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ABSTRACT
Cannabinoid receptors couple to both Gs and Gi proteins and
can consequently stimulate or inhibit the formation of cAMP. To
test whether there is specificity among cannabinoid receptor
agonists in activating Gs- or Gi-coupled pathways, the potency
and intrinsic activity of various cannabinoid receptor ligands in
stimulating or inhibiting cAMP accumulation were quantified.
The rank order of potencies of cannabinoid receptor agonists in
increasing or inhibiting forskolin-stimulated cAMP accumula-
tion, in CHO cells expressing hCB1 receptors, was identical
(HU-210 . CP-55,940 . THC . WIN-55212–2 . anandamide).
However, the activities of these agonists were different in the
two assays with anandamide and CP-55,940 being markedly
less efficacious in stimulating the accumulation of cAMP than in

inhibiting its formation. Studies examining the effects of fors-
kolin on cannabinoid receptor mediated stimulation of adenyly
cyclase also revealed differences among agonists in as much
as forskolin enhanced the potency of HU-210 and CP-55,940
by ;100-fold but, by contrast, had no effect on the potency of
WIN-55212–2 or anandamide. Taken together these findings
demonstrate marked differences among cannabinoid receptor
agonists in their activation of intracellular transduction path-
ways. This provides support for the emerging concept of ago-
nist-specific trafficking of cellular responses and further sug-
gests strategies for developing receptor agonists with
increased therapeutic utility.

CB receptor agonists can produce analgesic, antiemetic
and anxyolitic actions. However, because of their psychoac-
tive properties and their other adverse effects on cognition
and motor behavior, the therapeutic utility of the currently
available agonists is limited (Abood and Martin, 1996; Ad-
ams and Martin, 1996; Hollister, 1986; Howlett, 1995; Pert-
wee, 1995). Moreover, because all of the behavioral effects of
CB receptor agonists have thus far been attributed to the
same (CB1) receptor subtype (Compton et al., 1993), it is
unlikely that development of subtype selective agonists will
yield centrally active therapeutic agents devoid of adverse
effects (Matsuda, 1997; Matsuda and Bonner, 1995).

Like other G protein-coupled receptors, CB1 receptors couple
to multiple intracellular signal transduction pathways. CB1

receptor agonists inhibit forskolin-stimulated adenylyl cyclase
by activation of a pertussis toxin-sensitive Gi/o protein (Howlett
and Fleming, 1984). Activation of Gi/o proteins also modifies the
function of potassium and calcium channels and, via beta-
gamma subunits, stimulate MAP kinases (Bouaboula et al.,
1995; Childers and Deadwyler, 1996; Deadwyler et al., 1995;

Twitchell et al., 1997). More recently, CB1 receptors have also
been shown to positively couple to adenylyl cyclase via pertussis
toxin-insensitive Gs proteins. This dual coupling of CB recep-
tors to G proteins with opposing effects on adenylyl cyclase has
been demonstrated with both native and recombinant receptors
(Felder et al., 1998; Glass and Felder, 1997; Maneuf and
Brotchie, 1997) and is similar to what has been previously
found for several other G protein-coupled receptors (Eason et
al., 1992; Negishi et al., 1995).

Given the complexity of CB receptor-mediated signaling, it is
uncertain whether all of the behavioral effects of CB receptor
agonists arise via activation of the same intracellular processes.
If different transduction mechanisms contribute to the expres-
sion of different behaviors, then by developing agonists that
selectively target different transduction pathways, specificity in
drug action may be achieved. Because such “agonist trafficking”
of cellular responses (Kenakin, 1995, 1997) has been demon-
strated for other G protein-coupled receptors (Eason et al., 1994;
Negishi et al., 1995), we tested whether current CB1 receptor
agonists demonstrate selectivity in their activation of Gs- and
Gi-coupled pathways.Received for publication March 30, 1998.

ABBREVIATIONS: cAMP, cyclic AMP; CB, cannabinoid; CP-55,940, [1a,2b-(R)-5a]-(2)-5 (1,1-dimethylheptyl-2-[5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]-
phenol; HBSS, Hanks’ balanced salt solution; HEPES, 4-(2-hydroxyethyl)-1-piperaineethanesulfonic acid; HU-210, (2)-11-hydroxy-D8-tetrahydrocannabinol-
dimethylheptyl; SR141617A, N-(piperidino-1-yl)-5-(4-chlorphenyl)-1-(2,4-dichlorophenyl)-4-methylpyrazole-3–3-carboxamide hydrochloride; THC, D9-tetrahy-
drocannabinol; WIN-55212–2, R(1)-[2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazin-yl]-(1-napthalenyl)methanone mesylate.
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Methods
Cell culture. CHO cells stably transfected with the human CB1

receptor gene were obtained from the National Institute of Mental
Health. The cells were grown in 24-well plates to ;80% confluence in
F-12 medium supplemented with 10% fetal bovine serum and 500
ng/ml G-418. Each well was washed once with 1 ml of F-12 medium
supplemented with 1 mM CaCl2 and 2.5 mM MgCl2. The cells were
then incubated overnight in F-12 medium supplemented with 1 mM
CaCl2, 2.5 mM MgCl2 and 500 mg/ml G-418. In experiments measur-
ing Gs activity, concomitant activation of Gi proteins was prevented
by including 500 ng/ml pertussis toxin in the overnight incubation.

cAMP accumulation assays. Cells were washed and preincu-
bated with HBSS supplemented with 10 mM HEPES and 4 mM
NaHCO3 (pH 7.4) for 5 min at 37°C. Reactions were initiated by the
simultaneous addition of forskolin (1 mM), agonists and antagonists
to a final assay volume of 600 ml. Rolipram (50 mM), was added 5 min
before the initiation of the reactions to prevent degradation of accu-
mulated cAMP. CB1 receptor ligands were dissolved (10 mM) in
DMSO. Subsequent dilutions were made in HBSS with 50 mg/ml
fatty acid-free bovine serum albumin. DMSO (10 mM), equivalently
diluted in HBSS, served as a vehicle control and had no effect on
cAMP accumulation or forskolin-stimulated cAMP accumulation.
cAMP accumulation was measured after a 10-min incubation at
37°C. Reactions were terminated by aspiration of the medium and
the addition of 500 ml ice-cold ethanol. The ethanol extracts were
dried under N2 gas and reconstituted in acetate buffer. cAMP con-
centrations were quantified using FlashPlates (NEN, Boston MA).

Radioligand binding assays. Radioligand binding studies were
conducted using membranes prepared from the transfected CHO
cells essentially as previously described (Felder et al., 1995). In brief,
confluent cells were washed with phosphate-buffered saline, har-
vested and homogenized in ice cold buffer (50 mM Tris, 5 mM MgCl2,
2.5 mM EDTA, pH 7.4). The homogenate was centrifuged at 20003g
for 15 min at 4°C. The supernatant was collected and centrifuged at
43,0003g for 30 min at 4°C. The membranes were resuspended in
buffer and stored at 280°C until used in binding assays. Competition
binding studies were conducted by incubating membranes and com-
peting ligands with 1.0 nM [3H]CP-55,940 in buffer containing 0.05%
fatty acid-free bovine serum albumin, at 30°C for 60 min. Nonspecific
binding was determined in the presence of 5 mM nonradioactive
CP-55,940 (5 mM HU-210 produced an equivalent measure of non-
specific binding). In the absence of competing ligand, specific binding
accounted for .75% of total binding.

Data analysis. Data obtained in cAMP accumulation assays were
expressed as the percentage of basal or forskolin-stimulated cAMP
accumulation. The midpoints (EC50 values) and plateaus of the con-
centration-response curves were determined by iterative nonlinear
regression (Prism, GraphPAD, San Diego, CA). A minimum of six
concentration-response curves were generated for each condition.
Each concentration-response curve was generated using at six to
eight concentrations of agonist, measured as single points. For com-
petition radioligand binding assays, IC50 values were obtained from
curves generated with at least eight concentrations of competing
agent measured in triplicate. Ki values were then calculated using
the Cheng and Prusoff (1973) equation. Data were presented as pKi

(the negative log of the molar Ki) or pEC50 (the negative log of the
molar EC50). Analysis of Variance (ANOVA) was conducted using the
statistical programs in GraphPAD Prism.

To confirm that the effects of the CB receptor agonists on cAMP
accumulation were CB1 receptor-mediated, parallel assays were con-
ducted in the presence of the cannabinoid receptor antagonist
SR141716A (10–20 mM) (Rinaldi-Carmona et al., 1994). In several
instances a component of the concentration response curve was
found to be insensitive to the actions of SR141716A. In these cases,
only the SR141716A sensitive component was taken to be CB1 re-
ceptor mediated.

Materials. Anandamide (arachindonylethanolamide) and WIN-
55212–2 (R(1)-[2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]pyr-
rolo[1,2,3-de]-1,4-benzoxazin-yl]-(1-napthalenyl)methanone mesy-
late) were obtained from Research Biochemicals International
(Natick, MA). HU-210 ((2)-11-hydroxy-D8-tetrahydrocannabinol-
dimethylheptyl) and SR141617A (N-(piperidino-1-yl)-5-(4-chlorphe-
nyl)-1-(2,4-dichlorophenyl)-4-methylpyrazole-3–3-carboxamide, hy-
drochloride) were obtained from Tocris Cookson (Ballwin, MO). D9-
Tetrahydrocannabinol (THC) was obtained from Sigma Chemical
(St. Louis, MO). CP-55,940 ([1a,2b-(R)-5a]-(-)-5-(1,1-demethylhep-
tyl)-2-[5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]-phenol) was syn-
thesized in the Department of Medicinal Chemistry, Roche Bio-
science (Palo Alto, CA). [3H]CP-55,940 (165 Ci/mmol) was purchased
from NEN Life Sciences (Boston, MA). Forskolin, pertussis toxin and
other chemical reagents were obtained from Sigma Chemical. Tissue
culture medium was obtained from GIBCO BRL Life Technologies
(Gaithersburg, MD).

Results
In CHO cells expressing hCB1 receptors, CB receptor ago-

nists concentration-dependently inhibited forskolin-stimu-
lated cAMP accumulation (fig. 1A). The rank order of potency
of the CB1 receptor agonists was the same as the rank order
of their affinities as determined in binding studies (HU-
210 . CP-55,940 . THC . WIN-55212–2 . anandamide).
THC was a partial agonist in this assay, inhibiting 47% of the
forskolin-stimulated cAMP accumulation, whereas WIN-
55212–2 and CP-55940 were virtually full agonists (table 1).

Conversely, in the presence of forskolin, in cells pretreated
with pertussis toxin, CB receptor agonists concentration-depen-
dently stimulated cAMP accumulation (fig. 1B). The potencies
of agonists in stimulating cAMP accumulation were 5- to 10-fold
less than they were in inhibiting its formation. However, the
rank order of potency of CB receptor agonists in the two assays
was identical (fig. 2A). Relative to WIN-55212–2, anandamide,

Fig. 1. A, Inhibition of forskolin-stimulated (1 mM) cAMP accumulation
by CB receptor agonists in CHO cells expressing hCB1 receptors. B,
Enhancement of forskolin-stimulated (1 mM) cAMP accumulation by CB
receptor agonists in CHO cells pretreated overnight with pertussis toxin.
For each condition, data have been pooled from at least six different
concentration-response curves. E, HU-210; M, CP-55,944; f, THC; ‚,
WIN-55212–2; l, anandamide.
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HU-210, CP-55,940 and THC were partial agonists (table 1).
Thus, while THC and WIN-55212–2 had similar activities in
both assays, anandamide and CP-55,940 were less efficacious in
stimulating the accumulation of cAMP as compared with inhib-
iting its formation (table 1). Differences in relative intrinsic
activities of agonists in the two assays were shown by the
absence of a statistically significant correlation in intrinsic ac-
tivity values (fig. 2B).

A stimulatory effect of CB1 receptor agonists on cAMP
accumulation was also detected in the absence of forskolin.
The potencies of most CB1 receptor agonists, including HU-
210 and CP55,940, were 50- to 100-fold lower in the absence
of forskolin than in its presence (table 2). However, by con-
trast, the potency of WIN-55212–2 was not modified by for-
skolin (fig. 3).

The effects of the cannabinoid receptor antagonist SR141716A
on cAMP accumulation were examined. SR141716A, at concentra-
tions up to 20 mM, had no stimulatory or inhibitory effect on cAMP
accumulation, either in the presence or absence of forskolin (data
not shown). However, SR141716A (10–20 mM) blocked both the
inhibitory and stimulatory effects of HU-210, CP-55,940 and WIN-

55212–2 on forskolin-stimulated cAMP accumulation (fig. 4).
SR141716A also blocked the effects of HU-210, CP-55,940 and
WIN-55212–2 on basal cAMP accumulation (measured in the ab-
sence of forskolin, data not shown). The potency of SR-141716A
was consistent with a specific effect at the CB1 receptor (pKB

values for SR141716A blockade of HU-210, CP-55,940 and WIN-
55212–2 inhibition of forskolin stimulated cAMP accumulation

Fig. 3. Concentration-response curves for HU-210 (A) and WIN-
55212–2 (B) in CHO cells expressing the hCB1 receptor in the presence
(circles) or absence (squares) of 1 mM forskolin. For each condition, data
have been pooled from at least six different concentration-response
curves. Note that to facilitate comparison of these curves, the maximum
response within each curve was normalized to 100%.

TABLE 2
Effect of CB1 receptor agonists on basal cAMP accumulation in CHO
cells expressing the hCB1 cannabinoid receptor

Ligand Receptor binding
affinity

Stimulation of basal cAMP
accumulation

pKi pEC50 % basal accumulation

Anandamide 6.2 6 0.1 5.1 6 0.1 627 6 123 (141%)a

CP-55,940 8.6 6 0.2 6.0 6 0.3 374 6 121 (84%)
HU-210 9.2 6 0.3 6.9 6 0.1 193 6 13 (43%)
THC 7.5 6 0.2 6.6 6 0.4 22.3 6 2.5 (5%)a

WIN-55212-2 7.5 6 0.4 6.5 6 0.3 445 6 66 (100%)

Values are the mean and S.E. for values obtained from at least six concentration-
response curves. Numbers in parentheses are activity values normalized to those of
WIN-55212-2.

a An SR141716A-insensitive component of the response was subtracted so as to
derive an estimate of CB1 receptor-mediated activity. pEC50 and pKi values are the
negative log of the molar EC50 and Ki values, respectively.

TABLE 1
Effect of CB receptor agonists on forskolin-stimulated cAMP accumulation in CHO cells expressing the hCB1 cannabinoid receptor

Ligand Receptor binding
affinity

Inhibition of forskolin-stimulated cAMP
accumulation

Stimulation of forskolin-stimulated cAMP
accumulation

pKi pEC50 % inhibition pEC50 % stimulation

Anandamide 6.2 6 0.1 5.7 6 0.1 80 6 3 (81%) 5.3 6 0.1 34 6 5 (27%)a

CP-55,940 8.6 6 0.2 8.9 6 0.1 91 6 1 (92%) 7.8 6 0.2 52 6 1 (45%)
HU-210 9.2 6 0.3 9.9 6 0.2 87 6 3 (88%) 9.3 6 0.2 66 6 18 (57%)
THC 7.5 6 0.2 8.3 6 0.1 47 6 2 (47%) 7.6 6 0.5 38 6 7 (33%)
WIN-55212-2 7.5 6 0.4 7.1 6 0.2 99 6 1 (100%) 6.2 6 0.1 116 6 10 (100%)

Values are the mean 6 S.E.M. for six concentration-response curves. Forskolin (1 mM) increased cAMP accumulation from a basal value of 0.5 to 1.5 pmol/assay well to
25 to 40 pmol/assay well. The activity values are the percent change in cAMP accumulation. Numbers in parentheses are activity values normalized to those of WIN-55212-2.

a An SR141716A-insensitive component of the anandamide-evoked response was subtracted so as to derive the CB1 receptor-mediated component of the response (see fig.
4). The differences in activities for anandamide and CP-55,940 were statistically significant (P , .05), as was the interaction between transduction pathway and activity
(two-way analysis of variance, P , .01). pEC50 and pKi values are the negative log of the molar EC50 and Ki values, respectively.

Fig. 2. A, Correlation in the potencies of CB1 receptor agonists in stim-
ulating or inhibiting forskolin-stimulated (1 mM) cAMP accumulation (R2

5 .97, P , .002). B, Absence of correlation (P 5 .2) in the intrinsic
activities of CB1 receptor agonists in stimulating or inhibiting cAMP
accumulation. Values are normalized to the maximum response produced
by WIN-55212–2 and (in the case of anandamide) reflect only the SR-
141716A-sensitive component of the response.
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were 8.1 6 0.1, 8.1 6 0.02 and 8.3 6 0.2, respectively). However, in
contrast to the complete block of the effects of HU-210, CP-55,940
and WIN-55212–2, the stimulatory effect of anandamide on cAMP
accumulation was only partially blocked by SR141716A, with
;80% of the response being insensitive to SR141716A (fig. 4). A
similar SR141716A-insensitive stimulatory effect of anandamide
on cAMP accumulation was also detected in untransfected CHO
cells (data not shown) and thus was attributed to a non-CB1

receptor-mediated mechanism. No SR141716A-sensitive stimula-
tory or inhibitory effects of cannabinoids on cAMP accumulation
were detected in untransfected CHO cells.

Discussion
In CHO cells expressing the hCB1 receptor, CB receptor

agonists concentration-dependently inhibited forskolin-stim-
ulated cAMP accumulation by an SR141716A-sensitive
mechanism. This inhibitory effect was not detected in cells
pretreated with pertussis toxin, nor was it detected in un-
transfected cells. Conversely, when cells expressing the hCB1

receptor were pretreated with pertussis toxin, an
SR141716A-sensitive, stimulatory effect of CB receptor ago-
nists on cAMP accumulation was revealed. Because the stim-
ulatory effects of CB receptor agonists were (for all agonists
except anandamide) fully reversed by SR141716A and were
not detected in untransfected cells, they were not the conse-
quence of a nonspecific action of the agonists. Moreover,
because these stimulatory effects were detected in cells pre-
treated with pertussis toxin they were not mediated via
activation the Gi/o pathway, as has been proposed for similar
phenomena involving adrenergic or opioid receptors (Avidor-
Reiss et al., 1997; Federman et al., 1992). Thus these finding

confirm the ability of CB1 receptors to functionally couple, in
the same cell system, to both Gs and Gi protein-linked trans-
duction pathways (Felder et al., 1998; Glass and Felder,
1997; Howlett, 1985; Maneuf and Brotchie, 1997).

The rank orders of potencies of agonists in stimulating or
inhibiting forskolin-stimulated cAMP accumulation were
identical. However, there were marked differences among
cannabinoid receptor agonists in their intrinsic activities in
the two assays. Thus, CP-55,940 demonstrated only 45% of
the activity of WIN-55212–2 in the Gs-linked assay but 92%
of WIN-55212–2’s activity in the Gi-linked assay. Similarly,
anandamide demonstrated only 27% the activity of WIN-
55212–2 in the Gs assay but 81% the activity of WIN-55212–2
in the Gi assay. Because these assays were conducted with
cells from the same passage, differences in receptor density
cannot account for the differences in intrinsic activity. Thus,
these findings indicate that there is specificity among CB1

receptor agonists in their relative abilities to activate Gs- and
Gi-coupled transduction pathways.

The mechanism underlying the different relative intrinsic
activities of CB1 receptor agonists is not clear. One possibility
could have been that the agonists had different affinities for Gs-
and Gi-coupled CB1 receptors. However, if this were the case, it
would have been expected that differences in potency as well as
activity would have been observed (Kenakin 1997). Moreover,
also contrary to the data, it might also have been expected that
agonists with the greatest potency and activity in the Gi-cou-
pled pathway would have had the lowest potency or activity in
the Gs-coupled pathway. Thus, the direct linear correlation in
potencies of CB receptor agonists for the Gs- and Gi-coupled
responses suggests that more complex mechanisms are respon-
sible for the differences in relative intrinsic activities.

Fig. 4. A–E. Effects of CB1 receptor agonists on forsko-
lin-stimulated (1 mM) cAMP accumulation in the absence
(closed symbols) or presence (open symbols) of
SR141716A. Data depicted by circles were generated in
cells pretreated overnight with pertussis toxin. Data
have been pooled from at least six different concentra-
tion-response curves. F, The SR-141716A-sensitive com-
ponent of anandamide evoked stimulation of cAMP accu-
mulation (l) was obtained by subtraction of the SR-
141716A-insensitive component.
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An additional level of complexity in the actions of CB
receptor agonists was revealed by studies comparing CB
receptor-mediated stimulation adenylyl cyclase in the ab-
sence or presence of forskolin. Forskolin, acting directly on
the cyclase, can synergistically enhance the action of the Gs

alpha subunit in activating adenylyl cyclase (Sutkowski et
al., 1994). Consistent with this synergistic interaction, HU-
210 and CP-55,940 were 50- to 100-fold more potent in stim-
ulating the formation of cAMP in the presence of forskolin
than in its absence. However by striking contrast, forskolin
had no effect on the potency of WIN-55212–2 or anandamide
(and enhanced the potency of THC only 10-fold). Because the
stimulatory effects of HU-210, CP55,940 and WIN-55212–2
on both basal and forskolin stimulated cAMP accumulation
were fully blocked by SR141716A and because these com-
pounds had no effect on cAMP accumulation in untransfected
cells, the differences among agonists cannot easily be as-
cribed to nonspecific actions on the cyclase. One explanation
may be that WIN-55212–2 predominately activated isoforms
of the cyclase, which do not show large synergistic interac-
tions between the Gs protein and forskolin (e.g., type I ad-
enylyl cyclase), whereas HU-210 and CP-55,940 may have
predominately activated isoforms of the cyclase that show a
large synergistic interaction (e.g., type II adenylyl cyclase)
(Pieroni et al., 1993; Sunahara et al., 1996; Sutkowski et al.,
1994). However, because the specific isoforms of adenylyl
cyclase that are expressed in these cells are unknown, this
idea remains entirely speculative. Nevertheless, it is intrigu-
ing to note that WIN-55212–2 binds to the CB1 receptor in a
manner different from CP-55,940 and HU-210 (Song and
Bonner, 1996), and this is at least consistent with the possi-
bility that WIN-55212–2 stabilized different activated con-
formations of the CB1 receptor than did CP-55,940 or HU-210
and thus activated different sets of intracellular processes.

In summary, these findings confirm that recombinant
hCB1 receptors in CHO cells couple both positively and neg-
atively to adenylyl cyclase, extend previous studies by dem-
onstrating differences among agonists in their relative in-
trinsic activities in Gs and Gi coupled pathways and have
revealed intriguing differences among CB receptor agonists
in their receptor-mediated activation of adenylyl cyclase(s).
Whether these differences among agonists in their profile of
intracellular signal transduction are biologically relevant re-
mains to be determined. The comparisons of intrinsic activity
in the Gs- and Gi-coupled pathways were made in the pres-
ence of forskolin. Intrinsic activities may be different in more
physiological settings and may also be subject to numerous
additional modulating influences. Nevertheless, these find-
ings, together with the demonstration of dual coupling of
native CB1 receptors (Glass and Felder, 1997) and the find-
ing of pharmacological differences among the adenylyl cycla-
ses activated by endogenous CB1 receptors (Pacheco et al.,
1994), strengthen the possibility that specificity in intracel-
lular trafficking by different CB1 receptor agonists may con-
fer different behavioral effects. This in turn provides a ratio-
nale for developing CB1 receptor agonists with increased
selectivity for specific intracellular transduction pathways as
potential therapeutic agents with diminished adverse effects.
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