British Journal of Pharmacology (1999) 128, 684 -688

© 1999 Stockton Press Al rights reserved 0007 -1188/99 $15.00

http://www.stockton-press.co.uk/bjp

Cannabinoid agonists and antagonists discriminated by receptor

binding

in rat cerebellum

*!Graeme Griffin, 'Emma J. Wray, 'Billy R. Martin & 'Mary E. Abood

"Department of Pharmacology and Toxicology, Medical College of Virginia, Virginia Commonwealth University, Richmond,
Virginia, VA 23298, U.S.A.

Keywords:

Abbreviations:

1 The effect of allosteric regulators on the binding affinity of a number of cannabinoid receptor
ligands of varying efficacy in the rat cerebellum was investigated.

2 Radioligand ([’H]-SR141716A) competition curves were constructed in the presence or absence
of sodium ions, magnesium ions and guanine nucleotides.

3 It was found that the presence of these allosteric regulators did not affect the affinity of the two
antagonists used but did cause a significant decrease in the affinity of full and partial agonists.

4 This reduction in affinity ranged from a 3.67 fold rightward shift of the displacement curve of a
mixed agonist/antagonist (3-(6-cyano-2-hexynyl)-delta-8-tetrahydrocannabinol-O-823) to a 38 fold
rightward shift for 3-(1,1-dimethyl-6-dimethylcarboxamide)-delta-8-tetrahydrocannabinol (O-1125),
a full agonist.

5 In summary, the results of this study suggest a simple method for the inference of functional data
using the classical radioligand binding assay.

Radioligand binding; [*H]-SR141716A; CB, receptors; cannabinoids; efficacy; rat cerebellum; allosteric
regulation

BSA, fatty acid free bovine serum albumin; CB;, central cannabinoid receptor; CB,, peripheral cannabinoid
receptor; CP 55,940, (—)-3-[2-hydroxyl-4-(1,1-dimethylheptyl)-phenyl]-4-[3 hydroxypropyl] cyclohexan-1-ol;
GTPyS, guanosine 5-O-(3-[**S]-thio)-triphosphate; HU-210, (—)-11-hydroxy-delta-8-tetrahydrocannabinol-1,1-
dimethylheptyl; 0-689, 2-methylarachidonyl-(2'-fluoroethyl)amide; O-806, 3-(6-bromo-2-hexynyl)-A-THC; O-
823, 3-(6-cyano-2-hexynyl)-A®-THC; O-1125, 3-(1,1-dimethyl-6-dimethylcarboxamide)-AS-THC; O-1238, 3-(6-
Azido-2-hexenyl)-A*-THC; 0O-1302, N-(piperidin-1-yl)-1-(2,4,dichlorophenyl)-4-methyl-5-(4 pentylphenyl)-1H-
pyraxole-3-carboxamide; SR141716A, N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamidehydrochloride; THC, tetrahydrocannabinol; WIN 55212-2, (R)-(+)-[2,3-dihydro-5-
methyl-3-[(4-morpholinyl)methyl]pyrolo[1,2,3-de]-1,4-benzoxazin-6-yl](1-naphthalenyl)methanone

Introduction

Since the isolation of delta-9-tetrahydrocannabinol as the
principal psychoactive constituent of marijuana (Gaoni &
Mechoulam, 1964), the field of cannabinoid pharmacology has
developed from the study of psychoactive drugs to the
characterization of an endogenous system. The principal
findings to date include the discovery of two specific G-protein
coupled receptors (termed CB, and CB,) and the isolation of
several endogenous ligands for these receptors, the best
characterized of which is an ethanolamide derivative of
arachidonic acid known as anandamide (Matsuda et al.,
1990; Munro et al., 1993; Devane et al., 1992). The synthesis of
numerous receptor ligands and the development of suitable
assays with which to investigate both these ligands and the
receptors themselves has been integral to our increased
understanding of this field.

The radioligand binding assay has been used extensively to
assess the affinity of ligands at CB, and CB, receptors (Devane
et al., 1988; Showalter et al., 1996). However, the major
drawback of the binding assay is an inability to confer
functional information regarding the ligand, whether it is an
agonist or an antagonist. It has long been established for many
G-protein coupled receptors that the binding of agonists may
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be decreased by allosteric regulators such as sodium ions and
guanine nucleotides in accordance with the two-state model of
receptor binding, and similarly, that antagonists are not
affected by such regulation (Devane et al., 1988; Pert et al.,
1973; Childers & Snyder, 1980). In 1994, Rinaldi-Carmona et
al. (1994) announced the development of SR141716A, a high
affinity CB,-selective cannabinoid antagonist. The subsequent
radiolabelling of this compound has allowed radioligand
binding assays using a labelled antagonist rather than the
labelled agonists which had previously been used, examples of
which are [*H]-CP 55,950, [PH]-WIN 55212-2 and [*H]-HU-243
(Devane et al., 1988, 1992; Kuster et al., 1993). A recent report
by Houston & Howlett (1998) used the tritiated form of
SR141716A to extensively investigate the effects of sodium
ions and a non-hydrolyzable guanine nucleotide on the binding
of two cannabinoid receptor agonists, desacetyllevonantradol
and WIN 55212-2. Other extensive studies have also been
carried out using this compound and several subtle differences
between agonist and antagonist cannabinoid receptor binding
have been observed (Thomas et al., 1998). However, the
development of this compound also presents the possibility of
a novel type of cannabinoid binding assay. As previously
stated, the ability of certain ions and guanine nucleotides to
decrease the affinity of efficacious receptor ligands whilst
leaving antagonists unaffected may now be exploited by the use
of a radioligand that should itself be affected by these allosteric
modulators of binding.
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Our laboratory has previously presented data regarding
the efficacies of many cannabinoid receptor ligands in the
GTPyS binding assay using rat cerebellar membranes (Griffin
et al, 1998, 1999), known to contain a very high
concentration of CB; receptors (Herkenham et al., 1991). In
this study, we have investigated the possibility of a
relationship between a compounds efficacy and the influence
of allosteric regulators on its binding to cannabinoid
receptors in order to determine whether such a method may
be applied as a first-step functional assay for cannabinoid
receptor ligands.

Methods

Cerebella from male Sprague-Dawley rats were extracted on
ice and pooled. Membrane homogenates were then prepared as
previously described (Griffin et al., 1998), with the exception
that a sodium-free buffer (50 mm Tris HCl, 3 mm MgCl,,
1 mM EDTA, pH 7.4) was used throughout the homogeniza-
tion and freezing process.

The methods used for radioligand binding were essentially
those described by Compton er al. (1993) with minor
exceptions. Binding was initiated by the addition of 20 ug
membrane protein to siliconized tubes containing 0.35 nM
[*H]-SR141716A, the competing ligand and a sufficient volume
of buffer A (mm): Tris HCI 50, MgCl, 3, EDTA 1, 0.1 % BSA,
pH 7.4); buffer B (mm) Tris HC1 50, MgCl, 9, EDTA 1, NaCl
150, GDP 100, GTPyS 0.05, 0.1% BSA, pH 7.4, or buffer A
including one (mM) of NaCl 150, MgCl, 9, GDP 100, GTPyS
0.05 to bring the total volume to 0.5 ml. The composition of
buffer B was designed to exactly duplicate the conditions used
for the GTPyS binding experiments on which most of the
efficacy information is based. Total binding of [*H]-
SR141716A to rat cerebellar membranes was linear at protein
concentrations from 10 to 80 ug 0.5 ml~'. Specific binding
reached a plateau above 30 ug 0.5 ml~'. Therefore, 20 ug
0.5 ml of rat cerebellar membrane was used in all assays. The
addition of 1 um SR141716A was used to assess non-specific
binding.

Materials

Male Sprague-Dawley rats (150—250 g) were obtained
from Harlan (Dublin, VA, U.S.A)). GDP and GTPyS
were purchased from Boehringer Mannheim (Indianapolis,
IN, U.S.A). [PH]-SR141716A (55 Ci mmol~') was pur-
chased from Amersham (Arlington Heights, 1L, U.S.A.).
Other reagent grade chemicals were obtained from Sigma
(St. Louis, MO, U.S.A.). A’-tetrahydrocannabinol (A°’-
THC) was obtained from the National Institute on Drug
Abuse. CP 55,940, CP 55,244 and SR 141716A were
provided by Pfizer Inc. (Groton, CT, U.S.A.), HU-210 was
provided by Prof Raphael Mechoulam (Hebrew University,
Jerusalem, Israel) and WIN 55212-2 was purchased from
Research Biochemicals International (Natick, MA, U.S.A.).
Anandamide, 0-689 (2-methylarachidonyl-(2'-fluoroethyl)
amide), 0-806 (3-(6-bromo-2-hexynyl)-A3-THC), O-823 (3-
(6-cyano-2-hexynyl)-A*-THC), O-1125 (3-(1,1-dimethyl-6-di-
methylcarboxamide)-delta-8-tetrahydrocannabinol), 0O-1238
(3-(6-Azido-2-hexenyl)-A®-THC) and O-1302 (N-(piperidin-
1 -yl)-1- (2,4,dichlorophenyl) -4-methyl-5- (4-pentylphenyl)-1H-
pyraxole-3-carboxamide) were synthesized by Dr Raj
Razdan (Organix, Inc., Woburn, MA, U.S.A). Al
compounds were stored as 1 mg ml~' solutions in ethanol
at —20°C.

Data analysis

Data are reported as means+s.e.means of three to eight
experiments, each performed in triplicate. B, and K, values
obtained from Scatchard analysis of saturation binding curves
were determined by the KELL package of binding analysis
programs for the Macintosh computer (Biosoft, Milltown, NJ,
U.S.A.). Displacement ICs, values were determined originally
by unweighted least-squares non-linear regression of log
concentration-percentage of displacement data and then
converted to K; values using the method of Cheng & Prusoff
(1973). Statistical comparisons of K; values were achieved
using unpaired two-tailed Students z-test (P <0.05).

Results

Saturable, high affinity binding was obtained with [*H]-
SR141716A in rat cerebellar membranes, compatible with a
single site (Hill coefficient=1.07 (buffer A) 1.09 (buffer B)).
The saturation experiments were conducted with [*H]-
SR141716A concentrations of 0.1-5 nM, and the K, value
was calculated to be 0.36+0.05 nM and the B,.. to be
4394047 pmol mg~! protein using buffer A and
0.35+0.10 nM and 4.80+0.25 pmol mg protein using buffer
B. The [*H]-SR141716A K, and the B,.. values were not
significantly affected by the change of buffer (Unpaired
Students f-test, two-tailed, P <0.05). The compounds used for
this study were selected for their range of efficacies, based
predominantly on their activities in the GTPyS binding assay
in rat cerebellar membranes. We have previously described
SR141716A as a cannabinoid receptor antagonist in this assay
(Griffin et al., 1998). O-1302, a structural derivative of
SR141716A, also acts as a competitive cannabinoid receptor
antagonist, antagonising WIN 55212-2- and CP 55,940-
stimulated GTPyS binding with a Kz value of 0.23 (0.07—
0.79) nM (Data not shown). It is also devoid of agonist activity
in vivo (B.R. Martin, unpublished results). O-806 and O-823
also antagonize cannabinoid receptor agonists in the GTPyS
binding assay, but O-823 has previously been described as a
very low efficacy partial agonist and both are moderately active
in vivo (Griffin et al., 1999; Pertwee et al., 1996; B.R. Martin,
unpublished results), hence their classification as mixed
agonists/ antagonists at the CB; receptor. THC and
anandamide stimulate GTPyS binding with low efficacy,
whereas 0-689, CP 55,940 and O-1238 stimulate GTPyS
binding to a significantly greater level, hence their listings as
medium efficacy partial agonists. Finally, we have previously
described CP 55,244, WIN 55212-2, HU-210 and O-1125 as
full agonists in the GTPyS binding assay (Griffin ez al., 1998,
1999). The structure of each of these compounds is shown in
Figure 1.

In order to compare the affinities of ligands in the presence
or absence of various allosteric modulators of binding, two
buffers were used. Buffer A was a standard assay buffer used
for binding experiments, containing solely Tris HCl, EDTA
and a low concentration of magnesium ions whereas buffer B
was identical to that used for the GTPyS binding experiments,
containing GDP, GTPyS, sodium ions and an increased
concentration of magnesium ions as well as Tris HCl and
EDTA. The initial experiments conducted used a full agonist,
WIN 55212-2, and compared its affinity in either buffer A,
buffer B or in buffer A containing one of the additional
moieties found in buffer B in order to assess the individual
contributions to any overall effect which may be seen (Figure
2). Table 1 shows the K; values of WIN 55212-2 calculated
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Figure 1 Structure of compounds used in this study.

Table 1 Effects of varying the buffer composition on the K;
value of WIN 55212-2 in rat cerebellar membranes

Buffer used WIN 55212-2 K;
Buffer A 11.1+3.77
Buffer A+ 150 mmMm NacCl 16.9+4.53
Buffer A+9 mm MgCl, 13.9+1.18
Buffer A+ 100 um GDP 329459.0
Buffer A+0.05 nm GTPyS 166+52.0
Buffer B 400+ 143

Buffer A (mm): Tris HCl, 50; MgCl,, 3; EDTA, 1; 0.1%
BSA, pH 7.4; Buffer B: Tris HCI, 50 mm; MgCl,, 9 mwm;
EDTA, 1 mmMm; NaCl, 150 mm; GDP, 100 um; GTPyS
0.05 nMm; 0.1% BSA, pH 7.4. All K; values are expressed in
nM as the means+s.e.means of 3-6 experiments each
performed in triplicate.

under each of these conditions. The presence of sodium ions
and magnesium ions both caused a non-significant reduction in
the observed affinity of WIN 55212-2 (unpaired two-tailed
Students z-test (P <0.05)). The guanine nucleotides GDP and
GTPyS, however, both caused a significant reduction in the
affinity of WIN 55212-2, as did buffer B which contained all of
the individual factors. In every case, the Hill slopes were not
affected.

Having shown the ability of buffer B to cause a 36 fold
reduction in the affinity of WIN 55212-2, a full agonist, the
affinity of a range of other compounds of mixed efficacies were
then tested in either buffer A or buffer B. The results from
these experiments are shown in Table 2. Figure 3 shows the
dissociation curves obtained with an antagonist, SR141716A
(Figure 3A), a low efficacy partial agonist, THC (Figure 3B), a
medium efficacy partial agonist, CP 55,940 (Figure 3C) and a
full agonist, O-1125 (Figure 3D). It was found that buffer B
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Figure 2 Effect of different experimental conditions on the ability of
WIN 55212-2 to displace [*H]-SR141716A in rat cerebellar
membranes. The data are expressed as percentage displacement of
specific binding; 0.35 nm [°H]-SR141716A was the concentration of
radioligand used. Non-specific binding was measured in the presence
of 1 um SR141716A. Data points are the means+s.e.mean of 3—7
experiments performed in triplicate.

caused significant reductions in the affinity of all compounds
tested except SR141716A and O-1302, the two antagonists.
There was also a trend observed whereby the greater the
efficacy of the agonist, the greater the rightward shift of the
displacement curve. This observation was not universal with
the compounds used in this study, the notable exception being
CP 55,244. CP 55,244 acts as a full agonist in the GTPyS
binding assay but was markedly less affected by the various
allosteric modulators than the other full agonists used.

Discussion

The results presented in this report confirm the ability of
various allosteric regulators of binding to directly affect the
affinity of cannabinoid receptor agonists, confirming previous
observations (Devane et al., 1988; Kuster et al., 1993; Pacheco
et al., 1994). Interestingly, sodium and magnesium ions did not
have as great an effect on agonist affinity in this study
compared with these previous studies. This may be due largely
to the different experimental conditions used in this study, and
the difference in the experiment conducted. The previous
studies measured differences in specific binding of the
radiolabelled agonist, WIN 55212-2, as opposed to displace-
ment of a radiolabelled antagonist by WIN 55212-2. In
contrast, the guanine nucleotides GDP and GTPyS had a
much greater effect. The affinities of the two antagonists used,
SR141716A and O-1302, were unaffected by the presence of
sodium or magnesium ions or guanine nucleotides. From the
results of this study, therefore, it would appear that
manipulation of the assay conditions used for the radioligand
binding assay may be used as a predictive measure of
cannabinoid receptor ligand efficacy.

Although there does not appear to be a direct correlation
between the degree of the rightward shift of a ligand’s
displacement curve and its efficacy, there is a general trend
observed with the lowest efficacy compounds affected the least
and the highest efficacy compounds the most. This would be
consistent with the two-state model of receptor activation.
Assuming that higher efficacy, full agonists bind preferentially
to the active state of the receptor, any experimental conditions
reducing the number of active receptors (buffer B) will likely
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Table 2 Effect of varying the buffer composition on the K; values of cannabinoid receptor ligands in rat cerebellum

Eax (% stimula- K;/nm K,/nm
Classification Compound tion of GTPgS (Buffer A) (Buffer B) K; ratio
binding )

Antagonist SR141716A N/A 0.31+0.08 0.25+0.05 0.81
0-1302 N/A 0.184+0.03 0.22+0.03 1.22

Mixed agonist/antagonist 0-806 N/A 0.90+0.08 3.304+0.13 3.67%*
0-823 N/A 0.66+0.41 3.744+1.20 5.67*

Low efficacy partial agonist THC 51 (46-571)' 68.7+4.68 463+102 6.72%
Anandamide 45 (32-58)*° 170 +36.6 1620 +252 9.53*

Medium efficacy partial agonist 0-1238 58 (44-73)° 4.63+0.61 34.06+2.23 7.35%*
0-689 97 (55-140)* 489+13.2 571+178 11.67*
CP 55,940 114 (97-131) 4.81+1.06 47.449.61 9.52%*

High efficacy full agonist HU-210 140 (117-152)* 0.3740.12 5.61+3.12 15.16%
O-1125 165 (150-181)° 1.16+0.12 44.1+7.55 37.98**
WIN 55212-2 156 (144-169) 11.1+3.77 400+ 143 36.13*
CP 55,244 165 (148-183) 0.21+0.04 1.354+0.11 6.43%*

*P<0.05 (unpaired Student’s t-test, two-tailed); **P<0.01 (unpaired Student’s r-test, two-tailed). *Griffin es al., 1998; *Griffin et al.

1999; “Unpublished data; 10 uM GDP; 210 uM GDP, No sodium.
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Figure 3 Displacement of bound [*H]-SR141716A from rat
cerebellar membranes by SR141716A (A), THC (B), CP 55,940 (C)
and O-1125 (D) in the presence of buffer A or buffer B. The data are
expressed as percentage displacement of specific binding; 0.35 nm
[PH]-SR141716A was the concentration of radioligand used. Non-
specific binding was measured in the presence of 1 um SR141716A.
Data points are the means +s.e.mean of 4—8 experiments performed
in triplicate.

have a greater effect on the affinity of these compounds than
those whose binding may be more evenly distributed between
different states of the receptor. The evaluation of further
compounds using this methodology may more fully explore the
possibility of a direct relationship between efficacy and the
extent of allosteric regulation of binding.

The major exception to this observation is CP 55,244, a full
agonist in several functional assay systems, which is affected by
these allosteric regulators markedly less than the other full
agonists used. Why this should be is presently unclear.
Interestingly, the other bicyclic compound examined in this

series, CP 55,940, also showed somewhat less of an affinity
reduction than other agonists of comparable efficacies. This
may reflect significant differences in the way by which these
ligands bind to the receptor and/or the means by which they
induce the conformational change required to activate the
receptor. However, this is speculative and further experiments
with these compounds are required to satisfactorily explain
this difference.

Our previous work with cannabinoid ligands has suggested
that the range of efficacies of these compounds is vast, ranging
from antagonists through to full agonists. However, using the
GTPyS binding assay, several compounds have acted as
competitive receptor antagonists in this assay whereas these
compounds have clearly been demonstrated to possess efficacy
and act as partial agonists, an example being the previously
discussed O-823, in other assays. Our previous explanation for
this finding related to the very low efficacy of such compounds,
and an inability to detect this in the GTPyS assay even when
using conditions favoring lower efficacy (for example, by
decreasing the GDP concentration and thus increasing the
number of receptors in the active state) (Griffin ez al., 1998).
The results of this study further support this possibility, with
the very low degree of rightward shift of the displacement
curve of O-823. If O-823 was acting as a true antagonist, then
it may be anticipated that the use of the two different assay
buffers in these experiments should not affect the affinity of this
compound. However, the small shift of the displacement curve
does suggest a preference of binding to the active form of the
receptor, as for an agonist, and therefore the lack of a
detectable agonist effect. Similarly the appearance of a
competitive antagonist effect in the GTPyS binding assay may
reflect action as a silent ligand. In another tissue, however,
which may be relatively richer in active receptors, a significant
degree of agonism may then be seen.

There has been debate recently as to whether SR141716A
acts as a neutral antagonist, or as an inverse agonist, at the CB;
receptor. Our results in this study, both in the saturation
experiments and the displacement studies show that the
various allosteric regulators of binding used in this study do
not affect the binding of this compound. Were SR141716A
acting as an inverse agonist, it may have been anticipated that
its affinity would be increased in the presence of buffer B, with
a greater proportion of receptors in the inactive state and thus
favoring the binding of a inverse agonist (Leff, 1995).
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However, this was not seen and would support the hypothesis
that SR141716A is a neutral antagonist under the conditions
used in these experiments.

In summary, the results of this study suggest a possible basis
for which the radioligand binding assay may be used as an
initial step in the assessment of efficacy of a cannabinoid
receptor ligand, allowing the delineation of antagonists (such
as SR141716A) and partial agonists (such as THC or
anandamide) or full agonists (such as WIN 55212-2). With
the development of a radiolabelled, high affinity antagonist for
the CB, receptor (for example, SR144528 (Rinaldi-Carmona et
al., 1998)) it may also be possible to apply this method to
tissues or cells containing CB, receptors thus providing a much
needed simple functional assay for CB, selective ligands.
Moreover, these studies indicate that the pharmacological
activity of cannabinoids may well be dictated by the receptor
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