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1 A number of side-chain analogues of D8-THC were tested in GTPgS binding assay in rat
cerebellar membranes. O-1125, a saturated side-chain compound stimulated GTPgS binding with an
Emax of 165.0%, and an EC50 of 17.4 nM.

2 O-1236, O-1237 and O-1238, three-enyl derivatives containing a cis carbon-carbon double bond
in the side-chain, stimulated GTPgS binding, acting as partial agonists with Emax values ranging
from 51.3 ± 87.5% and EC50 values between 4.4 and 29.7 nM.

3 The stimulatory e�ects of O-1125, O-1236, O-1237 and O-1238 on GTPgS binding were
antagonized by the CB1 receptor antagonist SR 141716A. The KB values obtained ranged from
0.11 ± 0.21 mM, suggesting an action at CB1 receptors.

4 Five-ynyl derivatives (O-584, O-806, O-823, O-1176 and O-1184), each containing a carbon-
carbon triple bond in the side-chain, did not stimulate GTPgS binding and were tested as potential
cannabinoid receptor antagonists.

5 Each -ynyl compound antagonized the stimulatory e�ects of four cannabinoid receptor agonists
on GTPgS binding. The KB values obtained, all found to be in the nanomolar range, did not di�er
between agonists or from cerebellar binding a�nity.

6 In conclusion, alterations of the side-chain of the classical cannabinoid structure may exert a
large in¯uence on a�nity and e�cacy at the CB1 receptor.

7 Furthermore, this study con®rms the ability of the GTPgS binding assay to assess discrete
di�erences in ligand e�cacies which potentially may not be observed using alternative functional
assays, thus providing a unique tool for the assessment of the molecular mechanisms underlying
ligand e�cacies.
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Abbreviations: CP 55,940, (7)-3-[2-hydroxyl-4-(1,1-dimethylheptyl)-phenyl]-4-[3-hydroxypropyl]cyclohexan-1-ol; D8-THC,
delta-8-tetrahydrocannabinol; HU-210, (7)-11-OH-delta-8-tetrahydrocannabinol-dimethylheptyl; O-584, 3-(2-
Octynyl)-delta-8-tetrahydrocannabinol; O-689, 2-Methylarachidonyl-(2'-¯uoroethyl)amide; O-806, 3-(6-bromo-2-
hexynyl)-delta-8-tetrahydrocannabinol; O-823, 3-(6-cyano-2-hexynyl)-delta-8-tetrahydrocannabinol; O-1125, 3-
(1,1-dimethyl-6-dimethylcarboxamide)-delta-8-tetrahydrocannabinol; O-1176, 3-(6-isothiocyano-2-hexynyl)-delta-
8-tetrahydrocannabinol; O-1184, 3-(6-azido-2'-hexenyl)-delta-8-tetrahydrocannabinol; O-1236, 3-(6-bromo-3-
hexenyl)-delta-8-tetrahydrocannabinol; O-1237, 3-(6-cyano-3-hexenyl)-delta-8-tetrahydrocannabinol; O-1238,
3-(6-azido-3-hexenyl)-delta-8-tetrahydrocannabinol; [35S]-GTPgS, guanosine-5'-O-(3-[35S]-thio)-triphosphate;
THC, Delta-9-tetrahydrocannabinol; SR 141716A, N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-1H-pyrazole-3-carboxamidehydrochloride; WIN 55212-2, (R)-(+)-[2,3-dihydro-5-methyl-3-[(4-morpho-
linyl)methyl]pyrolo[1,2,3-de]-1,4-benzoxazin-6-yl](1-naphthalenyl)methanone

Introduction

Delta-9-tetrahydrocannabinol (THC) has long been recog-
nized as the major psychoactive component of marijuana. It
exerts a diverse range of pharmacological e�ects in both

animals and man, with these e�ects thought to be largely
mediated through two subtypes of cannabinoid receptor, CB1

and CB2 (Pertwee, 1997). One consequence of the discovery of

receptor subtypes for cannabinoid ligands has been an ongoing
attempt to produce subtype-selective ligands, from antagonists
through high e�cacy, high potency agonists. This continuing

synthesis of novel cannabinoid receptor ligands is enabling a
gradual understanding of the structural components which
confer a�nity and e�cacy to a ligand as well as speci®city for

one or other cannabinoid receptor subtype (Showalter et al.,
1996; Compton et al., 1993; Martin et al., 1995).

Agonist binding to cannabinoid receptors has previously

been demonstrated to stimulate guanosine-5'-O-(3-[35S]-thio)-
triphosphate ([35S]-GTPgS) binding in membrane preparations
and in brain slices (Sim et al., 1995; Selley et al., 1996). This

technique has been employed for the functional characteriza-
tion of both cannabinoid receptor agonists and antagonists.
We have previously reported the activity of several cannabi-

noid receptor ligands, agonists and antagonists using this assay
(Gri�n et al., 1998). One notable di�erence between this assay
and other functional models is the activity of THC. Other

studies, for example those using smooth muscle preparations,
have shown THC to behave as a full agonist (Pertwee &
Gri�n, 1995) whereas in the [35S]-GTPgS binding assay, THC
produces very little stimulation of binding (Sim et al., 1996;*Author for correspondence.
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Burkey et al., 1997; Gri�n et al., 1998). The reasons for this
apparently lower e�cacy of THC in the GTPgS binding assay
are yet to be fully understood. THC has also been

demonstrated to antagonize the e�ects of WIN 55212-2, a
cannabinoid receptor agonist, in rat brain membrane
preparations (Selley et al., 1996).

The classical cannabinoid tricyclic structure, for example

that of THC, has been extensively studied using molecular
modelling and structure-activity relationships with regards to
the individual molecular components which contribute

towards the overall activity of a compound. These studies
have enabled an improved understanding of ligand-receptor
coupling, and have led to the development of the three-point

model of cannabinoid receptor interaction (for review, see
Martin et al., 1995). This model, in part, demonstrates the
importance of the aliphatic side-chain of the THC molecule.

This is further supported by the production of high a�nity
and high potency cannabinoid compounds such as HU-210
and CP 55,940, which both contain dimethylheptyl side-
chains rather than the pentyl side-chain of THC. Previously,

it has been reported that 3-(6-cyanohexynyl)-delta-8-tetra-
hydrocannabinol (O-823), a structural analogue of delta-8-
tetrahydrocannabinol (D8-THC) with modi®cations centred in

the side-chain and depicted in Figure 1, acts as a partial
agonist at CB1 receptors and exhibits agonist and/or
antagonist activity depending on the model used. In the

myenteric-plexus longitudinal muscle preparation of the
guinea-pig ileum (MP-LM), O-823 acted as a cannabinoid
receptor antagonist with an equilibrium dissociation constant

(KB) value that correlated with its CB1 binding a�nity
(Ki=0.77+0.05 nM). However, in the mouse vas deferens, O-
823 acted as a highly potent partial agonist unless the tissues
were made tolerant to THC, whereupon O-823 acted as a

cannabinoid receptor antagonist, with a KB comparable to
that observed in the MP-LM preparation (Pertwee et al.,
1996). This high a�nity/low e�cacy combination is unique in

cannabinoid pharmacology to date and may represent the
potential for a new class of cannabinoid compounds. The
purpose of this study was to further characterize the

pharmacological activity of this compound, as well as other
novel, structurally similar compounds. Additionally, the e�ect
of structural modi®cations of the side-chain on the e�cacy of
cannabinoid receptor ligands at the CB1 receptor was

investigated.

Methods

Materials

Male Sprague-Dawley rats (150 ± 250 g) were obtained from
Harlan (Dublin, VA). GDP and GTPgS were purchased from

Boehringer Mannheim (Indianapolis, IN, U.S.A.). [35S]-
GTPgS (1000 ± 1200 Ci mmol71 was purchased from New
England Nuclear (Boston, MA, U.S.A.). [3H]-SR141716A
(55 Ci mmol71) was purchased from Amersham (Arlington

Heights, IL, U.S.A.). Other reagent grade chemicals were
purchased from Sigma (St. Louis, MO, U.S.A.). D8-THC was
obtained from the National Institute on Drug Abuse (NIDA).

(7) - 3 -[2-hydroxyl-4-(1,1-dimethylheptyl)-phenyl]-4-[3-hydro-
xypropyl]cyclohexan-1-ol (CP 55,940) and N - (piperidin-1-yl)-
5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl -1H - pyra-

zole-3-carboxamidehydrochloride (SR 141716A) were gener-
ously provided by P®zer Inc., Groton, CT, (7)-11-OH-delta-
8-tetrahydrocannabinol-dimethylheptyl (HU-210) was gener-
ously provided by Prof Raphael Mechoulam (Hebrew

University, Jerusalem, Israel) and (R)-(+)-[2,3-dihydro-5-
methyl-3-[(4-morpholinyl)methyl]pyrolo[1,2,3-de]-1,4 - benzox-
azin-6-yl](1-naphthalenyl)methanone (WIN 55212-2) was pur-

chased from Research Biochemicals International (Natick,
MA, U.S.A.). 3-(2-Octynyl)-delta-8-tetrahydrocannabinol (O-
584), 2-Methylarachidonyl-(2'-¯uoroethyl)amide (O-689), 3-(6-
bromo-2-hexynyl)-delta-8-tetrahydrocannabinol (O-806), 3-(6-

cyano-2-hexynyl)-delta-8-tetrahydrocannabinol (O-823), 3-
(1,1-dimethyl-6-dimethylcarboxamide)-delta-8- tetrahydrocan-
nabinol (O-1125), 3-(6-isothiocyano-2-hexynyl)-delta-8-tetra-

hydrocannabinol (O-1176), 3-(6-azido-2'-hexenyl)-delta-8-
tetrahydrocannabinol (O-1184), 3-(6-bromo-3-hexenyl)-delta-
8-tetrahydrocannabinol (O-1236), 3-(6-cyano-3-hexenyl)-delta-

8-tetrahydrocannabinol (O-1237) and 3-(6-azido-3-hexenyl)-
delta-8-tetrahydrocannabinol (O-1238) were synthesized by Dr
Raj Razdan (Organix, Inc., Woburn, MA, U.S.A.). All

compounds were stored as 1 mg ml71 solutions in ethanol at
7208C.

Membrane preparation

Cerebella were dissected on ice from three freshly decapitated
male Sprague-Dawley rats. The tissue was then homogenized

in centrifugation bu�er (mM; Tris HCl 50, EGTA 1, MgCl2 3;
pH 7.4) and the homogenate centrifuged at 48,0006g for
20 min at 48C. The pellet was then resuspended in GTPgS
assay bu�er (mM: Tris HCl 50, MgCl2 9, EGTA 0.2, NaCl
150; pH 7.4), homogenized, and centrifuged at 48,0006g for
20 min at 48C. The ®nal pellet was then resuspended in

GTPgS assay bu�er, homogenized, and diluted to a
concentration of approximately 2 mg ml71 with assay bu�er.
Membrane homogenates were also prepared from the
remaining brain regions (whole brain minus the cerebellum)

in an identical fashion. Cerebellar membranes to be used for
radioligand binding experiments were resuspended in binding
bu�er A (mM; Tris-HCl 50, EDTA 1, MgCl2 3, 1 mg ml71

fatty acid bovine serum albumin (BSA), pH 7.4). The protein
concentrations of membrane preparations were determined
by the method of Bradford (1976). Aliquots were then stored

at 7808C.

[35S]-GTPgS binding

The methods for measuring agonist-stimulated [35S]-GTPgS
binding were adapted from those of Sim et al. (1995). Rat
cerebellar membranes (10 mg) were incubated in assay bu�er,

or in sodium-free assay bu�er, containing 0.1% BSA with
GDP, [35S]-GTPgS (0.05 nM) and either cannabinoids or an
ethanol control in siliconized glass tubes. Two concentrations

of GDP were used: 100 mM for all experiments except those
using O-1236 and O-1237 (10 mM). Additionally any
compound producing no stimulation of GTPgS binding at

100 mM was also tested with the lower GDP concentration
(results not shown). This was done as a reduction in the GDP
concentration has been previously shown to increase the
stimulation of GTPgS binding produced by lower e�cacy

agonists (Gri�n et al., 1998). The total assay volume was
0.5 ml which was incubated at 308C for 30 min, with the
exception of experiments using HU-210 which were incubated

for 60 min at 308C. Previous observations have demonstrated
this to be optimum for HU-210-stimulation of [35S]-GTPgS
binding (Gri�n et al., 1998). The reaction was terminated by

addition of 2 ml ice-cold wash bu�er (mM; Tris HCl 50,
MgCl25; pH 7.4) followed by rapid ®ltration under vacuum
through Whatman GF/C glass-®bre ®lters using a 12-well
sampling manifold. The tubes were washed once with 2 ml of
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ice-cold wash bu�er, and the ®lters were washed twice with
4 ml of ice-cold wash bu�er. Filters were placed into 7 ml
plastic scintillation vials and 5 ml BudgetSolve scintillation

¯uid added (RPI Corp., Mount Prospect, IL, U.S.A.). After
shaking for 1 h, bound radioactivity was determined by
liquid scintillation. Non-speci®c binding was determined
using GTPgS (10 mM). Basal binding was assayed in the

absence of agonist and in the presence of GDP. The
stimulation by agonist was de®ned as a percentage increase
above basal speci®c binding levels (i.e. [(d.p.m. (ago-

nist)7d.p.m. (no agonist))/d.p.m. (no agonist)]6100). Ex-
periments with whole brain (minus cerebellum) membrane
homogenates were conducted identically to those using

cerebellar membranes except 20 mg of protein were used
rather than 10 mg.

Radioligand binding

The methods used for radioligand binding were essentially
those described by Compton et al. (1993) with minor

exceptions. Binding was initiated by the addition of 20 mg
membrane protein to siliconized tubes containing [3H]-
SR 141716A and a su�cient volume of binding bu�er A to

bring the total volume to 0.5 ml. O-584 or O-1184 (0.01 nM±
1 mM) were also included for competition experiments, which
were performed either in binding bu�er A or GTPgS assay

bu�er containing GDP (100 mM) and GTPgS (0.05 nM)
identical assay conditions as those used for GTPgS binding
experiments. The addition of SR 141716A (1 mM) was used to

assess non-speci®c binding. Following incubation (308C for
1 h) binding was terminated by the addition of 2 ml of ice-
cold binding bu�er B (Tris-HCl (50 mM), 1 mg ml71 BSA;
pH 7.4) and vacuum ®ltration through Whatman GF/C

®lters (pretreated with polyethyleneimine (0.1%) for at least
4 h). Tubes were then rinsed with 2 ml of ice-cold binding
bu�er B, which was also ®ltered, and the ®lters were

subsequently rinsed twice with 4 ml of ice-cold binding bu�er
B. Before radioactivity was quantitated by liquid scintillation
spectrophotometry, ®lters were shaken for 1 h in 5 ml

scintillation ¯uid.

Data analysis

Data are reported as means+s.e.mean of 4 ± 8 experiments,
performed in triplicate. Non-linear regression analysis of
concentration-response data was performed using Prism 2.0

software for the Macintosh (GraphPad Software, San Diego,
CA, U.S.A.) in order to calculate and compare Emax and EC50

values. The equilibrium dissociation constant (KB) for the

interaction of the antagonist and the receptor has been
calculated from the equation KB=[B]/(dose ratio71), where
[B] is the concentration of the antagonist used in the

experiment (Schild, 1949). In experiments involving multiple
concentrations of antagonist, the KB value was calculated
from Schild plots of the data (Schild, 1949). KB and EC50

values are presented with 95% con®dence limits indicated by

parentheses. Bmax and KD 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 IC50 values were determined originally by
unweighted least-squares non-linear regression of log con-

centration-percentage of displacement data and then con-
verted to Ki values using the method of Cheng & Pruso�
(1973). Students t-test, two-tailed (unpaired) was used for
comparison of Ki values (P50.05).

Results

E�ects of D8-THC analogues on [35S]-GTPgS binding

D8-THC, O-584, O-806, O-823, O-1125, O-1176, O-1184, O-

1236, O-1237 and O-1238 (Figure 1) were tested for their
ability to stimulate [35S]-GTPgS binding in rat cerebellar
membrane preparations. At a GDP concentration of 100 mM,

it was found that only O-1125 and O-1238 produced a
concentration-dependent stimulation of [35S]-GTPgS binding
(Figure 2A). O-1125 stimulated binding with a maximal

stimulation (Emax) of 165.0+12.8% and an EC50 of 17.4
(12.0 ± 26.5) nM (95% con®dence limits are indicated by
parentheses). O-1238 stimulated binding with an Emax of

58.3+8.5% and an EC50 of 29.7 (14.2 ± 59.0) nM. In order to
establish whether an inability to stimulate binding was due to
low e�cacies of the other compounds, similar experiments
were carried out with a lower GDP concentration (10 mM).

Under these conditions, O-1236 [Emax=87.5+9.7% and
EC50=16.6 (10.1 ± 30.6) nM] and O-1237 [Emax=51.3+5.5%
and EC50=4.4 (2.5 ± 7.1) nM] also produced a concentration-

Figure 1 Chemical structures.
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dependent stimulation of [35S]-GTPgS binding (Figure 2B). At
this GDP concentration, the Emax and EC50 values of O-1238
were not signi®cantly a�ected (Emax of 52.1+6.8% and an

EC50 of 10.6 (2.40 ± 46.6) nM). Compounds which still did not
produce any stimulation of binding (The-ynyl compounds, O-
584, O-806, O-823, O-1176, O-1184 and D8-THC) were then
tested in the absence of sodium ions at this lower GDP

concentration. None of these compounds stimulated [35S]-
GTPgS binding under these conditions (data not shown).

Ability of the CB1 receptor antagonist, SR 141716A, to
attenuate agonist-induced stimulation of [35S]-GTPgS
binding

The ability of the CB1-selective antagonist, SR 141716A
(Rinaldi-Carmona et al., 1994), to attenuate the e�ects of O-

1125, O-1236, O-1237 and O-1238 was investigated.
SR 141716A, at concentrations of 3 nM (experiments with O-
1236, O-1237 and O-1238) and 10 nM (O-1125) was found to
antagonize the agonist e�ects of each of these compounds. The

equilibrium dissociation constants (KB values), of SR 141716A
calculated in the presence of O-1236, O-1237, O-1238 and O-
1125 were calculated to be 0.18 (0.14 ± 0.23) nM, 0.11 (0.03 ±

0.29) nM, 0.15 (0.08 ± 0.29) nM and 0.21 (0.12 ± 0.35) nM,
respectively. These values do not di�er signi®cantly from each
other and suggest that each compound is acting via the same

receptor, which is likely to be CB1. These values also agree with
those previously found in the rat cerebellum using other
cannabinoid receptor agonists such as CP 55,940 and

WIN 55212-2 (Gri�n et al., 1998).

Antagonism of agonist-stimulated [35S]-GTPgS binding

The aim of these experiments was to investigate the ability of
those compounds which did not stimulate [35S]-GTPgS binding
to antagonize the ability of CP 55,940, HU-210, WIN 55212-2

and the metabolically stable anandamide analogue, 2-
Methylarachidonyl-(2'-¯uoroethyl)amide (O-689), to stimulate
[35S]-GTPgS binding. O-689 was chosen as anandamide has

been demonstrated to produce no signi®cant stimulation of
[35S]-GTPgS binding in rat cerebellar membrane preparations
whereas O-689 has been shown to signi®cantly stimulate

binding (Gri�n et al., 1998). CP 55,940, WIN 55212-2 and
HU-210 were chosen as these compounds are very potent and
have been well characterized in several cannabinoid functional
assays, including the [35S]-GTPgS binding assay (Gri�n et al.,

1998). Furthermore, the four compounds represent each of the
major structural classes of cannabinoid receptor agonist ±
bicyclics, tricyclics, aminoalkylindoles and eicosanoids (Figure

1). O-584 (Figure 3), O-823 (Figure 4) and O-1184 (Figure 5)
all produced a concentration-dependent antagonism of
agonist-stimulated GTPgS binding. The nature of the observed

antagonism was usually that of parallel rightward shifts of
agonist concentration response curves, with no reduction in
the Emax of the agonist (from non-linear regression analysis).

However, as a result of the low potency of WIN 55,212-2, it is
not possible to determine whether the Emax of the agonist was
a�ected in the presence of O-823 (100 nM) (Figure 4A).
Multiple concentrations of O-584, O-823 and O-1184 (30, 100

and 300 nM) were used in the presence of HU-210 in order to
construct Schild plots, the slopes of which did not deviate
signi®cantly from unity. Furthermore, the KB values calculated

from the Schild plots did not di�er between the agonists used
(Table 1) or from binding a�nity in rat whole brain (B.R.
Martin, unpublished results). As it appears that the KB values

of the D8-THC analogues are largely consistent in their action
on agonists of di�erent structural classes, in subsequent
experiments, WIN 55212-2 was chosen for analysis of

antagonism. O-1176, O-806 and D8-THC each produced a
parallel rightward shift of WIN 55212-2-stimulation of GTPgS
binding, consistent with that observed with a competitive
reversible antagonist. The KB values, calculated from the

Schild equation, are shown in Table 1. Using whole brain
(minus cerebellum) membranes, O-584 and O-1184 antag-
onized WIN 55212-2-stimulation of GTPgS binding, with KB

values of 3.23 (1.64 ± 5.67) nM (O-584) and 2.23 (1.13 ± 3.82)
nM (O-1184). These values were not signi®cantly di�erent to
those obtained using cerebellar membranes.

Figure 2 E�ect of O-1236, O-1237, O-1238 and O-1125 on [35S]-GTPgS binding. (A) Concentration-response curves of O-1125 and
O-1238 constructed in the presence of GDP (100 mM). (B) Concentration-response curves of O-1236 and O-1237 conducted in the
presence of GDP (10 mM). Data represent percentage stimulation over basal levels. Results are presented as means+s.e.mean for
n=3±4 experiments.
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Radioligand binding studies

In order to address whether the potencies of the D8-THC
analogues correlated with their binding a�nity, radioligand
binding studies were carried out. Total binding of [3H]-

SR 141716A to rat cerebellar membranes displayed a linear
relationship at protein concentrations from 10 ± 80 mg 0.5 ml71

(data not shown). Speci®c binding reached a plateau above
30 mg 0.5 ml71. Therefore, 20 mg 0.5 ml71 of rat cerebellar

membrane was used in all assays. Speci®c binding to
membranes averaged 82% at a radioligand concentration of
0.5 nM. Saturation experiments were conducted with radi-

oligand concentrations of 0.1 ± 5 nM and the KD value
calculated to be 0.36+0.05 nM and a Bmax of
4.39+0.49 pmol mg71. The data ®tted with a one-site model.

These values agree with previously reported data obtained in
the cerebellum (Hirst et al., 1996).

As the binding of competitive antagonists such as [3H]-

SR 141716A is una�ected by sodium ions and guanine
nucleotides (Rinaldi-Carmona et al., 1996), it was of interest
to determine the e�ects of these regulators on the binding of O-
584 and O-1184 in order to assess whether they also acted as

competitive receptor antagonists. This was achieved by
comparing Ki values obtained from experiments conducted in
either binding bu�er A (sodium-and GDP/GTPgS-free) or in

GTPgS assay bu�er containing GDP (100 mM) and GTPgS

(0.05 nM) (Figure 6). Ki values calculated from experiments
using binding bu�er A were 5.17+1.19 and 1.98+0.31 nM for

O-584 and O-1184 respectively. Ki values calculated from
experiments using GTPgS assay bu�er were 37.54+2.88 and
9.58+0.37 nM for O-584 and O-1184 respectively. These

values are signi®cantly di�erent from those calculated in the
absence of sodium and guanine nucleotides (Table 2). The
rightward shifts of the displacement curves of O-584 and O-
1184 in the presence of GTPgS assay bu�er were 7.26 and 4.84

fold respectively. In contrast, Ki values of SR 141716A were
not a�ected by the presence of guanine nucleotides and sodium
ions (Ki (Binding bu�er A)=0.46+0.09 nM; Ki (GTPgS assay

bu�er)=0.40+0.08 nM) (Table 2).

Discussion

The purpose of this study was to investigate the activities of

a range of structural analogues of D8-THC in the [35S]-
GTPgS binding assay in rat cerebellar membranes and to
evaluate the role of the side-chain of D8-THC in determining
receptor e�cacy. The structural modi®cations all centred on

the aliphatic side-chain of the D8-THC molecule and
included varying the degree of saturation of the side-chain
and the addition of various substituent groups to the

terminal carbon.

Figure 3 E�ect of O-584, at a concentration of 100 nM on the mean concentration-response curves of WIN 55212-2, HU-210, O-
689 and CP 55,940. Data represent percentage stimulation over basal levels. Results are presented as means+s.e.mean for n=3±5
experiments.
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At high GDP concentrations (100 mM), it was found that

only two compounds, 3-(1,1-dimethyl-6-dimethylcarboxa-
mide)-D8-THC (O-1125) and 3-(6-azido-2-hexenyl)-D8 ± THC
(O-1238), produced stimulation of [35S]-GTPgS binding. O-

1125 acted as a full potent agonist with an e�cacy comparable
to other full agonists in the GTPgS binding assay (CP 55,244,
HU-210 and WIN 55212-2), and a potency comparable to CP

55,940 (Gri�n et al., 1998). O-1238 produced a lower maximal
stimulation of binding (60% basal levels as opposed to 165%
for O-1125). However, when the GDP concentration was
reduced to 10 mM, which may favour lower e�cacy agonists, as

previously shown with THC (Gri�n et al., 1998), the bromo-
(O-1236) and cyano- (O-1237) homologues to O-1238 also
stimulated binding, acting as partial agonists. The activity of

O-1238 was not a�ected as a result of this change in GDP
concentration. SR 141716A was found to antagonize the
e�ects of O-1125, O-1236, O-1237 and O-1238 with consistent

KB values. These KB values correlate with those previously
found using other cannabinoid receptor agonists in cerebellar
membranes (Gri�n et al., 1998). These ®ndings suggest the

likelihood that these compounds act at a single receptor site,
CB1. The remaining compounds were also tested at 10 mM
GDP and in the absence of sodium ions. Reducing the
concentration of sodium ions in the assay may further increase

the stimulatory e�ect of low e�cacy agonists as sodium ions
have been shown to modulate the a�nity of the receptor for
the G-protein, reduce spontaneous receptor/G-protein cou-

pling and to increase the inhibitory in¯uence of GDP on basal

levels of GTPgS binding (Kenakin, 1996; Weiland & Jacobs,

1994). A recent study, (Petitet et al., 1997), demonstrated that
in the absence of sodium, THC and other low e�cacy agonists
such as cannabinol, produced a signi®cant stimulation of

binding. However, removing the sodium ions did not increase
the ability of the remaining compounds to stimulate [35S]-
GTPgS binding in this study. Due to a lack of detectable

agonist e�ect, each compound was then tested for its ability to
antagonize one or more standard cannabinoid receptor
agonists including CP 55,940, WIN 55212-2, HU-210 and O-
689.

All compounds tested in this way, the -ynyl compounds (O-
584, O-806, O-823, O-1176 and O-1184), and D8-THC
attenuated the e�ects of each of the agonists used. O-584, O-

823 and O-1184 each acted as surmountable antagonists,
con®rmed by the use of multiple concentrations of antagonist
in the presence of a single agonist. Construction of Schild plots

yielded slopes which did not di�er from unity. D8-THC, O-806
and O-1176 produced a parallel rightward shift of the
WIN 55212-2 concentration-response curve without a�ecting

the maximal response of the agonist, consistent with the
possibility of competitive antagonism. The KB values obtained
for O-584 and O-1184 did not di�er signi®cantly from the
binding a�nities in rat cerebellum. Furthermore, radioligand

binding experiments conducted in a CB1-transfected cell line
demonstrate that the Ki values for these compounds do not
di�er signi®cantly from those obtained in the cerebellum (G.

Gri�n, unpublished results). This suggests that the binding, at

Figure 4 E�ect of O-823, at concentrations of 30, 100 and 300 nM on the mean concentration-response curves of WIN 55212-2,
HU-210, O-689 and CP 55,940. Data represent percentage stimulation over basal levels. Results are presented as means+s.e.mean
for n=4 experiments.
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least for these two compounds, re¯ects an activity solely at CB1

receptors. In general, it was found that O-584, O-823 and O-
1184 were equally e�ective in attenuating the stimulatory

e�ects on GTPgS binding of WIN 55212-2, CP 55,940, HU-
210 and O-689.

The results of the experiments with this series of compounds

demonstrates the importance, and a possible role, of the
aliphatic side-chain of D8-THC, and by inference, other
classical cannabinoid structures such as THC and HU-210.

Previously, extending the length of the side chain has been
shown to increase the a�nity and potency of cannabinoid
receptor ligands for the CB1 receptor and was postulated to be
one of the three key points of THC for receptor interaction

(Martin et al., 1995). An example is the extension of the pentyl

D8-THC side-chain to a dimethylheptyl. This alteration results
in a 10 ± 30 fold potency increase in vivo and a 60 fold increase
in a�nity of the molecule (Martin et al., 1995). Furthermore,

an identical side-chain is found on other high-potency, high-
a�nity cannabinoid receptor ligands such as HU-210, CP
55,940 and CP 55,244. This study investigated two aspects of

this side-chain. Firstly, the importance of the degree of
saturation of the side chain was examined (D8-THC and O-
1125 have saturated side-chains; O-1236, O-1237 and O-1238

all contain a cis-double bond within the side chain and the
remaining compounds all contain a triple bond). The
lengthening of the D8-THC side-chain, in the cases of O-584
and O-1184, increased the a�nity of the ligand for the CB1

receptor over the parent molecule (O-584 ± 5.17 nM, O-1184 ±

Figure 5 E�ect of O-1184, at a concentration of 100 nM on the mean concentration-response curves of WIN 55212-2, HU-210, O-
689 and CP 55,940. Data represent percentage stimulation over basal levels. Results are presented as means+s.e.mean for n=4±8
experiments.

Table 1 Equilibrium dissociation constants (KB values) of O-584, O-823, O-1184, O-806, O-1176 and D8-THC calculated in the
presence of four cannabinoid receptor agonists

Analogue
WIN 55212-2

(nM)
HU-210
(nM)

Fluoromethanadamide
(nM)

CP 55,940
(nM)

O-584
O-823
O-1184
D8-THC
O-1176
O-806

3.40 (2.16 ± 5.08)
0.97 (0.46 ± 1.71)
4.47 (3.04 ± 6.36)
70.67 (41.29 ± 118.48)
11.93 (8.03 ± 18.15)
0.63 (0.39 ± 1.01)

3.17 (1.09 ± 7.06)
0.25 (0.05 ± 0.66)
1.62 (1.44 ± 1.83)

N.D.
N.D.
N.D.

2.58 (0.93 ± 5.51)
1.82 (1.14 ± 2.83)
2.98 (0.61 ± 8.53)

N.D.
N.D.
N.D.

3.21 (1.01 ± 7.52)
4.85 (4.41 ± 5.38)
2.97 (1.02 ± 10.78)

N.D.
N.D.
N.D.

The data are expressed as nM with the 95% con®dence limits indicated by parentheses. n=5±7 experiments. The concentrations of
antagonist used in these experiments ranged from 30 ± 300 nM. N.D., not determined.
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1.98 nM compared to D8-THC Ki=295 nM (Hirst et al., 1996)).

Similarly, the other compounds in the series also display an
increased a�nity over D8-THC in whole rat brain (B.R.
Martin, unpublished results). However, despite the high

a�nity exhibited by all of these compounds (in the low
nanomolar range), there was a distinct pattern of e�cacies
observed. The saturated side-chain analogue, O-1125, was a

potent, high e�cacy agonist; the double bond (-enyl)
compounds were all partial agonists and the triple bond (-
ynyl) compounds antagonists. This trend suggests that
although lengthening the D8-THC side-chain increases a

compound's a�nity for the CB1 receptor, irrespective of the
substituent group used (at least with the compounds used in
this study), the e�cacy of the compound is decreased as the

degree of unsaturation of the aliphatic side-chain increases.
The presence of single bonds throughout the side chain would
likely confer a very ¯exible nature to this part of the molecule

whereas the presence of cis-double bonds would increase its
rigidity, particularly around the double bond. Similarly, the
presence of a triple bond may increase this rigidity even

farther, across four carbon atoms and also in a more linear
conformation. It is possible, therefore, that the steric
conformation of the side-chain may be integral to the intrinsic
e�cacy, rather than the a�nity of, the cannabinoid receptor

ligand at the CB1 receptor. Further structural modi®cations
are required to fully test this hypothesis. The second aspect of
the study was to investigate how substituent groups on the

terminal carbon of the side-chain may a�ect the activity of the

compound. Of the substitutions examined in this study (Br-,
CN- and N3- in the double bond series and H-, Br-, CN-, N3-

and NCS- in the triple bond series) there were no dramatic
alterations in potency (double bond compounds) or KB values
(triple bond compounds).

An important point raised by both this study, and our
previous one (Gri�n et al., 1998) is the ability of the GTPgS
binding assay to predict how a cannabinoid receptor ligand

will behave in other functional assays. This was not an aim of
this particular project, due to the assay conditions used, but
certain comparisons are worth noting. Preliminary studies
using the mouse tetrad model have demonstrated the

compounds used in this study to behave as a mixture of
agonists (O-1125, O-1236, O-1237, O-1238 and O-584), partial
agonists (O-1184) and inactive compounds (O-806, O-1176 and

O-823) (B.R. Martin, unpublished results). For high and
medium e�cacy agonists such as O-1236, O-1237, O-1238 and
O-1125, activities between di�erent functional assays appears

relatively straightforward, as it does with compounds of very
low e�cacy or pure antagonists (for example, O-806, O-823,
O-1176 and SR 141716A). However, with compounds such as
O-584 and O-1184 the relationship between ability to stimulate

GTPgS binding and agonist activity in other functional assays
is less direct. The reasons for this are not immediately obvious
and several possibilities exist. There may be a di�erent

population of receptors involved in the whole brain (mouse
tetrad model) and the cerebellum (GTPgS binding). However,
O-584 and O-1184 behaved almost identically in GTPgS
binding experiments using either whole brain (minus cerebel-
lum) or cerebellar membranes suggesting that the receptors
involved were identical between the two models.

It is also possible that in an assay which measures a variable
at the end of the signal transduction cascade rather than at the
level of receptor-G-protein coupling, there is su�cient signal
ampli®cation through the signal transduction cascade to

produce a measureable response. This would be more likely
to a�ect lower e�cacy agonists than those of higher e�cacies.
This di�erentiation has been seen previously with the GTPgS
assay using THC as an example, a compound relatively
inactive in the GTPgS binding assay, but a full agonist in other
assays, such as in smooth muscle models (Sim et al., 1996;

Pertwee & Gri�n, 1995). We have previously discussed the

Figure 6 Displacement of bound [3H]-SR 141716A from cerebellar membranes by O-1184 and O-584 in the presence of binding
bu�er A or GTPgS assay bu�er. The data are presented as percentage of displacement of speci®c binding; 0.35 nM [3H]-SR 141716A
was the concentration of radioligand used. Non-speci®c binding was measured in the presence of SR 1417167A (1 mM). Data points
are the means+s.e.mean of three experiments performed in triplicate.

Table 2 Comparison of Ki values of SR 141716A, O-584,
and O-1184 in the rat cerebellum in the presence and
absence of sodium ions (150 mM) and guanine nucleotides
(GDP 100 mM and 0.05 nM GTPgS)

Analogue

Rat
cerebellum

(nM)

Rat cerebellum (in presence
of Na+ and guanine
nucleotides) (nM)

O-584
O-1184
SR 141716A

5.17+1.19
1.98+0.31
0.46+0.09

37.5+2.88***
9.58+0.37***
0.40+0.08

***P50.0001, unpaired Student's t-test, two-tailed. The
data are expressed as nM+s.e.mean for n=4±5 experiments.

Determinants of efficacy in D8-THC analogues1582 G. Griffin et al



bias of our experimental conditions towards high-e�cacy
compounds such as CP 55,940 and WIN 55212-2, maximizing
the stimulation obtained with these compounds, and con-

currently reducing the stimulation obtained from lower e�cacy
compounds such as THC (Gri�n et al., 1998). Changing the
experimental conditions, for example by reducing the GDP
concentration may allow e�cacy agonists to displace GDP

from the G-protein and thus enable a stimulation of [35S]-
GTPgS binding not seen at higher GDP concentrations. This
relationship has been previously demonstrated with other G-

protein coupled receptors such as m-opioid receptors (Selley et
al., 1997) and has also been observed in this study with the
compounds O-1236 and O-1237. It is possible that O-584 and

O-1184 in particular, but also O-823, may have even lower
e�cacies than these compounds and therefore they may not be
able to stimulate signi®cant GTPgS binding under these

conditions. In contrast, in a model such as an in vivo paradigm,
what may be a very low G-protein signal is potentially
ampli®ed by the signal transduction cascade su�ciently to
produce signi®cant agonism. In an attempt to test this

hypothesis, radioligand binding was carried out in the
cerebellum using [3H]-SR 141716A. It has previously been
shown with both opioid and cannabinoid receptors that the

presence of guanine nucleotides and sodium ions decreases the
binding of agonists but not antagonists (Childers & Snyder,
1980; Rinaldi-Carmona et al., 1996). Therefore, displacement

studies were conducted with SR 141716A, O-584 and O-1184
in identical conditions to the GTPgS binding experiments, or in
the absence of guanine nucleotides and sodium ions. It was

found that in the presence of sodium ions, GDP and GTPgS,
the Ki of both O-584 and O-1184 was reduced by 7.26 fold and
4.84 fold respectively whereas the Ki of SR 141716A was
una�ected. This supports the possibility that O-584 and O-

1184 may indeed be agonists, and it is simply the very low

e�cacy of these compounds which results in the lack of
stimulatory e�ect on [35S]-GTPgS binding with the assay
conditions used in this study.

However, the main aim of this study was to examine
potential e�cacy di�erences resulting from alterations of the
D8-THC side-chain, rather than to directly predict the exact
behaviour of a compound in an alternative functional assay.

For this reason, our assay conditions were designed to
maximize e�cacy di�erences between compounds, with lower
e�cacy agonists, such as THC, producing little or no

stimulation of GTPgS binding and concurrently maximizing
the stimulation of binding produced by higher e�cacy
compounds (Gri�n et al., 1998).

In summary, the results contained in this study demonstrate
several important points. Firstly, lengthening the aliphatic
side-chain of the classical cannabinoid structure increases

a�nity for the CB1 receptor. Secondly, the steric conformation
of this side-chain, and speci®cally its rigidity and orientation in
the region immediately adjoining the A ring of the D8-THC
molecule, greatly a�ects the e�cacy of the molecule at the CB1

receptor. The results also demonstrate how this assay may be
of particular value in examining e�cacy di�erences between
receptor ligands. In light of the paucity of potent, selective

cannabinoid ligands of varying e�cacies, this may prove to be
important in the development of such ligands by providing a
means with which to evaluate the structural mechanisms

behind drug e�cacy.

This work was supported in part by National Institute on Drug
Abuse Grants DA-09978, DA-05274, DA-09789 and the Council for
Tobacco Research Grant CTR-4482.
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