Available online at www.sciencedirect.com

European Journal of Pharmacology 495 (2004) 43-53

ELSEVIE

www.elsevier.com/locate/ejphar

Characterization of the pharmacology of imidazolidinedione derivatives at
cannabinoid CB; and CB, receptors

Sophie J. Govaerts®, Giulio G. Muccioli?, Emmanuel Hermans®, Didier M. Lambert®*

A Unité de Chimie pharmaceutique et de Radiopharmacie (73.40) Ecole de Pharmacie, Université Catholique de Louvain,
73, Avenue E. Mounier, UCL-CMFA 7340, B-1200 Bruxelles, Belgium
b Laboratoire de Pharmacologie Expérimentale, Faculté de Médecine, Université Catholique de Louvain, Bruxelles, Belgium

Received 6 May 2004; accepted 12 May 2004

Abstract

The pharmacology of 3-(2-ethylmorpholino)-5,5'-di( p-bromophenyl)-imidazolidinedione (DML20), 3-(1-hydroxypropyl)-5,5'-di(p-
bromophenyl)-imidazolidinedione (DML21) and 3-heptyl-5,5'-di( p-bromophenyl)-imidazolidinedione (DML23) was extended by studying
affinity and GTP binding modulation on cannabinoid receptor subtypes (CB; and CB,) from rat tissues and human cannabinoid receptors
expressed in Chinese Hamster Ovary cells. Competitive binding studies indicated that DML20, DML21 and DML23 are selective ligands for
cannabinoid CB; receptors. In rat cerebellum homogenates, DML20, DML21 and DML23 were unable to influence [*>S]GTPyS binding but
competitively inhibit HU 210-induced [>>S]GTPyS binding (pKp of 6.11 + 0.14, 6.25 + 0.06 and 5.74 + 0.09, respectively), indicating that
they act as cannabinoid CB; receptor neutral antagonists. However, in CHO cells homogenates expressing selectively either human
cannabinoid CB, or CB, receptors, they behaved as inverse agonists decreasing the [*>S]GTPyS binding, with similar efficacy. In conclusion,
these derivatives exhibit different activities (neutral antagonism and inverse agonism) in the different models of cannabinoid receptors studied.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Most of the biological effects of Cannabis sativa L.
extract, cannabis, result from the interaction of its main
active constituent, A°-tetrahydrocannabinol with specific
cell surface receptors (for review, see Pertwee, 1999;
Howlett et al., 2002). To date, two subtypes of cannabi-
noid receptors have been described. The cannabinoid CB;
receptor (Gérard et al.,, 1991; Matsuda et al., 1990) was
first evidenced by autoradiography and radioligand binding
studies using tritiated (-)-cis-3-[2-hydroxy-4-(1,1-dimethyl-
heptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexan-1-ol
(PH]ICP 55,940; Devane et al., 1988; Herkenham et al.,
1990). It was cloned from several species and was shown
to be highly conserved (for review, see Lutz, 2002). It is
expressed in the brain and some peripheral tissues includ-
ing testis, ileum, urinary bladder and vas deferens. The
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cannabinoid CB, receptor, discovered by sequence homol-
ogy, is predominantly detected in the immune system
(spleen, tonsils, immune cells) and was cloned from the
human (Munro et al., 1993), mouse (Shire et al., 1996) and
rat (Brown et al., 2002; Griffin et al., 2000). The analysis
of the amino acid sequences of both cannabinoid receptors
reveals the common G-protein coupled receptors motif
including a seven lipophilic transmembrane o helices
structure.

Among the signal transduction associated with can-
nabinoid receptors described so far (Bouaboula et al.,
1995; Calandra et al., 1999; Deadwyler et al., 1995;
Gebremedhin et al., 1999; Mackie and Hille, 1992), the
responses to agonists of the cannabinoid CB; and CB,
receptors are sensitive to pertussis toxin, suggesting that
both subtypes are predominantly coupled to Gj,-type G-
proteins. Consequently, non-hydrolysable GTP analogues
such as 5-guanylylimidodiphosphate (GppNHp) and
guanosine-5'-0O-(3-thiotriphosphate) (GTPyS) constitute
useful tools to distinguish between ligands showing
agonist or antagonist properties. Indeed, guanylyl
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nucleotides are known to disrupt the functional coupling
of G-protein coupled receptors, resulting in decreased
affinity of agonists (Weiland and Jakobs, 1994). On the
contrary, antagonists are unaffected by such uncoupling
(Bouaboula et al., 1997; Sim et al., 1995). In addition,
as the radiolabelled [*°S]GTPyS is commercially avail-
able, a derived binding technique is now commonly
used to characterize the activity of ligands at G-protein
coupled receptors (Milligan, 2003), including cannabi-
noid receptors (Sim et al., 1995, 1996; Selley et al.,
1996; Breivogel et al., 1998; for review, see Pertwee,
1999). This assay helps to define the functional activity
of ligands as agonist (positive intrinsic activity), partial
agonist (partial positive intrinsic activity), antagonist (no
intrinsic activity) and inverse agonist (negative intrinsic
activity). Indeed, the inverse agonist properties of the
diarylpyrazole cannabinoids, N-(piperidin-1-yl)-5-(4-chlor-
ophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1 H-pyrazole-3-
carboxamide hydrochloride (SR 141716A) (Rinaldi-Car-
mona et al.,, 1994) and N-[(1S)-endo-1,3,3-trimethyl
bicyclo[2.2.1]heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-
(4-methylbenzyl)-pyrazole-3-carboxamide (SR 144528)
(Rinaldi-Carmona et al., 1998), previously considered as
cannabinoid antagonists, have been characterized using this
approach (Bouaboula et al., 1997; Landsman et al., 1997;
MacLennan et al., 1998; Portier et al., 1999; Rinaldi-Car-
mona et al., 1998).

Following the important discovery of the diarylpyr-
azole antagonists, cannabinoid receptor antagonists re-
ceived a considerable interest from pharmaceutical
companies with regards to their therapeutic perspectives
in the control of appetite, psychosis, memory and
cognition disorders. Besides the diarylpyrazoles devel-
oped mainly by Sanofi-Synthelabo, new templates have
been recently proposed as cannabinoid antagonists in-
cluding 4,5-dihydro-1H-pyrazoles from Solvay Pharma-
ceuticals and azetidine derivates from Aventis
Pharmaceuticals (for review, see Adam and Cowley,
2002).

In this connection, we described, in previous reports,
the synthesis of original cannabinoids, the 3-alkyl-5,%
diphenylimidazolidinediones (Fig. 1, Kanyonyo et al.,
1999; Ooms et al.,, 2002) exhibiting affinity for the
cannabinoid CB; receptors. In these preliminary studies,
three compounds, namely 3-(2-ethylmorpholino)-5,5di( p-
bromophenyl)-imidazolidinedione (DML20), 3-(1-hydrox-
ypropyl)-5,5di( p-bromophenyl)-imidazolidinedione
(DML21) and 3-heptyl-5,5di( p-bromophenyl)-imidazolidi-
nedione (DML23), were suggested to behave as neutral
antagonists of the cannabinoid receptor expressed in the rat
cerebellum.

The present investigation was directed at characterizing
the pharmacological properties of DML20, DML21 and
DML23 in different models (rat cerebellum, rat spleen and
transfected CHO cells expressing the human CB,; or the
human CB, receptor) by studying their affinity towards
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Fig. 1. Structures of the 3-alkyl-5,5-diphenylimidazolidinediones: 3-(2-
ethylmorpholino)-5,5"-di( p-bromophenyl)-imidazolidinedione (DML20),
3-(1-hydroxypropyl)-5,5-di( p-bromophenyl)-imidazolidinedione
(DML21) and 3-heptyl-5,5-di( p-bromophenyl)-imidazolidinedione
(DML23).

cannabinoid CB; and CB, receptors as well as their activity
in [*>S]GTPyS binding assays.

2. Materials and animals
2.1. Drugs, chemical reagents and apparatus

Tritiated N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hy-
drochloride ([*HJSR 141716A, 52 Ci/mmol) and
[*>S]GTPyS (1101 Ci/mmol) were from Amersham (Roo-
sendaal, The Netherlands). Tritiated (R)-(+)-[2,3-dihydro-
5-methyl-3-(4-morpholinylmethyl)pyrrolo-[1,2,3-de]-1,4-
benzoxazin-6-yl]-1-naphthalenylmethanone ([’H]JWIN
55,212-2, 45.5 Ci/mmol) and tritiated (-)-cis-3-[2-hy-
droxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxy-
propyl)cyclohexan-1-ol ([*H]CP 55,940, 101 Ci/mmol)
were from New England Nuclear (Boston, MA). Fatty
acid free bovine serum albumin, dithiothreitol, GDP and
GppNHp were purchased from Sigma (Boornem, Belgium).
(6aR)-trans-3-(1,1-dimethylheptyl)-6c, 7, 10, 10a-tetrahy-
dro-1-hydroxy-6,6-dimethyl-6 H-dibenzo[b,d|pyran-9-meth-
anol (HU 210) was from Tocris Cookson (Bristol, UK).
WIN 55,212-2 was from Research Biochemicals Interna-
tional (Sanver Tech, Belgium). (-)-Cis-3-[2-hydroxy-4-(1,1-
dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclo-
hexan-1-ol (CP 55,940) was generously provided by Pfizer



S.J. Govaerts et al. / European Journal of Pharmacology 495 (2004) 43-53 45

(Groton, CT, USA). SR 141716A and SR 144528 were
generous gifts from Dr. F. Barth and Dr. Mossé, respec-
tively, from Sanofi-Synthelabo Research (Montpellier,
France). The 3-alkyl-5,5-di( p-bromophenyl)imidazolidine-
diones DML20, DML21 and DML23 were synthesised in
our laboratory as described (Kanyonyo et al., 1999). Glass
fiber filters were purchased from K-Lab. Aqualuma was
from Lumac-LSC (Schaesberg, The Netherlands). All other
reagent grade chemicals were obtained from Sigma-
Aldrich-Fluka (Boornem, Belgium). Stock solutions of
ligand compounds were prepared in pure dimethylsulfoxide
and then further diluted. The final dimethylsulfoxide con-
centration was less than 0.1%.

2.2. Preparation of rat cerebellum membranes

Male Wistar rats (250—-300 g) were purchased from
IFFA-CREDO (Les Oncins, France). All experiments on
animals were approved by the institutional ethics committee
and the housing conditions were as specified by the Belgian
Law of November 14, 1993 on the protection of laboratory
animals (agreement no. LA 1230315). Cerebella were
carefully dissected on ice. All the manipulations were
performed at 0—4 °C. Rat cerebellum membranes were
prepared in 50 mM Tris—HCI pH 7.4, with a potter and a
Dounce and the suspension was centrifuged at 400 X g for
10 min. The supernatant was collected and centrifuged at
39,000 x g for 10 min. The resulting pellet was resuspended
in 50 mM Tris—HCI pH 7.4, homogenized and centrifuged
again at 39,000 x g for 10 min. The pellet was washed twice
more in the same conditions. The protein concentration was
measured by the Bradford assay (Bradford, 1976), using
Coomasie Blue (Biorad, Belgium), with bovine serum
albumin as a standard.

2.3. Preparation from rat spleen membranes

Spleens from male Wistar rats (250—-300 g) were care-
fully dissected on ice after peritoneal incision. All the
manipulations were performed at 0—4 °C. The spleens were
cut in several pieces and placed in a 50 mM Tris—HCI pH
7.4 solution containing 3 mM MgCl,-6 H,O, 1 mM EDTA
and 0.5% serum bovine albumin. The preparation of mem-
branes was performed according to the method described by
Hillard et al. (1999).

2.4. Cell culture and preparation of hCB;-CHO or hCB»-
CHO cells membranes

Dr. P. Nokin and Dr. M. Detheux kindly provided CHO
cells stably transfected with the cDNA sequences encoding
either the human cannabinoid CB; or CB, receptors, re-
spectively (Euroscreen, Brussels, Belgium). Two different
clones of CHO cells expressing the human cannabinoid CB,
with varying receptor densities have been used: the CB;-C1
clone with a high receptor density (44 pmol/mg prot) and

the CB-C2 clone with a low receptor density (3.2 pmol/mg
prot). Unless indicated, the experiments were performed on
the CB-Cl1 clone. The cells were grown in Nutrient mixture
Ham’s F12 supplemented with 10% fetal calf serum, 2.5 pg/
ml fungizone, 100 U/ml penicillin, 100 pg/ml streptomycin
and 400 pg/ml geniticin. At confluence, cells were trypsi-
nized and collected by centrifugation at 100 X g for 10 min.
The following steps were performed at 0—4 °C. Pelleted
cells were lysed in ice-cold Tris—HCI 50 mM pH 7.4, and
the homogenate was centrifuged at 400 X g for 10 min. The
pellet was resuspended in the same buffer, homogenized
and centrifuged at 15,000 X g for 10 min. The resulting
pellet (membranes) was washed twice more in the same
conditions. The protein concentration was measured as
indicated above.

2.5. Competitive and saturation binding assays

The competitive binding experiments were performed in
the presence of the appropriate radioligands at 1 nM
(PH]SR 141716A, [*H]ICP 55,940, [PH]WIN 55,212-2) at
30 °C in siliconized plastic tubes on membranes from rat
cerebellum (20 pg protein/tube), rat spleen (80 pg/tube) or
transfected CHO cells (40 pg protein/tube) resuspended in
0.5 ml (final volume) binding buffer (50 mM Tris—HCI, 3
mM MgCl,, 1 mM EDTA, 0.1% bovine serum albumin pH
7.4). Competitors were present at varying concentrations
and the nonspecific binding of the radioligands was deter-
mined in the presence of 10 uM HU 210. When indicated,
GppNHp was included in the assay at a final concentration
of 50 uM. After 1-h incubation, the suspension was rapidly
filtered through 0.5% polyethyleneimine pretreated GF/B
glass fiber filters on a 48-well Brandell cell harvester and
washed twice with 3 ml ice-cold binding buffer without
serum albumin. Radioactivity on filters was measured with a
Pharmacia Wallac 1410 B-counter by liquid scintillation in
10 ml Aqualuma. Similar binding conditions were used
when performing saturation binding assays with [*H]SR
141716A, [PH]CP 55,940 or [’H]WIN 55,212-2 which were
used at 0.5-15, 0.1-10 and 0.9-30 nM, respectively.

2.6. [*>S]GTPyS specific binding

The [>>S]GTPyS binding assay was carried out at 30 °C
in plastic tubes containing 20 pg protein resuspended in 0.5
ml (final volume) binding buffer (50 mM Tris—HCI pH 7.4,
5 mM MgCl,, 1 mM disodium EDTA, 100 mM NaCl and
0.1% (w/v) bovine serum albumin) supplemented with 20
uM GDP and 0.01 nM—100 uM agonists or antagonists.
The binding was initiated by the addition of [>°S]GTPyS
(0.05 nM final concentration). Incubations were performed
for 1 h and were terminated by the addition of 3 ml of ice-
cold washing buffer (50 mM Tris—HCI pH 7.4, 5 mM
MgCl,, 1 mM disodium EDTA, 100 mM NaCl). The
suspension was immediately filtered through GF/B filters
using a 48-well Brandell cell harvester and washed twice
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with ice-cold binding buffer. Radioactivity trapped on the
filters was counted as mentioned above. The nonspecific
binding was measured in the presence of 100 pM GppNHp.

2.7. Data analysis

Radioligand and nucleotide binding data were analyzed
by nonlinear regression using the software GraphPad
Prism, version 3.0 (GraphPad, San Diego, CA). Antago-
nist equilibrium dissociation constants (expressed as pKp)
were calculated using the following equation: Kp=A/
(CR — 1) where 4 is the concentration of antagonist used
and CR is the ratio of ECs, values for the agonist
measured in the presence or in the absence of the
antagonist, respectively.

3. Results

3.1. Interaction of DML derivatives with the rat and human
cannabinoid CB; receptors

In rat cerebella membranes, saturation experiments using
the radiolabelled inverse agonist, [*H]SR 141716A, allowed
to detect a single population of binding site with a K4 value
0f3.12 £ 0.17 nM and a B, value of 3.31 + 0.12 pmol/mg
protein (n=3; Fig. 2A). The specific binding of [*H]SR
141716A was displaced by the nonselective reference can-
nabinoids HU 210 and CP 55,940 (Fig. 2B). As expected for
high affinity agonists of a G-protein coupled receptor, the
displacement curves for HU 210 and CP 55,940 revealed the
presence of two classes of binding sites. Binding proportion
to the high affinity state represented approximately 42% and
23% for HU 210 and CP 55,940, respectively. The pK;
values of these compounds were in agreement with the
predominance of the cannabinoid CB; receptor subtype in
the rat cerebellum membranes (Table 1). Compounds
DML20, DML21 and DML23 were found to compete with
[PH]SR 141716A binding and the curves best fitted with a
single binding site model revealing micromolar affinities
(Table 1, Fig. 2C). Similar pK; values (5.24 +0.03,
5.07 +0.22, and 5.47 +0.22 for DML20, DML21 and
DML23, respectively) were obtained in competition studies
using the radioligand [*H]CP 55,940 (K4 value of
2.08 + 0.32 nM).

The ability of DML compounds to behave as agonists of
the cannabinoid CB; receptor was evaluated by measuring
the effect of disrupting G-protein coupling with GppNHp on
their affinities in radioligand binding studies. Saturation
binding studies performed in the presence of 50 uM
GppNHp revealed a modest but not significant (p=0.09)
increase in affinity of the inverse agonist [°"H]SR 141716A
(K4 values of 3.12+0.17 and 2.49£0.26 nM in the
absence or in the presence of the guanylyl nucleotide,
respectively). As shown in Fig. 2B, the addition of the
guanylyl nucleotide shifted the displacement curves
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Fig. 2. (A) Saturation curves of the binding of the selective antagonist
[PH]SR 141716A in rat cerebella homogenates in the presence (@) or in the
absence (O) of 50 pM GppNHp, a non-hydrolysable analogue of GTP. Data
shown are mean + S.E.M. from one typical experiment performed four
times in triplicates. K4 and B, values derived from these experiments are
mentioned in Results. In the insert: Scatchard analysis of saturation curves
of [*H]SR 141716A in rat cerebella homogenates in the presence (®) or in
the absence (O) of GppNHp. (B) Influence of GppNHp (50 uM) on the
displacement of the [PH]SR 141716A specific binding on rat cerebellar
homogenates by cannabinoid agonists (HU 210, ®; CP 55,940, v), open
symbols represent the data in the absence of GppNHp, filled symbols
represent the data in the presence of GppNHp. (C) Absence of influence of
GppNHp (50 pM) on the displacement of [HJSR 141716A specific
binding on rat cerebellar homogenates by the DML20 (O0), DML21 () and
DML23 (A). Open symbols represent the data in the absence of GppNHp,
filled symbols represent the data in the presence of GppNHp.

corresponding to the agonist HU 210 and CP 55,940 to
higher concentrations and nonlinear analysis revealed an
interaction with a single binding site population
corresponding to the low affinity component observed in
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Table 1
Influence of the GppNHp (50 uM) on the affinity of reference cannabinoid ligands and DML derivatives on membranes from rat cerebellum
Compounds Without GppNHp With GppNHp

PKin pKir H/L (%) PKin pKir H/L (%)
HU 210 8.98 +£0.32 7.51+0.25 416+ 132 n.d. 7.70 £ 0.05 n.d.
CP 55,940 8.62 +0.62 6.81+0.18 232498 n.d. 6.49 +0.09 n.d.
DML20 n.d. 5.46+0.17 n.d. n.d. 5.52+0.11 n.d.
DML21 n.d. 5.69 £ 0.05 n.d. n.d. 5.64 £ 0.04 n.d.
DML23 n.d. 5.2540.06 n.d. n.d. 5.11 £0.06 n.d.

pK; values were derived from nonlinear analysis of competition curves using [*’H]SR 141716A (showing K values of 3.12 + 0.17 and 2.49 + 0.26 nM in the
absence or in the presence of the guanylyl nucleotide). When data best fitted with a two site competition curves, both pK; values and the fraction of the high
affinity binding component are indicated. Data shown are the mean + S.E.M. from three to six experiments performed in triplicates.

the absence of GppNHp. In contrast, the competition curves
corresponding to compounds DML20, DML21 and DML23
were not significantly modified upon addition of GppNHp.
The recognition of cannabinoid CB; receptors by these
compounds as a single population of binding sites and the
absence of GppNHp-mediated changes in their pK; values
(Table 1) suggest that they are not agonists of cannabinoid
CB, receptors in the rat cerebellum.

The interaction of DML compounds with the human
cannabinoid CB; receptor was evaluated in membranes of
stably transfected CHO cells expressing high densities of
the receptor (Bax value of 43.79 + 8.36 pmol/mg prot as
evaluated in [°’HJSR 141716A saturation experiments). The
specific binding of both [’H]SR 141716A (K4 value
13.90 £2.48 nM) and [*H]CP 55,940 (K4 value
4.73 £ 1.32 nM) were efficiently displaced by DML20,
DML21 and DML23 with affinities similar to those found
on membranes of rat cerebellum (Tables 1 and 2).

3.2. Interaction of DML derivatives with the rat and human
cannabinoid CB, receptors

Albeit the mRNAs of both cannabinoid CB; and CB,
receptors have been detected in the spleen, only the latter
subtype has been clearly identified in this model (Lee et al.,
2001). Thus, saturation binding studies using the nonse-
lective cannabinoid radioligand [*H]CP 55,940 revealed the
presence of a single population of receptors with Ky and
Bax values of 2.2+ 0.4 nM and 696.6 +29.7 fmol/mg
protein, respectively. In contrast, the specific binding of the

Table 2

Affinities of reference cannabinoids and DML derivatives at the cloned
human cannabinoid CB; and CB, receptors expressed in transfected CHO
cells

Model Radioligand DML20, pK; DML21, pK; DML23, pK;

hCB, [PHISR 141716A, 1 nM 557+ 021 4.94+0.11 5.33+0.11
hCB, [PH]CP55,940, 1 nM  5.25+0.03 4.80+0.24 4.84+0.07
hCB, [PH]WIN 552122, 1 nM 4.39 + 0.08 3.98+0.15 3.89+0.13

pK; values were derived from nonlinear analysis of competition curves
using [PHISR 141716A, [PHICP55,940 or [PHJWIN 55,212-2. Data
shown are mean = S.E.M. from three to six experiments performed in
triplicates.

cannabinoid CB; selective radioligand, [*H]SR 141716A,
was almost undetectable. Furthermore, competition studies
indicated that compounds WIN 55,212-2 and HU 210
efficiently displaced the [PH]JCP 55,940 specific binding
(pK; values of 8.74 £ 0.09 and 7.40 &+ 0.15, respectively)
whereas similar displacement was only obtained with high
concentrations of SR 141716A (pK; value of 5.78 £ 0.05).
In this model of rat spleen membranes, compounds
DML20, DML21 and DML23 behaved as weak compet-
itors as less than 30% displacement of [*H]CP 55,940
specific binding was obtained at a concentration of 100 pM
(not shown).

Similar results were obtained when studying the interac-
tion with the human cannabinoid CB, receptor expressed in
CHO cells. Thus, using the radioligand [’H]WIN 55,212-2
on membranes of these cells (K4 value of 12.0 + 1.3 nM and
Bmax Vvalue of 109.3 £ 10.1 pmol/mg prot), competition
studies using DML20, DML21 and DML23 yielded pK;
values similar to those found in membranes from rat spleen
(Table 2).

3.3. Modulation of [>’S]GTPyS binding by DML derivatives
at cannabinoid CB receptors

Evaluation of agonist-induced [*>S]GTPyS binding at
the cannabinoid CB; receptor was optimized on mem-
branes of rat cerebellum using the reference cannabinoid
agonist HU 210. Maximal induction of nucleotide specific
binding was obtained when the assay was performed with
20 pg protein resuspended in 0.5 ml (final volume) binding
buffer supplemented with 20 uM GDP. The functional
response to HU 210 and the other representative cannabi-
noids CP 55,940, WIN 55,212-2 and SR 141716A in these
conditions are shown in Fig. 3A and the pharmacological
data derived from these curves (maximal response and
ECso values) are summarized in Table 3. As expected,
HU 210, CP 55,940 and WIN 55,212-2 behaved as full
agonists, stimulating the [>>S]JGTPyS specific binding to
about 250% above basal. In contrast, SR 141716A showed
inverse agonist properties as it decreased the nucleotide
binding by 31 £2% as compared to basal. While the
nanomolar potency of the three full agonists was in
accordance with their affinity measured in competition
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Fig. 3. (A) Effect of HU 210 (#; full agonists), WIN 55,212-2 (A; full
agonists), CP 55,940 (®; full agonists), SR 141716A (M; inverse
agonist) and DML20 (A), DML 21 (&), DML23 (0), on [**S]GTPyS
binding on rat cerebella homogenates. Data are the mean from at least
three separate experiments, vertical lines show S.E.M. (B) Effect of HU
210 (#; full agonist), SR 141716A (M; inverse agonist) and DML20
(), DML21 (&), DML23 (0), on [**S]GTPyS binding on human
cannabinoid CB; receptors expressed in CHO cells. Data are the mean
from at least three separate experiments, vertical lines show S.E.M. (C)
Effect of CP 55,940 (®@; full agonist), SR 144528 (#; inverse agonist)
and DML20 (A), DML21 (¢), DML23 (0), on [**S]GTPyS binding
on human cannabinoid CB, receptors expressed in CHO cells. Data are
the mean from at least three separate experiments, vertical lines show
S.EM.

binding studies, the potency of SR 141716A was in the
submicromolar range (ECso of 445 nM corresponding to a
pECsq of 6.35 £ 0.15), more than two orders of magnitude
lower than its affinity. As shown in Fig. 3A and in Table 3,
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compounds DML20, DML21 and DML23 neither in-
creased nor decreased the [>°>S]GTPyS specific binding in
rat cerebellum membranes.

As DML20, DML21 and DML23 were shown to interact
with cannabinoid CB,; receptors without affecting
[**S]GTPyS binding, the competitive antagonist property
of these compounds was evaluated by measuring their
ability to inhibit the functional response to the cannabinoid
receptor agonist HU 210. As shown in Fig. 4A, the addition
of DML20, DML21 or DML23 (30 uM) was found to cause
parallel rightward shifts of the concentration—response
curve for the agonist. The concentration ratios of ECs
values obtained in the presence and in the absence of
antagonists were used to calculate their pKp values
(6.11 +£0.14, 6.25+0.06 and 5.74 £ 0.09 for DML20,
DML21 and DML23, respectively; Fig. 4A). Further anal-
ysis of this competitive antagonism was performed for
compound DML21. After analysis of the responses to HU
210 measured in the presence of increasing concentrations
of this antagonist (1-30 pM; Fig. 4B), it was possible to
estimate a pA, value for this antagonist of 6.16 £0.11
(slope of 1.11 + 0.06).

In complement to this characterization on rat cerebellum
membranes, the influence of DML derivatives on
[*>S]GTP~S specific binding was also evaluated in mem-
branes of transfected CHO cells expressing the human
cannabinoid CB; receptor (Fig. 3B). These experiments
have been validated using the reference agonist, HU 210
and the selective cannabinoid CB,; inverse agonist SR
141716A. While the amplitude of the responses to these
compounds was lower than in rat cerebellum membranes,
they both showed a higher potency that best correlated
with their respective affinities in this model. In these
transfected CHO cells, compounds DML20, DML21 and
to a lesser extend compound DML23 exhibit a robust
inverse agonist properties almost comparable to that of
SR 141716A. Thus, in the presence of these drugs, the
nucleotide binding was decreased by 50% to 80% as
compared to basal (Table 4).

Table 3
Functional response to reference cannabinoids and DML20, DML21 and
DML23 evaluated on membranes from rat cerebellum

Compounds Emax (%) ECso (nM)

HU 210 202 + 14 3.0 (1.2-7.8)
CP 55,940 260 + 38 33.2 (16.0-68.9)
WIN 55,212-2 232 +25 242 (92.2-635)
SR 141716A —31£2 445 (50-3937)
DML20 7+ 10* -
DML21 6+ 8" -
DML23 10+9* -

Concentrations response curves allowed to calculate ECs, values and the
amplitude of the maximal response (E..). Results are expressed as
percentages of stimulation above basal levels and ECs, values + S.E.M.

? Percentages of stimulation at the concentration of 10 pM of the
cannabinoid used.
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Fig. 4. (A) Determination of pKy values of DML20 (v), DML21 (A) and
DML23 (#) against HU 210 (O)-induced [**S]GTPyS binding in rat
cerebella homogenates. The HU 210 stimulation (from 10~ ° to 10~ '3 M)
curve is presented (O), 30 uM of DML20 (v), DML21 (A), and DML23
(#) induce a right-shift of the HU 210 stimulation curve. Data are the mean
from at least three separate experiments, vertical lines show S.E.M. (B)
Determination of pA, value of DML21 against HU 210-induced
[**S]GTPyS stimulation. The HU 210 stimulation (from 10~ ° to 10~ '*3
M) curve is presented (O), increasing concentrations of DML21 (A: 1 pM,
v: 3 puM, ¢ 10 pM, @: 30 pM) induce a right-shift of the HU 210
stimulation curve; the insert is the Schild plot giving the pA, value of
DML21. Data are the mean from at least three separate experiments,
vertical lines show S.E.M.

3.4. Influence of the receptor density on the modulation of
[’S]GTPyS binding by DML derivatives at human
cannabinoid CB; receptors expressed in CHO-cells

To clarify whether the discrepancy observed at rat and
human cannabinoid CB; receptors was related to the
differences of species (and consequently of receptor
sequences) or to the receptor density, two different clones
of CHO cells expressing distinct densities of the human
cannabinoid CB; receptor have been compared: the CB;-
C1 clone with a high receptor density (By.x of 44 pmol/
mg prot) and the CB;-C2 with a low receptor density
(Bmax of 3.2 pmol/mg prot). The modulation of
[**S]GTPyS binding was measured in response to either
HU 210, SR141716A, DML20, DML21 or DML23 (10
uM each). Whatever the receptor density, all the com-
pounds behaved in a similar fashion and in particular,
the DML20, DML21 and DML23 showed inverse ago-
nists properties at human cannabinoid CB; receptors
(Fig. 5A,B).

Table 4

Effects of reference cannabinoids and DML20, DML21 and DML23 on
[**S]GTPyS binding in membranes from transfected CHO cells expressing
either the human cannabinoid CB; or CB, receptors

Compounds Human CB; Human CB,

Emax (%) pECSO Emax (%) pECSO
Agonists
HU 210 67 £ 10 10.11 £ 0.21 46+ 6 9.22+0.18
CP 55,940 60+9 9.00 £ 0.58 57+4 841+£0.10
Diarylpyrazoles
SR 141716A -84 +1 8.00 + 0.05 -73+1 5.96 £0.02
SR 144528 —-30+3 6.42 +0.09 —-69+4 8.67+0.07
3-Alkyl-5,5-(diphenyl)-imidazolidinediones
DML20 —81+£1 5.47 £0.06 —65+2 5.01 £0.08
DML21 —74+2 5.31£0.09 —67 £3  4.67+£0.06
DML23 —54+3 5.37+0.03 —33+3 4.63+0.14

Results are expressed as percentages of stimulation above basal levels and
ECs values + S EEM., n=3-5.

3.5. Modulation of [>°S]GTPyS binding by DML derivatives
at cannabinoid CB; receptors

Despite their poor affinity for the cannabinoid CB,
receptor, the influence of DML20, DML21 and DML23
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Fig. 5. Influence of the receptor density on the modulation of [**S]GTPyS
binding by DML derivatives at human cannabinoid CB; receptors
expressed in CHO-cells using the CB;-Cl clone (B,.x of 44 pmol/mg,
A) and the CB;-C2 clone (Byax of 3.2 pmol/mg, B). The modulation of
[3SS]GTP~/S binding was measured in the presence of 10 uM of the
compounds (n=3-4). Data are the mean from at least three separate
experiments, vertical lines show S.E.M. One way ANOVA followed by a
Dunett post-test (*P<0.01).
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on the specific binding of [*>S]JGTPyS was evaluated on
membranes prepared from the rat spleen. Whatever the GDP
concentration or the protein concentration used, none of
these derivatives (at concentrations up to 100 pM) were
found to significantly affect the binding of the nucleotide.
More intriguingly, in the same assays, we were not able to
detect any increase in the [>*>S]JGTPyS specific binding by
the reference cannabinoid agonists HU 210, WIN 55212,2
and CP 55,940 (not shown).

Contrasting to the lack of functional responses to canna-
binoids observed in the rat spleen, a significant modulation
of [*>S]GTPyS by reference drugs acting at the cannabinoid
CB, receptor was detected in membranes from transfected
CHO cells expressing this receptor from a human origin
(Fig. 3C, Table 4). Thus, the nonselective agonist CP 55,940
and the cannabinoid CB, selective inverse agonist SR
144528 were shown to mediate a 60% increase and a 70%
decrease in the specific binding of the nucleotide, respec-
tively. Similarly to the results obtained at the human
cannabinoid CB; receptor, DML20, DML21 and DML23
showed inverse agonist properties in the CHO cells express-
ing the human cannabinoid CB, receptor. The rather low
potency of these drugs in this model was in accordance with
their weak affinity for this receptor subtype.

4. Discussion

Diarylimidazolidinedione derivatives actions at cannabi-
noid receptors have been discovered in our laboratory. The
interaction of DML compounds with cannabinoid receptors
was initially evaluated in [PH]SR 141716A competition
studies performed on membranes of transfected CHO cells
expressing the human cannabinoid CB; receptor (Kanyonyo
et al.,, 1999). Albeit the affinity of these compounds was
weaker than the highly potent synthetic cannabinoids such
as HU 210 and CP 55,940, these molecules belong to a new
chemical class, with an original structure, unrelated to other
previously described cannabinoids. Among the diarylimida-
zolidinediones previously characterized (Kanyonyo et al.,
1999), three of these new cannabinoid ligands—3-(2-ethyl-
morpholino)-5,5’-di( p-bromophenyl)-imidazolidinedione
(DML20), 3-(1-hydroxypropyl)-5,5-di( p-bromophenyl)-
imidazolidinedione (DML21) and 3-heptyl-5,5'-di( p-bro-
mophenyl)-imidazolidinedione (DML23)—were selected
and compared to the reference cannabinoids HU 210, CP
55,940, SR 141716A and SR 144528. First, their selectivity
towards the two subtypes of cannabinoid receptors and
towards animal species (human and rat) was studied. In
the rat, brain and spleen homogenates have been used as
sources of cannabinoid CB; and CB, receptors, respectively.
While the absence of cannabinoid CB, receptors is well
documented in the central nervous system of the adult rat
(Pertwee, 1999), the presence or the absence of cannabinoid
CB, receptors in the spleen is still under debate. In our
hands, in spleen homogenates, a specific binding of the

nonselective radioligand [PH]CP 55,940 was detected while
no specific binding of the cannabinoid CB; selective radio-
ligand [*H]SR 141716A was measured, indicating that
mostly cannabinoid CB, receptors are expressed in the
spleen. The affinity for human cannabinoid receptors has
been evaluated using transfected CHO cells expressing
selectively either the human cannabinoid CB; or CB,
receptors. Compared to natural tissues and especially the
spleen, these cell models present the great advantage of the
selectivity of the cannabinoid receptor present.

Here, we showed that in both species, DML20, DML21
and DML23 exhibited some selectivity for the cannabinoid
CB, receptors. Indeed, whatever the radioligand used or the
source of cannabinoid receptors (human or rat), the pK;
values of DML20, DML21 and DML23 were superior for
cannabinoid CB; receptors achieving a selectivity factor
varying from 9 to 27. The affinity values obtained for the
human cannabinoid CB; receptor were lower than previ-
ously reported (Kanyonyo et al., 1999). However, we used
in the present study a new hCB;-CHO cell clone provided
by Euroscreen which is much less sensitive to some canna-
binoids such as WIN 55,212-2 and related compounds.

As Kearn et al. (1999) have shown that [*H]SR
141716A, an inverse agonist, labels the active and inactive
cannabinoid CB; receptors, the agonist [P"H]CP 55,940 was
also used in the characterization of DML20, DML21 and
DML23. Again, in both species, these three compounds
displaced more efficiently the specific binding of [*H]SR
141716A rather than the specific binding of [*H]CP 55.,940.
In addition, in the presence of 50 uM GppNHp, a non-
hydrolysable analogue of GTP, the affinity of DML deriv-
atives was unaffected. Taken together, these results indicate
that DML20, DML21 and DML23 do not act as agonists of
cannabinoid receptors. More interesting, the analysis of the
displacement curves obtained in the rat cerebellum in the
presence or in the absence of GppNHp for HU 210 and CP
55,940 revealed the presence of two classes of binding sites.
This was previously observed by Sim-Selley et al. (2001)
for SR 141716A. These authors proposed that SR 141716A
binds to two sites of the cannabinoid CB, receptor: a high-
affinity binding site at which SR 141716A exerts a com-
petitive agonism and a lower affinity site at which its exerts
its inverse agonism properties.

To further characterize the pharmacology of DML20,
DML21 and DML23, their effect on the [*>S]GTPyS
binding was measured to determine whether these com-
pounds act as agonists, partial agonists, inverse agonists
or neutral antagonists. In rat cerebella homogenates, HU
210, WIN 55,212-2 and CP 55,940 behaved as full
agonists: their E,,,x varying from 158% to 243% above
basal levels. Even CP 55,940, previously reported by
Griffin et al. (1998) as a partial agonist was, in our
hands, able to robustly activate the receptor with an £,
of 243 £ 36% and fulfils the criteria of an agonist. The
inverse agonist (negative intrinsic activity) properties of
SR 141716A first described in transfected CHO cells



S.J. Govaerts et al. / European Journal of Pharmacology 495 (2004) 43-53 51

expressing the human cannabinoid CB,; receptor (Boua-
boula et al.,, 1997; Landsman et al., 1997) and also
described in the rat (Griffin et al., 1998; Kearn et al.,
1999) were confirmed in our study. Thus, this compound
was found to decrease the nucleotide binding by 29%
with an ECsy of 445 nM. This moderate potency of SR
141716A in inhibiting the receptor intrinsic activity con-
trasts with its particularly high (nanomolar) affinity mea-
sured in radioligand binding assays in the same model
and in identical conditions (buffer, temperature...). In-
deed, some discrepancy between cannabinoid agonist
affinity and potency was previously reported (Breivogel
and Childers, 2000). However, previous characterization
of the inverse agonist properties of SR 141716A revealed
a considerable higher potency (Pan et al., 1998). The
ability of DML20, DML21 and DML23 to modulate the
[**S]GTPyS binding on rat cerebella homogenates was
tested up to 10 uM concentration. As shown in Fig. 3A
and in Table 3, DML20, DML21 and DML23 do not
affect the [*>S]GTPyS binding, indicating that they prob-
ably act as antagonists. As the DML compounds were not
able to modify the specific binding of [*>S]GTPyS
binding, the antagonist properties of DML20, DML21
and DML23 on rat cerebella homogenates were confirmed
by measuring their ability to inhibit the functional re-
sponse to a full agonist HU 210. Although complete
inhibition of HU 210-mediated nucleotide binding was
not obtained, the rightward displacement of the dose—
response curve clearly revealed the competitive antago-
nism of DML20, DML21 and DML23. As expected from
their relative affinities for the CB; receptor, DML21 was
the most potent antagonist among the three imidazolidi-
nediones. In this model, DML20, DML21 and DML23
behave as neutral antagonists.

In rat spleen preparations, neither HU 210 nor WIN
55,212-2 promoted the [>>S]GTPyS binding despite repeat-
ed assays in several experimental conditions (varying GDP
concentration, protein concentration). To our knowledge, a
similar attempt has never been reported in the literature
while the [**S]GTPvS binding assay for cannabinoid CB,
receptors has been performed on transfected cells only, the
absence of stimulation of the [*>S]GTPyS binding in the
spleen remains unsolved.

As neutral antagonism appears unusual, a similar
[**S]GTP~S assay has been performed in human cannabi-
noid hCB;-CHO homogenates, a model where SR 141716A
exhibits robust inverse agonist properties (MacLennan et al.,
1998; Portier et al., 1999; Rinaldi-Carmona et al., 1998).
DML20 and DML21 exhibited inverse agonists properties
with amplitude similar to the one of SR 141716A. The E, .«
were between — 54% and — 81%. The E,., value for SR
141716A was — 84%. May the discrepancy between the
results obtained in rat cerebellum and in the human canna-
binoid CB receptors transfected cells with the DML com-
pounds be due to the differences of species (and
consequently of receptor sequences) or to the receptor

density? To address this last hypothesis, the modulation of
[*>S]GTPyS was measured using the two clones of human
cannabinoid hCB-CHO cells with distinct receptor densi-
ties. The reference cannabinoid agonist HU 210 was able to
positively stimulate the [>>S]GTP+S in both clones; how-
ever, the stimulation was the highest when the receptor
density was the lowest. In contrast, the stimulation by HU
210 was found similar in the rat cerebella homogenates and
in the human cannabinoid CB;-C2 clone. Regarding the
effect of the inverse agonist SR 141716A, the opposite
picture was observed: the more pronounced inverse agonist
effect was observed when the receptor density was the
highest. These data might suggest that, in a cell culture
model where the cannabinoid receptors are overexpressed,
the G-proteins prone to be activated were somewhat satu-
rated. The levels of expression of cannabinoid CB; recep-
tors were similar in the C2 clone (B,x = 3.2 pmol/mg prot)
and in the rat cerebellum (B..x=3.31 pmol/mg prot).
Interestingly, in both clones of human cannabinoid CB;
receptors, DML compounds are inverse agonists. It can be
concluded that the receptor density is not the cause of the
discrepancy of the behaviour of DML compounds. Probably
the differences in the sequences or the transduction machin-
ery in the expression system might be the origin of this
difference in behaviour. Based on a cannabinoid CB;
receptor mutants and on molecular docking studies, Hurst
et al. (2002) proposed that the lysine residue 3.28 (192) is
playing a pivotal role for the inverse agonist properties of
SR 141716A. Along this line, it seems elegant to suggest
that lysine environment is somewhat different in the human
and in the rat cannabinoid receptor, albeit a 97% homology
in sequences is known. A close examination of both rat and
human sequences indicate that considering the seven trans-
membrane domains, only one residue in the second helix is
different in the rat sequence compared to the human one.
This amino acid does not seem to be close to the residues
involved in the R* state of the model of SR 141716A
interaction proposed by Hurst et al. (2002). However, in the
extracellular or intracellular tails, major changes occur and
may contribute to the difference of amplitude of the inverse
agonism effect observed in rat and human cannabinoid CB;
receptors.

Albeit their affinity for cannabinoid CB, receptors is
very low, the sensitivity of the [*>S]GTP+S assay allows
determining the properties of DML compounds on human
cannabinoid hCB,-CHO homogenates. Here too, DML20,
DML21 and DML23 share the same inverse agonists
properties with E,, range between —33% and — 67%.
The amplitude of the effect of SR 144528 was — 69%.

If the armamentarium of cannabinoid ligands is quite
large for agonists, only few so-called antagonists have been
reported. They have been recently reviewed by Barth and
Rinaldi-Carmona (1999) and by Adam and Cowley (2002).
Beside the diarylpyrazole compounds from Sanofi-Synthe-
labo and their variants (Gatley et al., 1998; Stoit et al.,
2002), only an aminoalkylindole 6-iodopravadoline (AM
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630) (Hosohata et al., 1997; Landsman et al., 1998) was
described and fully characterized. All seem to display
inverse agonist properties, when such properties have been
investigated. Here, we reported with DML20, DML21 and
DML23 a new chemical cannabinoid template which, de-
spite modest affinity, exhibits a selectivity for the cannabi-
noid CB; receptor, acts as an inverse agonist in human
cannabinoid recombinant receptors, and could either consti-
tute new tool for cannabinoid pharmacology or new lead
compound for medicinal chemistry developments. They
may provide also new pharmacological tools to investigate
the molecular determinants of the inverse agonism and of
the neutral antagonism at cannabinoid CB; receptors.
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