al., 1997; Landsman et al., 1997) and also described in the
rat (Kearn et al., 1999; Griffin et al., 1998) was confirmed
in our study. Thus, this compound decreased the nucleotide
binding by 30.5% with an EC50 of 445 nM. This moderate
potency of SR 141716A in decreasing the receptor intrinsic
activity was in contrast with its particularly high (nanomo-
l the
s ture,
e gonist
a
C in-
v kedly
h

ts of
h k
e e rat
c
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r

gonists SR 141716A and SR 144528 were the more sel
ompounds studied.

The use of high affinity, but non discriminating CB1 and
B2 receptor, radioligands such as [3H]-CP 55,940 and [3H]-
IN 55,212-2 for studying the cannabinoid CB2 receptors in

he spleen tissues merits some comments. Indeed, the m
f both cannabinoid CB1 and CB2 receptors have been d

ected in the spleen, but it was reported that cannab
B2 receptors were, by far predominant in this tissue (Schatz
t al., 1997). In the present study, the data strengthen this
ervation. Saturation binding studies using [3H]-CP 55,940
evealed the presence of a single population of rece
ith KD and Bmax values of 2.18± 0.46 nM and 0.71±
ar) affinity measured in radioligand binding assays in
ame model and in identical condition (buffer, tempera
tc.). Indeed, some discrepancy between cannabinoid a
ffinity and potency was previously reported (Breivogel and
hilders, 2000). However, previous characterization of the
erse agonist properties of SR 141716A revealed a mar
igher potency (Pan et al., 1998).

In the nucleotide binding assay, the natural constituen
empCannabis sativa, �8-THC and�9-THC, showed wea
fficacy, confirming that they act as partial agonists at th
annabinoid CB1 receptor. This is in accordance withSim et
l. (1996)who previously showed the partial activation of
at cerebellar cannabinoid CB1 receptor by�9-THC using
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the same experimental approach, beforePetitet et al. (1998)
confirmed it.Burkey et al. (1997b)showed the same effect
with mouse brain cannabinoid CB1 (Burkey et al., 1997a,b).
In this connection,Shen and Thayer (1999)have presented
biochemical evidence that�9-THC acts as a partial agonist
to modulate glutamatergic synaptic transmission in rat neu-
rones. Here, we presented data showing that�8-THC, differ-
ing by the double bond position from�9-THC, also acted as
a partial agonist. The partial agonist properties of major ac-
tive ingredients of the plant –�9-THC and�8-THC – might
have some relevance in human clinics, regarding to its mild
addiction.Martin et al. (1999)suggested that the side-chain of
tetrahydrocannabinol was the key structural feature to delin-
eate between the agonists, partial agonists and antagonists.
Indeed, all the cannabinoids studied here and exhibiting a
dimethylheptyl chain were able to stimulate the [35S]-GTP�S
binding and acted as full agonists. Even CP 55,940 previously
reported byGriffin et al. (1998)as a partial agonist was, in
our hands, able to robustly activate the receptor with anEmax
of 260± 38% and fulfilled the criteria of an agonist. Inter-
estingly, the so-called “inactive enantiomer” WIN 55,212-3,
albeit a weak affinity, exhibited a significant inverse agonist
effect.

Using the hCHO-CB2 assay, several issues needed to be
addressed. First, all the agonists approximately displayed the
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receptors, CP 55,244 showed agonist properties, while CP
55,243 exhibited inverse agonist properties at the CB1 and
partial agonist properties at the CB2.

The observation that the amplitude of the constitutive ac-
tivity and consequently of the inverse agonist properties were
different in the models studied here raised, once again, the
question of the relevance of the inverse agonism in physiolog-
ical conditions.Costa and Herz (1989)originally found that
a delta opioid antagonist ICI 174864 modified the basal lev-
els of response in NG108-15 cells, a phenomenon which was
abolished by another opioid receptor antagonist. The con-
cept of inverse agonism was born. Albeit it is not limited to
G-proteins coupled receptors, it is now widely evidenced. In a
recent review, Terry Kenakin surveyed the activity of 380 an-
tagonists on 73 G-protein coupled receptors: 322 were inverse
agonists and 58 were found neutral antagonists (Kenakin,
2004, see also supplemental table). Among the G-proteins
coupled receptors, the inverse agonism at cannabinoid re-
ceptors has also been described and was recently reviewed
(Pertwee, 2003). Therein, the author summarized the inverse
cannabimimetic effects produced by SR 141716A both in
vitro and in vivo and discussed the inverse agonism in terms
of “two-state” and “three-state” model of G-protein coupled
receptor.

Here, we showed that rat cerebellum and human cannabi-
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ame efficacy withEmax values between 32 and 70%. S
nd, all the compounds exhibiting inverse agonists prope
ight be divided in two groups. The less active enantio
IN 55,212-3 and the natural cannabinoids�8-THC and
9-THC showed a weak negativeEmax value around 30%
hile the two diarylpyrazole SR 141716A and SR 144
ere more efficient in the suppression of the constitutive

ivity of the cannabinoid receptor. Interestingly, our stu
o our knowledge, constituted the first report that the
ral cannabinoids acted as inverse agonists at the h
annabinoid CB2 receptor, using the [35S]-GTP�S binding
ssay. Based on results of adenylate cyclase activities,

ial agonism of�9-THC was first proposed byBayewitch
t al. (1995)for the cannabinoid CB2 receptor. One yea

ater, the same team reported an antagonist activity of�9-
HC. These authors showed that�9-THC antagonised th
gonist-induced inhibition of adenylyl cyclase mediated

he cannabinoid CB2 receptor (Bayewitch et al., 1996). Uti-
izing CHO and COS cells transfected with the cannabi
eceptors, respectively with the rat and the human sequ
or the cannabinoid CB1 and CB2 receptors, they showe
hat, even if�9-THC bound to both receptors with simi
ffinity, it differently acted at the transduction level. Ho
ver, in contrast to its capacity to serve as an agonist fo
annabinoid CB1 receptor,�9-THC was only able to induc
modest inhibition of adenylyl cyclase at the cannabi
B2 receptor.
Regarding another cannabinoid, the behaviour of the

ctive enantiomer’ CP 55,243 differed from the one of
most active’ CP 55,244. In presence of rat or human cann
oid CB1 receptors as well as in presence of cannabinoid2
oid receptors expressed in CHO cells constituted two
erent models for studying the cannabinoid receptors.
odels shared some characteristics: constitutive activity

nverse agonism were present, with, however, differenc
mplitude regarding the positive and negatives respons

ew words, the rat cerebellum seemed to be a model whe
annabinoid receptor exhibited a relatively modest cons
ive activity, estimated by the negative effects of SR 1417
−30%) but was also prone to be highly activated by ago
Emax almost reached 250%). The observation that the
ity of cannabinoid receptors was, by five-fold, higher w
t was measured by [3H]-SR 141716A rather by [3H]-CP
5,940 was also in accordance with a model of modest
titutive activity. The human cannabinoid receptor expre
n CHO cells constituted a model with a high receptor c
titutive activity, a pronounced negative effect induced
nverse agonists and a relatively modest stimulation of [35S]-
TP�S binding induced by agonists. The inverse agonis
t least for the human cannabinoid CB1 receptor, a molecula
roperty. Indeed,Hurst et al. (2002)elegantly demonstrate

hat the lysine residue at 3.28 (192) is playing a pivotal
or the inverse agonist properties of SR 141716A. In a
ion, in a study aiming to demonstrate the existence of
ral antagonists of the rat cannabinoid receptors (Govaerts e
l., 2004), we showed some evidence using CHO cells
ressing different densities of cannabinoid receptors tha
ensity of receptors also played a major role in the am

ude of the responses of full agonists but did not modif
dramatic extent, the negative effects of SR 141716A.

annabinoid agonist HU 210 was able to positively stimu
he [35S]-GTP�S in both clones; however, the stimulat
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was the highest when the receptor density was the lowest:
the Emax expressed percentages of stimulation above basal
dropped from 270% (similar to the value observed here using
the rat cerebellum) to approx. 70%, when the density of re-
ceptors increased. Despite the numerous evidences of inverse
agonism and constitutive activity at cannabinoid receptors,
the physiological relevance of inverse agonism remains to be
fully understood. Very recently,Savinainen et al. (2003)re-
ported an optimised approach to study endocannabinoid sig-
nalling which provides evidence against constitutive activity
of cannabinoid CB1 receptors. Starting from the observation
that SR 141716A acts as specific and selective antagonists
of the cannabinoid CB1 receptor at nanomolar concentra-
tions, but in the micromolar range, these compounds were
shown to inhibit basal G-protein activity, and this is often in-
terpreted in terms of constitutive activity at the cannabinoid
CB1 receptors in native tissue, they showed that micromo-
lar concentrations of SR 141716A and AM251 inhibit basal
G-protein activity in rat cerebellar membranes, but only in
conditions where tonic adenosine A, receptor signalling was
not eliminated. In our rat cerebella preparations, such condi-
tions were not used; in addition, the inverse agonism proper-
ties were more pronounced in both types of CHO cells than
in the murine tissues. Further studies should be addressed
to confirm the presence or not of either an endocannabinoid
s
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dealing with their effects on the immune responses. In addi-
tion, these two compounds, even they did not bind with high
affinity to the cannabinoid receptors, constitute interesting
templates for the precise understanding of the molecular ori-
gins of partial and inverse agonism properties at cannabinoid
receptors.
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