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Abstract
It is widely accepted that non-endogenous compounds that target CB1 and/or CB2 receptors
possess therapeutic potential for the clinical management of an ever growing number of disorders.
Just a few of these disorders are already treated with Δ9-tetrahydrocannabinol or nabilone, both
CB1/CB2 receptor agonists, and there is now considerable interest in expanding the clinical
applications of such agonists and also in exploiting CB2-selective agonists, peripherally restricted
CB1/CB2 receptor agonists and CB1/CB2 antagonists and inverse agonists as medicines. Already,
numerous cannabinoid receptor ligands have been developed and their interactions with CB1 and
CB2 receptors well characterized. This review describes what is currently known about the ability
of such compounds to bind to, activate, inhibit or block non-CB1, non-CB2 G protein-coupled
receptors such as GPR55, transmitter gated channels, ion channels and nuclear receptors in an
orthosteric or allosteric manner. It begins with a brief description of how each of these ligands
interacts with CB1 and/or CB2 receptors.
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INTRODUCTION
It now generally accepted that mammalian tissues contain an endogenous cannabinoid
system that consists of at least two types of cannabinoid receptor, CB1 and CB2, of
endogenous cannabinoids, also known as “endocannabinoids”, that can activate these G
protein-coupled receptors and of processes responsible for endocannabinoid biosynthesis,
cellular uptake and metabolism (reviewed in [1–3]). It is also generally accepted that there
are certain disorders in which the density or coupling efficiency of cannabinoid CB1 and/or
CB2 receptors or the release of endocannabinoids onto these receptors changes in a manner
that is sometimes “autoprotective”, as for example in multiple sclerosis, and sometimes
harmful, as for example in obesity and type-2 diabetes (reviewed in [4–6]). As a result, there
is currently a lot of interest in the idea of developing new ligands that can be administered
exogenously to mimic the protective effects of endocannabinoids by directly activating
cannabinoid CB1 and/or CB2 receptors or to prevent unwanted effects of endocannabinoids
by blocking these receptors.

© 2010 Bentham Science Publishers Ltd.
*Address correspondence to this author at the School of Medical Sciences, Institute of Medical Sciences, University of Aberdeen,
Foresterhill, Aberdeen, AB25 2ZD, Scotland, UK; Tel: + 44-1224-555740; Fax: + 44-1224-555844; rgp@abdn.ac.uk.

NIH Public Access
Author Manuscript
Curr Med Chem. Author manuscript; available in PMC 2011 January 1.

Published in final edited form as:
Curr Med Chem. 2010 ; 17(14): 1360–1381.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Two mixed CB1/CB2 cannabinoid receptor agonists entered the clinic several years before
the discovery of the endocannabinoid system (reviewed in [6]). These are Δ9-THC, the main
psychoactive constituent of cannabis, and nabilone, a synthetic analogue of Δ9-THC.
Nabilone (Cesamet®) was licensed in 1981 for the suppression of nausea and vomiting
produced by chemotherapy. Δ9-THC first entered the clinic, as Marinol® (dronabinol), in
1985 for anti-emesis and in 1992 for the stimulation of appetite, for example in AIDS
patients experiencing excessive loss of body weight. Δ9-THC is also a major constituent of
the more recently developed medicine, Sativex®. This is prescribed for the symptomatic
relief of neuropathic pain in adults with multiple sclerosis and as an adjunctive analgesic
treatment for adult patients with advanced cancer (reviewed in [6]).

Continually emerging new information about the autoprotective roles of the
endocannabinoid system has sparked a search for additional therapeutic uses for cannabinoid
receptor agonists. It has also prompted the development of a second generation of synthetic
cannabinoid receptor agonists, particularly CB1/CB2 receptor agonists that do not readily
cross the blood-brain barrier and a large and ever growing population of CB2-selective
ligands, including several with a proven ability to activate the CB2 receptor (reviewed in [6–
8]). CB2 receptor-selective agonists and peripherally restricted CB1/CB2 receptor agonists
are both thought to possess potential therapeutic applications, not least for the management
of inflammatory, neuropathic and cancer pain, and are expected to have better benefit-to-risk
ratios than centrally active CB1 receptor agonists (reviewed in [6]).

With regard to strategies for combating harmful effects that appear in some instances to be
mediated by the endocannabinoid system, a lot of attention has been directed recently at
SR141716A (rimonabant; Acomplia®). This CB1-selective antagonist entered European
clinics in 2006 for the management of obesity ([9]). Unfortunately, however, safety concerns
about the adverse effects observed in patients taking rimonabant, particularly an increased
incidence of depression and suicidality, prompted the European Medicines Agency to
recommend in 2008 that sales of this drug be halted. Consequently, the interest in
developing other CB1 receptor antagonists as new medicines displayed by a number of
pharmaceutical companies in the recent past seems to have waned considerably. Even so,
this once intense interest has led to the development of a large number of new CB1-selective
antagonists (reviewed in [10,11]).

According to peer-reviewed literature published up to August 2009, the pharmacological
characterization of most cannabinoid receptor ligands has been concerned primarily with
establishing their relative abilities to bind to CB1 and CB2 receptors or to target these
receptors as agonists or antagonists. Thus, relatively few such ligands have been
investigated for their abilities to interact with other kinds of receptor, let alone with other
kinds of pharmacological targets such as enzymes or carrier molecules that transport ions or
small organic molecules across cell membranes. Yet, the extent to which a particular ligand
displays such additional activity, particularly at those concentrations at which it can activate
or block CB1 and/or CB2 receptor, could well of course influence its overall
pharmacological profile and therapeutic potential to a significant degree.

The main aim of this review is to consider what is currently known about the extent to which
established CB1 and CB2 receptor ligands target non-CB1, non-CB2 receptors. It focuses
particularly on non-endogenous cannabinoid receptor ligands, since it is from this group of
compounds that medicines have already been developed and new medicines are very likely
to emerge. The first three sections of this review contain brief descriptions of the CB1 and
CB2 receptor pharmacology of each of the rather small group of CB1/CB2 receptor ligands
that has been investigated to-date for its ability to target certain non-CB1, non-CB2
receptors. Brief mention is also made in the first part of this review of the cannabinoid CB1
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and CB2 receptor pharmacology both of the endocannabinoids, arachidonoylethanolamide
(anandamide) and 2-arachidonoyl glycerol, and of a few particularly notable non-
endogenous CB1/CB2 receptor ligands, the ability of which to target non-CB1, non CB2
receptors has yet to be explored.

AGONISTS THAT TARGET CB1 AND CB2 RECEPTORS WITH SIMILAR
POTENCY

Several of the established cannabinoid receptor agonists discussed in this review that bind
more or less equally well to CB1 and CB2 receptors (Table 1) are widely used as research
tools. In terms of their chemical structures (Fig. 1), these compounds fall essentially into
four main groups: classical, nonclassical, eicosanoid and aminoalkylindole (reviewed in
[1,3,12,13]).

The classical group of CB1/CB2 cannabinoid receptor agonists consists of dibenzopyran
derivatives, two particularly notable examples being (−)-Δ9-tetrahydrocannabinol (Δ9-
THC), which is the main psychoactive constituent of cannabis, and (−)-11-hydroxy-Δ8-
THC-dimethylheptyl (HU-210), which is a synthetic analogue of (−)-Δ8-THC. HU-210 has
relatively high affinity for both CB1 and CB2 receptors and displays particularly high
efficacy and potency as a cannabinoid receptor agonist, all propertes that are due largely to
its dimethylheptyl side chain. It also has an exceptionally long duration of action when
administered in vivo. Δ9-THC displays much lower CB1 and CB2 affinity and efficacy than
HU-210, exhibiting even less efficacy at CB2 than at CB1 receptors.

The nonclassical group of CB1/CB2 cannabinoid receptor agonists are close relatives of the
classical cannabinoids, consisting as they do of bicyclic and tricyclic analogues of
tetrahydrocannabinol that lack a pyran ring. One member of this group is particularly widely
used as an experimental tool. This is CP55940 which possesses HU-210-like CB1 and CB2
receptor efficacy. It has been found to have slightly lower CB1 and CB2 affinities than
HU-210 in some investigations but, even so, binds to these receptors at concentrations in the
low nanomolar range and is therefore quite potent.

Moving on to the eicosanoid group of CB1/CB2 cannabinoid receptor agonists, these have
markedly different structures from both classical and nonclassical cannabinoids. The
prototypical members of this group are the endocannabinoids, anandamide and 2-
arachidonoyl glycerol. Anandamide binds with slightly higher affinity to CB1 than to CB2
receptors. It resembles Δ9-THC both in its behaviour as a CB1 and CB2 receptor partial
agonist and in possessing lower CB2 than CB1 efficacy. Its CB1 receptor affinity is also
similar to that of this classical cannabinoid, though it does have lower affinity than Δ9-THC
for the CB2 receptor. 2-Arachidonoyl glycerol binds with more or less equal affinity to CB1
and CB2 receptors. It seems to have greater CB1 receptor efficacy than anandamide or
CP55940, greater CB1 and CB2 receptor potency than anandamide but less CB1 receptor
potency than CP55940. Because this review is focusing on non-endocannabinoids, it is
important to note that this group does also contain non-endogenous synthetic eicosanoids.
Of these, the ones that have been investigated for their ability to target non-CB1, non-CB2
receptors are all CB1-selective agonists and are therefore mentioned in the next section
(CB1-selective and CB2-selective cannabinoid receptor agonists).

As to the aminoalkylindole group of CB1/CB2 cannabinoid receptor agonists, these have
structures quite unlike those of classical, nonclassical or eicosanoid cannabinoids. The best
known member of this group is R-(+)-WIN55212 which displays CP55940- and HU-210-
like efficacy at both CB1 and CB2 receptors, though in contrast to CP55940, HU-210 and
anandamide, it has been found in some investigations to have slightly higher CB2 than CB1
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affinity. Interestingly, R-(+)-WIN55212 is thought to bind differently to the CB1 receptor
than either HU-210 or CP55940 (reviewed in [1,14]). Even so, mutual displacement between
R-(+)-WIN55212 and non-aminoalkylindole cannabinoids at CB1 binding sites does still
occur.

All of the classical, nonclassical and aminoalkylindole CB1/CB2 cannabinoid receptor
agonists just mentioned contain chiral centres and exhibit greater pharmacological activity in
cannabinoid receptor bioassays than their stereoisomers (reviewed in [1,3]). Thus, classical
and nonclassical cannabinoids with the same absolute stereochemistry as (−)-Δ9-THC at 6a
and 10a, trans (6aR, 10aR), are generally more active than their cis (6aS, 10aS) enantiomers,
and R-(+)-WIN55212 is more active than S-(−)-WIN55212. In contrast neither anandamide
nor 2-arachidonoyl glycerol contain any chiral centres. However, some synthetic eicosanoid
cannabinoids, for example the CB1-selective agonist, R-(+)-methanandamide, are chiral
molecules. As is indicated later on in this review, each of the non-endogenous CB1/CB2
receptor agonists mentioned in this section has been investigated for its ability to activate or
block non-CB1, non-CB2 receptors.

CB1-SELECTIVE AND CB2-SELECTIVE CANNABINOID RECEPTOR
AGONISTS

Four CB1-selective compounds, all synthetic eicosanoid cannabinoids, have most often been
used in research directed at activating CB1 receptors selectively in vitro or in vivo (Table 1
and Fig. 2); reviewed in [1,3,12,13]). These are the three synthetic anandamide analogues,
R-(+)-methanandamide, arachidonyl-2’-chloroethylamide (ACEA) and
arachidonylcyclopropylamide (ACPA) [15,16], and a single analogue of 2-arachidonoyl
glycerol, noladin ether (2-arachidonyl glyceryl ether) [17], which may or may not be an
endocannabinoid (reviewed in [18]). All three anandamide analogues possess significant
potency and efficacy as CB1 receptor agonists. Importantly, however, whereas R-(+)-
methanandamide is not readily hydrolysed by the anandamide-metabolizing enzyme, fatty
acid amide hydrolase, ACEA and ACPA do not display such resistance to this enzyme.
Turning now to noladin ether, this has been reported to exhibit CP55940-like CB1 receptor
efficacy but less CB1 efficacy than 2-arachidonoyl glycerol and less CB1 receptor potency
than either CP55940 or 2-arachidonoyl glycerol [19–22]. As to ligands most frequently used
in research directed at activating CB2 receptors selectively there are again four of these
(Table 1 and Fig. 3): the classical cannabinoid, JWH-133, the nonclassical cannabinoid
HU-308, and the aminoalkylindoles, JWH-015 and AM1241 (reviewed in [1,3,12,13]). With
the exception of ACPA, all the CB1-selective and CB2-selective agonists mentioned in this
section have been investigated to at least some extent for their ability to target one or more
types of established non-CB1, non-CB2 receptor and so feature again in the second part of
this review.

CB1-SELECTIVE AND CB2-SELECTIVE COMPETITIVE CANNABINOID
RECEPTOR ANTAGONISTS

Several compounds have been developed that can be used in research to block agonist-
induced activation of cannabinoid CB1 receptors in a competitive manner both in vitro and
in vivo (reviewed in [1,3,12,13]). The most widely used of these compounds are the
diarylpyrazole, rimonabant, and its structural analogues, AM251 and AM281 (Fig. 4).
Another compound with a rimonabant-like structure, LY320135 (Fig. 4), is also sometimes
used for research purposes, although it has less affinity for the CB1 receptor than
rimonabant, AM251 or AM281 (Table 1).
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All these compounds possess significantly greater affinity for cannabinoid CB1 than CB2
receptors (Table 1) and lack any ability to activate cannabinoid receptors. There is evidence,
however, that when administered alone they can trigger responses in some CB1 receptor-
containing tissues that are actually opposite in direction from those induced by CB1 receptor
agonists. In some instances this may of course be the result of direct competitive antagonism
of responses that are being evoked at CB1 receptors by released endocannabinoids. In other
instances, however, they may well be acting as inverse agonists, producing inverse
cannabimimetic effects by somehow decreasing the spontaneous coupling of CB1 receptors
to their effector mechanisms that it is thought can occur in the absence of exogenously
added or endogenously released CB1 agonists (reviewed in [23]). The ability to behave both
as a competitive antagonist and as an inverse agonist at the CB1 receptor is shared by the
Merck compound, taranabant (Fig. 4 and Table 1). This CB1-selective compound was
developed as a potential medicine for the treatment of obesity and is mentioned again later
in this review as its ability to bind to several non-CB1, non-CB2 receptors has been
investigated [24,25]. Interestingly, experiments performed with rimonabant have yielded
data suggesting that it, and hence possibly also AM251, AM281 and taranabant, can produce
inverse cannabimimetic effects not only by targeting the cannabinoid CB1 receptor but also
through one or more CB1 receptor-independent mechanisms [21,26,27].

Turning now to the compounds that are most often used in research to block the CB2
receptor (reviewed in [1,3,12,13]), these are 6-iodopravadoline (AM630) and the
diarylpyrazole, SR144528 (Fig. 5), each of which displays much higher affinity for CB2
than for CB1 receptors (Table 1). As well as blocking CB2 receptors competitively, both
these compounds can by themselves produce inverse cannabimimetic effects in tissues
expressing these receptors. They are therefore thought to be CB2 receptor inverse agonists
rather than neutral antagonists.

Other notable examples of CB2-selective cannabinoid receptor antagonists/inverse agonists
include JTE-907 [28] and the triaryl bis-sulphones, Sch.225336, Sch.356036 and Sch.
414319 (reviewed in [29]). The question of whether these ligands target non-CB1, non CB2
receptors as agonists or antagonists remains to be addressed. CB2 receptor inverse agonists
are of interest as they may well have important therapeutic applications. Thus, there is
evidence that they can inhibit inflammatory cell migration in a manner that would make
these compounds effective against dermatitis, inflammation of the central nervous system
and bone damage in antigen-induced mono-articular arthritis [29,30].

NEUTRAL COMPETITIVE CANNABINOID RECEPTOR ANTAGONISTS
Neutral competitive antagonists are compounds that can displace an agonist from the
orthosteric site of a receptor but lack the ability to modulate any signalling that is triggered
by this receptor in the absence of any exogenously administered or endogenously released
agonist. Ligands that have been reported to behave as neutral cannabinoid receptor
antagonists include

• two CB1-selective analogues of rimonabant, AM6527, which is orally active, and
AM4113, which is not [31,32];

• two other rimonabant analogues, VCHR [33,34] and NESS O327 [35,36];

• a set of 3-alkyl-5,5'-diphenylimidazolidinediones [37];

• O-2654 [3,38] which is a structural analogue of the plant cannabinoid, cannabidiol;

• O-2050, a sulphonamide analogue of Δ8-THC [3] and

• Δ 8- and Δ9-tetrahydrocannabivarin [39–41].
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There is evidence that of these compounds, AM4113, AM6527 and NESS O327 display
markedly higher affinity for CB1 than for CB2 receptors [31,32,35], whereas O-2654 and
Δ9-tetrahydrocannabivarin do not [38,39]. However, the extent to which any of these
apparent neutral antagonists targets non-CB1, non CB2 receptors as an agonist or antagonist
has yet to be investigated.

Neutral competitive cannabinoid receptor antagonists are important research tools as they
are expected to produce only dextral shifts in the log concentration-response curve of a
cannabinoid receptor agonist. Cannabinoid receptor antagonists/inverse agonists, on the
other hand, often produce downward as well as dextral shifts in such curves, particularly in
bioassay systems employing cells or cell membanes in which CB1 or CB2 receptors are
significantly overexpressed. The absence of such a downward shift makes it much easier to
calculate an apparent KB value of an antagonist from the dextral shift it has induced and
hence to establish whether newly developed agonists are indeed acting on CB1 or CB2
receptors (e.g. see [38]). It should also be possible to use neutral antagonists to distinguish
between tonic cannabimimetic activity arising from ongoing endocannabinoid release onto
CB1 or CB2 receptors, which they should oppose, and tonic activity arising from
spontaneous CB1 or CB2 receptor signalling, which they should not alter. Neutral CB1
receptor antagonists may also have higher benefit-to-risk ratios than CB1 receptor
antagonists/inverse agonists when they are used as medicines. Thus, for example, there is
evidence that the neutral CB1 receptor-selective antagonist, AM4113, shares the ability of
the CB1 receptor antagonist/inverse agonist, AM251, to suppress food intake and food-
reinforced behaviour in rats and that, in contrast to AM251, it produces this effect at doses
that do not induce signs of nausea [32]. AM4113 has also been found to lack the ability of
AM251 to potentiate morphine-6-glucuronide-induced vomiting in ferrets [42]. Whether
neutral CB1 receptor-selective antagonists also differ from CB1 receptor antagonists/inverse
agonists by not triggering signs of depression or anxiety when administered once or
repeatedly has yet to be established.

No neutral antagonist that selectively targets the CB2 receptor has yet been developed. It is
noteworthy, however, that (S)-(−)-WIN55212 which has similar, albeit rather low, affinity
for human CB1 and CB2 receptors [43] has been found in one investigation to behave in
vitro as a neutral human CB2 receptor antagonist [44]. In other experiments though,
performed with cell membranes in which human CB2 receptors were more highly expressed,
this compound was found to behave as an inverse agonist [43]. Two synthetic analogues of
olivetol/resorcinol have also been reported to behave in vitro as neutral CB2 receptor
antagonists [45,46]. These compounds, each of which binds with significant potency to both
CB1 and CB2 receptors, were found to antagonize CP55940-induced stimulation of
[35S]GTPαS binding to human CB2-expressing Chinese hamster ovary (CHO) cell
membranes at concentrations of either 100 nM or 1 µM.

NON-CB1, NON-CB2 RECEPTORS TARGETED BY NON-ENDOGENOUS
ESTABLISHED CANNABINOID RECEPTOR LIGANDS

The remainder of this review focuses on data obtained from experiments with certain
established non-endogenous CB1 and CB2 receptor ligands that were directed at
investigating the ability of these compounds to bind to a selection of non-cannabinoid
receptors or to target them as agonists or antagonists. As will become apparent, the data
obtained so far suggest that one or more of these CB1/CB2 receptor ligands can target
orthosteric or allosteric sites on the following G protein-coupled receptors, transmitter-gated
channels, ion channels and nuclear receptors:

• GPR55;
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• certain other G protein-coupled receptors, including β-adrenoceptors and 5-
hydroxytryptamine, muscarinic acetylcholine, opioid, adenosine and imidazoline-
like receptors;

• nicotinic acetylcholine, ionotropic glutamate and 5-HT3 receptors;

• glycine receptors;

• calcium channels;

• potassium channels;

• sodium channels

• TRPV1, TRPV2 and TRPA1 channels and/or

• the nuclear receptors, peroxisome proliferator-activated receptors α and γ (PPARα
and PPARγ).

GPR55
As indicated in Table 2, there have been several reports that certain CB1 and/or CB2
receptor ligands can target GPR55 as agonists or antagonists when administered in vitro at
concentrations in the low nanomolar or low micromolar range, and hence at or above
concentrations at which they are normally used to activate or block CB1 or CB2 receptors.
These ligands fall essentially into two groups. In the first group are the cannabinoid CB1/
CB2 receptor agonists, Δ9-THC and HU-210, the cannabinoid CB1 receptor agonists,
noladin ether and R-(+)-methanandamide, the cannabinoid CB2 receptor agonist, JWH-015,
and the cannabinoid CB1 receptor antagonists, AM251 and AM281. Each of these ligands
has been found to activate GPR55 in at least one investigation, though with the exception of
noladin ether which has only been investigated once, not in all investigations. There has also
been a GlaxoSmithKline patent (WO01/86305) claiming that AM251 targets GPR55 in a
yeast-based assay [47]. The second group contains the CB1/CB2 agonist, CP55940, and the
cannabinoid CB1 receptor antagonist, rimonabant both of which have been reported to
activate GPR55 in at least one bioassay but to lack such activity or to behave as GPR55
antagonists in other bioassays.

Some established CB1/CB2 receptor ligands have so far been found not to activate GPR55 in
any GPR55 bioassay in which they have been investigated (Table 2). This additional group
of compounds consists of the CB1/CB2 receptor agonist, R-(+)-WIN55212, and the
cannabinoid CB2 receptor antagonists, AM630 and SR144528, the second of which has also
been reported not to block ligand-induced activation of GPR55 [48]. Conversely, several
non-CB1, non-CB2 receptor ligands have been found to activate GPR55 (reviewed in [49]).
Among these are the endogenous phospholipid, lysophosphatidylinositol [47,48,50–56] and
two synthetic analogues of cannabidiol, O-1602 [56–58] and abnormal cannabidiol [57,58].
It should be noted, however, that there have also been reports that in some bioassay systems,
GPR55 is not activated by O-1602 [47,51,55] or abnormal cannabidiol [47,48,50,55].
Cannabidiol itself has been found, albeit so far only in two investigations, to behave in vitro
as a reasonably potent GPR55 antagonist. In one of these [57], this plant cannabinoid was
found to antagonize CP55940-induced activation of human GPR55 transiently transfected
into human embryonic kidney (HEK293) cells (IC50 = 445 nM). In the other investigation,
cannabidiol at 0.5 or 1 µM was found to oppose lysophosphatidylinositol and O-1602-
induced activation of GPR55 naturally expressed in human or mouse cultured osteoclasts
[56]. There has, however, also been a report that, at 10–30 µM, cannabidiol does not
antagonize lysophosphatidylinositol in a β-arrestin assay performed with U2OS cells stably
transfected with human GPR55 [55].
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Importantly, in those investigations in which some CB1 and/or CB2 receptor ligands have
been found not to activate or block GPR55, positive results were obtained with at least one
other compound, that therefore served as an "active control". These compounds included
other established cannabinoid receptor ligands that did appear to activate GPR55 in the same
bioassay [47,48,52,53,57] and/or lysophosphatidylinositol, which seems to be a particularly
reliable active control [47,48,50–55]. Consistent with the evidence that R-(+)-WIN55212
does not appear to activate GPR55, are findings, first that at a concentration of 50 nM
[3H]R-(+)-WIN55212 does not share the ability of [3H]CP55940 or tritiated rimonabant to
bind to human GPR55 [57]. There has also been an AstraZeneca patent (WO2004074844)
claiming that GPR55 is not activated by R-(+)-WIN55212, or indeed by the CB2-selective
agonist, JWH-133 (reviewed in [59]).

The mixed GPR55 agonism/non-agonism or mixed GPR55 agonism/non-agonism/
antagonism displayed by some CB1/CB2 receptor ligands could be an indication that these
compounds are partial agonists. Thus, the ability of a partial agonist to activate GPR55 is
expected to be determined by the expression level and coupling efficiency of this receptor in
a particular bioassay system. Conversely, since AM251 seems usually to produce a strong
activation of GPR55 [47,52,55,57], it could well be a relatively high-efficacy GPR55
agonist. The manner in which GPR55 signals may also be a significant variable as
preliminary evidence has emerged suggesting that agonist-induced GPR55 signalling is
ligand dependent. Thus, there has been one recent report that GPR55 signals differently
when activated by AM251, AM281 or rimonabant than when activated by
lysophosphatidylinositol [53] and another report that it signals differently when activated by
AM281 than when activated by AM251 or lysophosphatidylinositol [60]. There has also
been a report that AM251 and rimonabant share the ability of lysophosphatidylinositol to
activate human GPR55 both in a β-arrestin assay and in an assay that measures G-protein-
dependent activation of PKCΔII but not in an assay that depends on induced
phosphorylation of extracellular signal-regulated kinase (ERK) [55]. It will be of interest to
investigate whether there are any disorders in which GPR55 expression upregulates or
downregulates or in which GPR55 signalling or constitutive activity alters, as such changes
might well shape the pharmacology and therapeutic potential of at least some GPR55
ligands, particularly of any ligands that display mixed agonist/antagonist activity and are
indeed GPR55 partial agonists. Since evidence has already emerged that GPR55 mediates
inflammatory mechanical hyperalgesia, the release of inflammatory cytokines and
impairment of bone function [56,61], future pharmacological research is likely to focus
particularly on establishing whether cannabidiol really is a GPR55 antagonist and on
whether GPR55 antagonists do indeed have important therapeutic applications.

Finally, although it is possible that the coupling efficiency of GPR55 may not have been the
same in all bioassays listed in Table 2, it is unlikely that inter-bioassay variations in its
expression level accounted for the apparent ability of certain compounds to produce
detectable activation of GPR55 in some bioassays but not in others. Thus, most of these
bioassays were performed with transfected cells in which GPR55 was highly expressed.

OTHER G PROTEIN-COUPLED RECEPTORS
Results obtained from experiments with bovine cerebral cortical synaptic membranes
showed that, at 10 µM, 11-hydroxy-Δ8-THC and 11-oxo-Δ8-THC but not Δ8-THC can
reduce [3H]5-HT binding to 5-HT1A, 5-HT1B, 5-HT1D and 5-HT1E receptors but not
[3H]ketanserin binding to 5-HT2A or 5-HT2B receptors [62]. In addition, there have been
reports, first that at 500 nM the cannabinoid receptor agonist, HU-210, produces a slight
enhancement of high-affinity 5-HT binding to 5-HT2 receptors in rat cerebral cortical
membranes labelled with [3H]ketanserin [63], and second, that at 3 µM and/or 10 µM but
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not higher or lower concentrations, Δ9-THC and 11-hydroxy-Δ9-THC increase the affinity
of [3H]dihydroalprenolol for α-adrenoceptors in mouse cerebral cortical membranes [64].

R-(+)-methanandamide has been found to reduce binding of the muscarinic acetylcholine
receptor antagonists, [3H]N-methylscopolamine and [3H]quinuclidinyl benzilate, to sites on
adult human frontal cerebrocortical membranes with IC50 values of 15 and 44 µM,
respectively [65]. These reductions in binding were rimonabant-insensitive and were not
mimicked by R-(+)-WIN55212 at concentrations of up to 5 µM. R-(+)-methanandamide also
modulated the binding of [3H]oxotremorine to these membranes, its effect being inhibitory
at concentrations above 100 µM but stimulatory at lower micromolar concentrations. It is
possible that these binding changes were induced allosterically as all the reductions in
binding induced by R-(+)-methanandamide at maximal concentrations were slightly less
than 100%. Similarly, Christopoulos and Wilson [66] have found that at concentrations in
the micromolar range, R-(+)-methanandamide but not R-(+)-WIN55212, can displace
[3H]N-methylscopolamine or [3H]quinuclidinyl benzilate from human M1 and M4
muscarinic acetylcholine receptors expressed in CHO cell membranes. Rimonabant too was
found to induce some displacement of [3H]quinuclidinyl benzilate, though with somewhat
less potency. It is noteworthy that anandamide also produced such displacement, since this
seemed to be noncompetitive and hence possibly allosteric in nature.

There is more conclusive evidence that Δ9-THC can bind to allosteric sites on opioid
receptors. Thus, in experiments with rat brain cerebral cortical membranes, it has been found
that this CB1/CB2 receptor agonist can accelerate the dissociation of [3H]DAMGO ([3H]D-
Ala2, NMePhe4,Gly-ol] enkephalin) and [3H]naltrindol, presumably from μ and δ opioid
receptors, respectively [67]. This acceleration was induced by Δ9-THC only at rather high
concentrations (EC50 = 21.4 µM and 10 µM, respectively) and was no more than two-fold.
Interestingly, the non-psychoactive plant cannabinoid, cannabidiol, was more effective
though not more potent than Δ9-THC at accelerating [3H]DAMGO and [3H]naltrindol
dissociation in this bioassay. Rimonabant at 10 µM did not affect the dissociation rates of
these tritiated ligands but did appear to displace [3H]DAMGO in a competitive manner
(IC50 = 4.1 µM). It displayed less potency as an inhibitor of [3H]naltrindol binding,
suggesting that it possesses some degree of selectivity for the μ opioid receptor. These
findings are in line with previous results obtained in equilibrium binding experiments with
rat whole brain membranes which also suggest that, at concentrations in the low micromolar
range, Δ9-THC and cannabidiol can undergo noncompetitive/allosteric interactions with μ
and δ̣ opioid receptors, though not with κ opioid receptors or σ/phencyclidine receptors [68].
Binding to μ opioid receptors was also found to be inhibited in this much earlier
investigation by (+)-Δ9-THC, equatorial hexahydrocannabinol, cannabinol, D- and L-
nantradol and 11-hydroxy-Δ9-THC, the relative inhibitory potencies displayed these
compounds and by (−)-Δ9-THC (IC50 = 7 µM) and cannabidiol (IC50 = 7 µM) suggesting a
lack of correlation between their potencies as inhibitors of μ opioid receptor binding and
their CB1 receptor affinities.

There have been two recent papers confirming that rimonabant can induce radioligand
displacement from μ opioid receptors, its reported IC50 values for this displacement being 3
μM [25] and 5.7 µM [27]. One of these papers also describes evidence that, at
concentrations in the low micromolar range, rimonabant can bind to several other non-CB1,
non-CB2 G protein-coupled receptors [25]. Thus, rimonabant was found to induce
radiolabelled ligand displacement from κ opioid receptors, α2A- and α2C-adrenoceptors,
prostanoid EP4, FP and IP receptors and serotonergic 5-HT6, angiotensin AT1, adenosine A3
and tachykinin NK2 receptors with IC50 values ranging from 1.5 to 7.2 µM. The
corresponding IC50 values of taranabant were found to exceed 10 µM at all of these
receptors apart from the tachykinin NK2 and adenosine A3 receptor (IC50 = 0.5 and 3.4 µM,
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respectively) [25]. At concentrations in the low µM range, taranabant was also found to
induce radiolabelled ligand displacement from dopamine D1 and D3 receptors (Ki = 3.4 and
1.9 µM, respectively) and, in contrast to rimonabant (IC50 = >10 µM), from melatonin MT1
receptors (IC50 = 7.5 µM) [24,25]. There is evidence too that ligand-induced activation of
human melatonin MT1 and human muscarinic acetylcholine M4 receptors can be opposed by
(S)-(−)-WIN55212 at the rather high concentration of 100 µM [44]. No such antagonism
was detected at human P2Y12 or endogenous lysophosphatidic acid receptors or at rat brain
μ opioid, sphingosine-1-phosphate, GABAB or adenosine A1 receptors.

There is evidence that rimonabant and its structural analogue, AM251, can also each target
the adenosine A1 receptor. Thus, at 10 µM, both compounds have been reported to oppose
the activation of A1 receptors in rat cerebellar membranes and also to inhibit basal
[35S]GTPγS binding to these membranes in a manner that can be prevented by the selective
adenosine A1 receptor antagonist, DPCPX [21]. These findings prompted the hypothesis that
rimonabant and AM251 can inhibit [35S]GTPγS binding by blocking the activation of A1
receptors by endogenously released adenosine [21]. That these two CB1 receptor ligands can
induce an inverse effect independently of CB1 receptors is supported by reports first, that
rimonabant can inhibit basal [35S]GTPγS binding to brain membranes obtained from
CB1 −/− mice, and second, that this inhibitory effect is not antagonized by the CB1 receptor
neutral antagonist, O-2050, in brain membranes obtained from either CB1

+/+ or CB1
−/− mice

[26,27].

Finally, as discussed in greater detail elsewhere [69–71], there is evidence that, at
concentrations in the nanomolar or low micromolar range, CP55940 and rimonabant can
interact with a non-I1, non-I2 subtype of the putative imidazoline receptor that may belong
to a family of G protein-coupled sphingosine-1-phosphate/lysophosphatidic acid receptors
originally known as endothelial differentiation gene (EDG) receptors. This is a putative
receptor subtype that appears to be both CB1 receptor-like and α2-adrenoceptor-like and to
mediate inhibition of evoked noradrenaline release, for example from the terminals of
sympathetic neurons supplying cardiovascular tissue [69,70,72]. There is also evidence first,
that this putative receptor subtype can be activated by CP55940 at 300 nM and by R-(+)-
WIN55212 at 10 and 100 µM although not by R-(+)-WIN55212 at 1 µM or by S-(−)-
WIN55212 at 100 µM [71], and second, that its activation by CP55940, by the α2-
adrenoceptor agonist, clonidine, and by two agonists of the putative non-I1, non-I2
imidazoline receptor can be antagonized by rimonabant at 1 or 10 µM and/or by LY320135
at 0.1, 1 or 10 µM [71,73]. Rauwolscine, which behaves as an antagonist of the putative
non-I1, non-I2 imidazoline receptor subtype at 30 µM, has at this concentration also been
found to oppose the activation of this putative receptor subtype by CP55940 [73].

NICOTINIC ACETYLCHOLINE, IONOTROPIC GLUTAMATE AND 5-HT3

RECEPTORS
There is evidence that R-(+)-methanandamide and CP55940 (IC50 = 183 nM and 3.4 µM,
respectively) but not Δ9-THC or R-(+)-WIN55212 can each produce complete inhibition of
currents induced by acetylcholine in α7-nicotinic acetylcholine receptors expressed in
Xenopus oocytes [74]. Evidence has also been obtained that R-(+)-methanandamide (1 µM)
but not Δ9-THC can enhance activation of ionotropic glutamate receptors by N-methyl-D-
aspartate [75].

As to the 5-HT3 receptor, evidence has been obtained that some synthetic cannabinoid
receptor ligands can antagonize 5-HT-induced activation of this receptor and that the rank
order of the potency displayed by these ligands as 5-HT3 antagonists does not correlate with
the rank order of their potency for binding to cannabinoid CB1 or CB2 receptors. This

Pertwee Page 10

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



evidence, which is discussed in greater detail elsewhere [69,76], has come in part from
experiments with rat nodose ganglion neurons [77] in which CP55940 and R-(+)-WIN55212
were found to behave as 5-HT3 receptor antagonists (IC50 = 94 and 310 nM, respectively). It
has also come from experiments with HEK293 cells stably transfected with the functional
3A subunit of the human 5-HT3 receptor [78]. These experiments showed that 5-HT3A-
mediated currents induced by 5-HT could be inhibited by the CB1/CB2 receptor agonists,
Δ9-THC, R-(+)-WIN55212, anandamide and CP55940 (IC50 = 38, 104, 130 and 648 nM,
respectively), by the CB2-selective agonist, JWH-015 (IC50 = 147 nM) and by the CB1-
selective antagonist, LY320135 (IC50 = 523 nM), although not by rimonabant or S-(−)-
WIN55212 at 1 µM. Two additional findings, first, that R-(+)-WIN55212 antagonized 5-HT
in an insurmountable manner, and second, that R-(+)-WIN55212, CP55940 and anandamide
did not displace [3H]GR65630 from specific binding sites on membranes obtained from the
5-HT3A-transfected HEK293 cells [78], raise the possibility that cannabinoids inhibit
currents mediated by the 5-HT3A receptor by targeting an allosteric site on this receptor. It is
noteworthy, however, that CP55940 at 10 µM was found to alter neither the rate of
dissociation of [3H]GR65630 from the 5-HT3A receptor nor its rate of association [78].

GLYCINE RECEPTOR
There is evidence that at concentrations in the nanomolar range, Δ9-THC can potentiate
glycine receptor activation, possibly in an allosteric manner [79]. Thus, it has been found
that this CB1/CB2 receptor agonist can potentiate glycine-activated currents in both
homomeric α1 and heteromeric α1β1 subunits of human glycine receptors that had been
transfected into Xenopus laevis oocytes (EC50 = 86 nM and 73 nM, respectively) and in
native glycine receptors expressed by neurons obtained from the ventral tegmental area of
rat brain (EC50 = 115 nM) [79]. More recently, the ability of three other non-
endocannabinoids to modulate glycineinduced in vitro activation of human α1, α1β, α2 and
α3 glycine receptor subunits recombinantly expressed in HEK293 cells was investigated
[80]. These cannabinoids were the CB1/CB2 receptor agonists, HU-210 and R-(+)-
WIN55212, and the CB2-selective agonist, HU-308. It was found first, that α1 activation
was potentiated by HU-210 (EC50 = 270 nM), unaffected by R-(+)-WIN55212 (30 µM) and
weakly inhibited by HU-308 (30 µM), second, that α2 activation was inhibited with similar
potency by HU-210 and R-(+)-WIN55212 (IC50 = 90 nM and 220 nM, respectively) and less
potently by HU-308 (IC50 = 1.13 µM), and third, that α3 activation was inhibited with
similar potency by HU-210, R-(+)-WIN55212 and HU-308 (IC50 = 50 nM, 86 nM and 97
nM, respectively). As to α1β glycine receptor subunit currents, these were enhanced by
HU-210 at 30 µM, unaffected by R-(+)-WIN55212 at 30 µM and inhibited by HU-308 at 30
µM. Results obtained in experiments with rat isolated hippocampal pyramidal neurons also
suggest that R-(+)-WIN55212 (5 µM) can inhibit glycine activated currents [81]. That
HU-210 can enhance the activation of α1 glycine receptor subunits has been confirmed by
the demonstration that this compound potentiates glycine-induced activation of strychnine-
sensitive α1 subunits transiently transfected into HEK293 cells (EC50 = 5.1 µM) [82]. It was
also found in this investigation that at concentrations above 10 µM, HU-210 can activate
these glycine receptor subunits in the absence of added glycine (EC50 = 189 µM).

CALCIUM CHANNELS
Shen and Thayer [83] have found that R-(+)-WIN55212 can inhibit N- and P/Q-type voltage
gated calcium channels in rat cultured hippocampal neurons. It seemed to produce this effect
at nanomolar concentrations only via cannabinoid CB1 receptors (IC50 = 14 nM), though at
higher concentrations both R-(+)- and S-(−)-WIN55212 appeared to target these channels
directly. Currents through these channels were not affected by rimonabant at 300 nM, a
concentration at which it does block the CB1 receptor.
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Evidence has also been obtained that R-(+)-methanandamide at 1 µM, HU-210 at 10 but not
1 µM and rimonabant at 100 nM and 1 µM can inhibit currents through cloned α1H subunits
of low-voltage-activated (T-type) calcium channels in cultured cells [84]. No such inhibition
was induced by R-(+)-WIN55212, CP55940 or Δ9-THC at 10 µM. R-(+)-methanandamide
(1 µM) but not R-(+)-WIN55212 (1 µM) also inhibited native T-channel currents in
neuroblastoma NG108-15 cells. More recently, it was demonstrated that, at 10 µM, both R-
(+)-methanandamide and ACEA inhibit currents through the cloned T-channels, human
CaV3.1, CaV3.2 and CaV3.3, expressed in tsA-201 cells [85]. There has also been a report
that at 10 µM, R-(+)-methanandamide can inhibit specific binding of a calcium L-type
channel ligand of the dihydropyridine class (IC50 = 7.1 µM) and depolarization-induced
Ca2+ efflux through voltage-gated calcium channels in transverse tubule membrane vesicles
obtained from rabbit skeletal muscle [86]. No effects of this kind were produced by R-(+)-
WIN55212, CP55940 or Δ9-THC at concentrations of up to 10 or 100 µM [86]. Nor indeed
have they been detected in response to rimonabant at 1 µM [87], though this concentration
of rimonabant has been found to inhibit potassium-evoked Ca2+ influx into neonatal rat
cultured dorsal root ganglion sensory neurons [88]. Rimonabant has also been found to
displace cis-(+)-[n-methyl-3H]diltiazem from L-type calcium channels, as indeed has
taranabant (IC50 = 6.1 µM, and 300 nM respectively) [24,25].

Contrasting with negative results obtained previously with Δ9-THC in experiments with
cultured cells expressing T-type calcium channels encoded by the CaV3 gene family [84], is
a recent report that this cannabinoid can inhibit CaV3 channels [89]. An inhibitory effect of
Δ9-THC (1 µM) was observed both on channels that had been stably transfected into
HEK293 cells and on channels expressed naturally in mouse trigeminal ganglion sensory
neurons. Interestingly, such inhibition was also produced at 1 µM by the non-psychoactive
plant cannabinoid, cannabidiol, and both these cannabinoids were found to inhibit CaV3.1
and CaV3.2 currents more potently than CaV3.3 currents. At 3 µM, the CB1-selective
antagonist, AM251, inhibited the naturally-expressed channels too, but did not diminish the
inhibitory effects of subsequently administered Δ9-THC or cannabidiol [89]. The same
investigation also yielded data suggesting that Δ9-THC but not cannabidiol may increase the
amount of calcium entry following T-type channel activation by stabilizing open states of
the channel and that cannabidiol but not Δ9-THC interacts significantly with closed states of
the CaV3.1 channel.

POTASSIUM CHANNELS
Evidence has been obtained from experiments with murine fibroblasts stably transfected
with KV1.2 cDNA that Δ9-THC (IC50 = 2.4 µM) can inhibit Shaker-related voltage gated
KV1.2 potassium channels in a CB1/CB2 receptor independent manner [90]. It also appears
that potassium channels can be targeted by certain other synthetic cannabinoid CB1/CB2
receptor agonists. Thus, Van den Bossche and Vanheel [91] have obtained evidence from
experiments with rat aortic smooth muscle cells that R-(+)-methanandamide (10 µM) can
block delayed rectifier potassium (KV) channels in a rimonabant-insensitive manner. This it
seems to do by binding to an external site on or near this channel. They also found that this
channel could be blocked by both R-(+)-WIN55212 (20 µM) and rimonabant (10 µM). More
recently, it has been found that rimonabant and taranabant can induce radiolabelled ligand
displacement from rapid delayed rectifier potassium channels (IC50 = 2.5 µM and 2.3 µM,
respectively) [24,25], and that R-(+)-methanandamide (10 µM) can inhibit cromakalim-
induced activation of ATP-sensitive inward-rectifier (KATP) channels in Xenopus oocytes
[92].

There is also evidence that R-(+)-methanandamide can inhibit the leak or background
potassium channel, TASK-1 (IC50 = 700 nM) as indicated by results obtained from
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experiments with COS-7 cells transfected with cDNA encoding this channel [93]. At 10 µM,
R-(+)-WIN55212 and CP55940, but not Δ9-THC or HU-210, were found to share the ability
of R-(+)-methanandamide to inhibit the TASK-1 channel. Rimonabant (10 µM) also
produced a slight inhibition of TASK-1 but did not antagonize R-(+)-WIN55212. More
recently, it has been found in experiments with transfected HEK293 cells that R-(+)-
methanandamide (1, 3 and/or 10 µM) can block not only TASK-1 channels, but also another
member of this subfamily of two pore domain potassium channels, TASK-3 [94,95]. R-(+)-
methanandamide inhibited rat TASK-1 slightly more than rat TASK-3 [95] whereas human
TASK-3 was inhibited significantly more by this cannabinoid than either human TASK-1 or
mouse TASK-3 [94]. In addition, R-(+)-methanandamide (1 and 10 µM) has been found to
inhibit heteromeric TASK-1/TASK-3 channels [95]. Given these findings, it is also
noteworthy that genetic deletion of TASK-1 or TASK-3 has been shown to reduce the
ability of R-(+)-WIN55212 to produce antinociception in mice in the hot plate test though
not in the tail flick test [96,97]. Deletion of TASK-1 but not of TASK-3 also decreased R-
(+)-WIN55212-induced hypomotility and hypothermia [96,97].

Finally, it has been reported that R-(+)-methanandamide (0.3 to 3 µM) but not JWH-133 (1
µM) can increase the activity of Ca2+-activated potassium (BK) channels in a CB1/CB2
receptor independent manner. These findings came mainly from experiments with HEK293
cells transfected with one or two subunits of the BK channel [98].

SODIUM CHANNELS
Evidence has been obtained that R-(+)-WIN55212 can inhibit voltage-gated sodium
channels [99]. This was indicated by its ability to inhibit depolarization of mouse brain
synaptoneurosomes induced by the sodium channel site 2-selective neurotoxin, veratridine,
(IC50 = 21.1 µM) as well as by its ability to inhibit veratridine-dependent release of L-
glutamic acid (IC50 = 12.2 µM) and γ-aminobutyric acid (IC50 = 14.4 µM) from mouse
purified brain synaptosomes and the binding of [3H]batrachotoxinin A 20-α-benzoate
([3H]BTX-B) to mouse brain synaptoneurosomal voltage-gated sodium channels (IC50 =
19.5 µM). Additionally, R-(+)-WIN55212 (1 µM) but not Δ9-THC (10 µM) was found to
block sustained repetitive firing in rat cultured cortical neurons that could also be blocked by
the sodium channel-selective blocker, tetrodotoxin. None of these effects of R-(+)-
WIN55212 were affected by AM251 at 1 or 2 µM. Indeed, subsequent research by the same
group showed that this cannabinoid CB1 receptor antagonist shares the ability of R-(+)-
WIN55212 both to inhibit veratridine-dependent depolarization of mouse brain
synaptoneurosomes (IC50 = 8.9 µM) and release of L-glutamic acid (IC50 = 8.5 µM) and γ-
aminobutyric acid (IC50 = 9.2 µM) from mouse purified brain synaptosomes and to displace
[3H]BTX-B from mouse brain synaptoneurosomal membranes (IC50 = 11.2 µM) [100].
AM251 may interact allosterically with sodium channels as it was also found to accelerate
the dissociation of [3H]BTX-B from its binding sites. This research group has also
discovered that the ability of R-(+)-WIN55212 to displace [3H]BTX-B from mouse brain
synaptoneurosomal voltage-gated sodium channels in a manner not opposed by AM251 at 2
µM is shared by another potent cannabinoid CB1/CB2 receptor agonist, CP55940 (IC50 =
22.3 µM) [101]. Like AM251 but not R-(+)-WIN55212, this nonclassical cannabinoid seems
to inhibit [3H]BTX-B binding through an allosteric mechanism. There have been reports too
that R-(+)-WIN55212 (10 µM) and noladin ether (50 µM) inhibit voltage-gated sodium
currents in frog parathyroid cells in a cannabinoid receptor-independent manner [102] and
that R-(+)-WIN55212 (IC50 = 17.8 µM) inhibits such currents slightly in rat cultured
trigeminal ganglion neurons, albeit in a manner that could be partly blocked by AM251
[103]. Interestingly, in the second of these investigations it was also found that at 10 nM,
though not at higher concentrations, R-(+)-WIN55212 induced a slight enhancement of
voltage-gated sodium currents that was not blocked by AM251. There is also evidence that
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rimonabant and taranabant can target the human sodium channel site 2 as both these
compounds have been found to induce radiolabelled ligand displacement from such channels
(IC50 = 5.1 µM and 1.9 µM, respectively) [24,25].

TRPV1, TRPV2 AND TRPA1 CHANNELS
The chemical similarity of anandamide to capsaicin and olvanil, first noted by Di Marzo,
Bisogno, Melck, Ross, Brockie, Stevenson, Pertwee and De Petrocellis [104], prompted
research that led to the discovery that anandamide can activate TRPV1 channels, albeit with
significantly lower efficacy than capsaicin (reviewed in [69]). R-(+)-methanandamide can
activate these channels too, though its potency and efficacy are even less than those of
anandamide [105–107]. It has also been found to displace [3H]resiniferatoxin from rat
TRPV1 receptors, again with a potency less than that of anandamide (Ki = 21.4 and 1.7 µM,
respectively) ([105]. Another synthetic analogue of anandamide that behaves as a TRPV1
partial agonist is ACEA. This has been shown to mimic the ability of capsaicin to stimulate
calcitonin gene-related peptide (CGRP) release from rat cultured trigeminal ganglion (TG)
sensory neurons (EC50 = 14 µM) and to do this in a manner that can be antagonized by the
TRPV1 antagonists, iodo-resiniferatoxin and capsazepine [108]. Interestingly, evidence was
also obtained in this investigation that rimonabant may be a low-potency TRPV1 mixed
agonist/antagonist. Thus, it stimulated CGRP release when administered by itself at
concentrations above 50 µM but inhibited capsaicin-evoked CGRP release at concentrations
of 10 and 30 µM. Evidence that rimonabant can block TRPV1 channels at concentrations in
the low micromolar range has also been obtained from experiments with TRPV1-transfected
HEK cells [109], isolated blood vessels [106] and hippocampal neurons [110].

Although ACEA appears to activate TRPV1 channels it has been found at 25 µM not to
activate TRPA1 channels [111]. However, there is evidence that TRPA1 channels can be
activated by Δ9-THC and by another CB1/CB2 partial agonist and plant cannabinoid,
cannabinol. Thus, for example, it has been found that both Δ9-THC (20 µM) and cannabinol
(20 µM) but not capsaicin (1 µM) increase intracellular free calcium in HEK293 cells
transfected with human or rat TRPA1 (ANKTM1) channels and that both these compounds
are antagonized by the non-selective cation channel blocker, ruthenium red [112]. There
have also been reports first, that Δ9-THC (400 µM) elicits robust inward currents in human
TRPA1-expressing oocytes [113], and second, that Δ9-THC (20 µM) activates both mouse
TRPA1 channels transiently transfected into HeLa cells and rat TRPA1 channels naturally
expressed in cultured TG sensory neurons in a manner that can be antagonized by ruthenium
red [114]. Importantly, Δ9-THC appeared to induce much faster and more efficaceous
activation of these receptors when applied directly to the cytoplasmic side than to the
outside of HeLa cells or TG neuronal membranes [114]. Evidence has also emerged that Δ9-
THC can activate rat and human TRPV2 channels. More specifically, there has been a report
that Δ9-THC induces calcium mobilization in rat and human TRPV2-transfected HEK293
cells with EC50 values of 16 µM and 43 µM, respectively [115]. Its effect in both cell lines
was antagonized by ruthenium red. Further evidence that Δ9-THC can target non-TRPV1
TRP ion channels comes from the finding that it inhibits electrically-evoked CGRP release
and subsequent vasorelaxation (IC50 = 1.55 µM) in the rat mesenteric arterial bed in a
manner that can be blocked by ruthenium red but not by AM251, AM630 or capsazepine
[116]. Ruthenium red has also been found to oppose the ability of both Δ9-THC and
cannabinol at high nanomolar or low micromolar concentrations to reverse phenylephrine-
induced contractions of rat arterial segments [117]. Δ9-THC-induced relaxation of these
segments was not blocked by rimonabant or AM251, or mimicked by HU-210 or CP55940.
It was also not blocked by capsazepine and was detectable in arterial segments obtained
from TRPV1−/− mice.
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There is strong evidence that the ability of Δ9-THC to activate TRPA1 channels is shared by
the aminoalkylindoles, R-(+)- and S-(−)-WIN55212, though not by two other CB1/CB2
receptor agonists, the classical cannabinoid, HU-210 and the nonclassical cannabinoid,
CP55940 [112]. Thus, it has been found that CGRP release from rat cultured TG sensory
neurons can be evoked by both R-(+)-WIN55212 (EC50 = 26 µM) and S-(−)-WIN55212 (at
25 µM), and that the effect of R-(+)-WIN55212 can be blocked by ruthenium red but not by
TRPV1- or CB1-selective antagonists [118]. Results obtained in this investigation also
showed that R-(+)- and S-(−)-WIN55212 are more potent at inhibiting potassium- evoked
CGRP release in these cells (IC50 = 1.7 µM and 2.7 µM, respectively). The inhibitory effect
of R-(+)-WIN55212 was not blocked by CB1-selective antagonists. However, it was blocked
by the CB2-selective antagonist, AM630, albeit at 10 µM but not 1 µM.

That the non-TRPV1 TRP channel targeted by R-(+)-WIN55212 in rat TG sensory neurons
is the TRPA1 channel is suggested in particular by the finding that R-(+)-WIN55212 (25
µM) generates inward currents in mouse TRPA1-transfected CHO cells but, in contrast to
capsaicin, not in CHO cells transfected with rat TRPV1 or indeed with rat TRPV2 or
TRPV4 or mouse TRPV3 or TRPM8 [111]. Similar results have been obtained with another
aminoalkylindole, AM1241 (30 µM). Interestingly, unlike R-(+)-WIN55212, AM1241
generated larger currents in CHO cells co-transfected with TRPA1 and TRPV1 receptors
than in CHO cells expressing only TRPA1 receptors. It has also been found that inhibition
of capsaicin-induced inward currents can be induced by R-(+)-WIN55212 and AM1241 in
CHO cells cotransfected with TRPA1 and TRPV1 receptors [111]. Currents generated by R-
(+)-WIN55212 exhibit faster activation kinetics in TRPA1-expressing CHO cells than in
TRPA1/TRPV1 coexpressing cells [119]. This could possibly be because such coexpression
opposes the onset of desensitization.

PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS
O'Sullivan, Tarling, Bennett, Kendall and Randall [120] have discovered that Δ9-THC is a
PPARγ agonist. More specifically they found that, like the established PPARγ-selective
agonist, rosiglitazone, Δ9-THC (10 µM) can cause slowly developing vasorelaxation in rat
isolated aortae in a manner that can be antagonized by the selective PPARγ antagonist,
GW9662, but not by the cannabinoid CB1 receptor antagonist, AM251. They also found that
GW9662 antagonizes Δ9-THC-induced relaxation in rat superior mesenteric arteries (G0)
and that at concentrations of 100 nM and above, Δ9-THC activates PPARγ in HEK293 cells
transiently expressing this receptor. There has been a preliminary report too that in HEK293
cells also expressing another nuclear receptor, retinoid X receptor α, PPARγ can be
activated at 10 µM not only by Δ9-THC but also by the CB1/CB2 receptor synthetic agonist,
CP55940, by the CB1 receptor antagonists, rimonabant and AM251, and by anandamide and
cannabidiol, though not by Δ9-tetrahydrocannabivarin or R-(+)-WIN55212 [113].

More recently, however, evidence has emerged suggesting that PPARγ can be activated by
R-(+)-WIN55212 [122]. Thus, it has been found that at 100 nM, R-(+)-WIN55212 decreases
vascular cell adhesion molecule-1 expression in mouse brain endothelial cell cultures, either
infected with Theiler’s murine encephalomyelitis virus or uninfected, and that this effect can
be opposed by the PPARγ antagonist, GW9662 but not by rimonabant or SR144528. There
is evidence too that apoptosis and downregulation of survivin and two other survival factors
induced in hepatoma HepG2 cells by R-(+)-WIN55212 at 10 µM is PPARγ-mediated. More
specifically, it has been shown that the first of these effects can be antagonized by the
PPARγ antagonists, GW9662 and T0070907, and that GW9662 also antagonizes the second
effect [123]. Other cannabinoid receptor ligands that appear to activate PPARγ include two
cannabinoid CB1 receptor agonists, noladin ether and R-(+)-methanandamide. With regard
to noladin ether, it has been found that the inhibition of interleukin-2 secretion by human

Pertwee Page 15

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Jurkat T cells that can be induced by this cannabinoid at 20 µM is antagonized by the
PPARγ antagonist, T0070907 [124]. As to R-(+)-methanandamide, its ability to induce
apoptosis in human cervical carcinoma cells at 10 µM has been found to be reduced by both
GW9662 and knockdown of PPARγ in response to siRNA transfection [125].

Finally, evidence has emerged that certain cannabinoid CB1/CB2 receptor agonists can
activate PPARα [126]. More particularly, it has been found first, that both R-(+)-WIN55212
(1 µM) and noladin ether (10 µM) appear to stimulate PPARα-mediated gene transcription
in HeLa cells expressing these receptors, and second, that at concentrations in the low
micromolar range both these cannabinoids can displace cis-parinaric acid from the PPARα
receptor. Similar results were obtained with anandamide. In contrast, Δ9-THC was found to
alter neither the transcriptional activity of PPARα at 10 µM nor cis-parinaric acid binding to
this receptor at 1 to 32 µM.

CONCLUSIONS AND FUTURE DIRECTIONS
In conclusion, there is now good evidence that a number of non-endogenous CB1/CB2
receptor ligands, including several that are widely used as research tools, can interact with
certain established non-CB1, non-CB2 G protein-coupled receptors, transmitter gated
channels, ion channels and/or nuclear receptors (Tables 2 to 5). Importantly, it has been
found that

• many of these receptors and channels are affected by CB1/CB2 receptor ligands
only when these are applied at concentrations well above those at which they can
activate or block CB1 and/or CB2 receptors;

• certain of these receptors and channels seem to be targeted by some CB1/CB2
receptor agonists but not by others and

• certain CB1/CB2 receptor agonists seem to target allosteric rather than orthosteric
sites on at least some of the following receptors or channels: muscarinic
acetylcholine receptors, μ and δ opioid receptors, 5-HT3 receptors, glycine
receptors and sodium channels.

Since the CB1 receptor can signal through certain ion channels (reviewed in [1]), it should
be noted as well that nearly all of the ligand-ion channel interactions described in this review
seem not to have been mediated by this receptor.

It is also noteworthy that some channels and non-CB1, non-CB2 receptors appear to be
activated by CB1/CB2 receptor antagonists or blocked by CB1/CB2 receptor agonists. This is
exemplified by the antagonism of GPR55 and 5-HT3 receptors and the inhibition of certain
ion channels that has been reported to be induced by some CB1/CB2 receptor agonists
(Tables 2 to 4), and by the activation of GPR55 (Table 2) and PPARγ (Table 5) apparently
induced by some CB1 receptor antagonists, at least in some investigations. It has also been
found that not all CB1 agonists appear to affect particular non-CB1/CB2 targets in the same
way. Thus, for example, glycine receptor subunit α1 activation seems to be potentiated by
HU-210, inhibited by HU-308 and unaffected by R-(+)-WIN55212 (Tables 3 and 4) and
there is also some evidence that R-(+)-WIN55212 does not share the ability of certain other
CB1/CB2 receptor agonists to activate GPR55 (Table 2). It is noteworthy too that the rank
order of the potencies displayed by CB1/CB2 receptor agonists, at least at some channels and
non-CB1, non-CB2 receptors, differs from the rank order of the potencies they display as
CB1 and/or CB2 receptor agonists. Thus, for example, there is a marked difference between
the rank order of the potencies with which Δ9-THC, R-(+)-WIN55212, CP55940 and
JWH-015 bind to CB1 or CB2 receptors (Table 1) and the rank order of the potencies with
which these ligands block the 5-HT3 receptor (Tables 3 and 4).
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A few channels and non-CB1, non-CB2 receptors seem to be targeted by some non-
endogenous CB1/CB2 receptor ligands with a potency little different from that with which
these same ligands target CB1/CB2 receptors. These ligands include Δ9-THC for its
inhibition of the 5-HT3 receptor and activation of PPARγ (Table 3), and R-(+)-
methanandamide for its inhibition of the α7-nicotinic acetylcholine receptor (Table 4).
Additionally, in one investigation [57], Δ9-THC, CP55940 and noladin ether were found to
be no less potent as apparent GPR55 agonists than as CB1/CB2 receptor ligands (Tables 1
and 2).

The question of whether the G protein-coupled receptor, GPR55, really is targeted by CB1/
CB2 receptor agonists and antagonists is currently a subject of heated debate (reviewed in
[49,127]). This is because several of these ligands have been found in some investigations to
display activity as agonists but in other investigations to lack such activity or even to behave
as GPR55 antagonists (Table 2). The potencies displayed by some of these ligands as
apparent GPR55 agonists also vary widely from bioassay to bioassay. Clearly further
research is required both to establish why such discrepant and variable data have been
obtained and to identify a facile bioassay that will provide a reliable indication of how any
particular ligand interacts with naturally expressed GPR55. It will also be important to
discover a selective and potent GPR55 competitive antagonist as the availability of such a
compound would make it possible to establish much more conclusively whether some CB1/
CB2 receptor agonists and antagonists are or are not GPR55 agonists. One possible lead
compound for such an antagonist may be cannabidiol, since as already mentioned this has
been found in two investigations [56,57], though not in a third [55], to behave as a
moderately potent GPR55 antagonist.

Further research is also needed

• to establish whether non-endogenous CB1/CB2 receptor agonists or antagonists
activate or block any of the channels or non-CB1, non-CB2 receptors to which they
have so far only been shown to bind (Tables 3 to 5);

• to seek out any additional channels and non-CB1, non-CB2 receptors that are
targeted by non-endogenous CB1/CB2 receptor ligands and to establish whether or
not any such targeting is orthosteric or allosteric in nature and

• to identify non-CB1, non-CB2 targets for any non-endogenous CB1/CB2 receptor
ligands not so far investigated for their abilities to interact with such targets,
focusing particularly on ligands with therapeutic potential such as certain CB1
receptor neutral antagonists, peripherally-restricted CB1/CB2 receptor agonists and
antagonists, CB2-selective agonists and CB2-selective antagonists/inverse agonists.

If a non-endogenous CB1/CB2 receptor ligand interacts as potently with a channel or non-
CB1, non-CB2 receptor as with the CB1 or CB2 receptor this will of course limit its value as
a pharmacological tool. It may also either weaken or strengthen any therapeutic potential
that it may have. Thus, such simultaneous targeting might increase the incidence or intensity
either of adverse effects or of beneficial effects, there being evidence, for example, that pain
relief is increased in an additive or superadditive manner by the combined activation of
opioid receptors, nicotinic acetylcholine receptors or α2-adrenoceptors and cannabinoid
receptors (reviewed in [6]).

Finally, it will be important to explore the ability of CB1/CB2 receptor ligands to interact
with targets that are neither receptors nor channels, not least because there is already
evidence that nanomolar concentrations of Δ9-THC can modulate the neuronal uptake of
noradrenaline and serotonin and the microglial uptake of adenosine (reviewed in [41]), that
rimonabant and taranabant can each interact with the noradrenaline transporter and that
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rimonabant can also interact both with dopamine and vesicular monoamine transporters and
with 11β-hydroxysteroid dehydrogenase type 1 which catalyses the conversion of cortisone
to cortisol [25].
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ABBREVIATIONS

5-HT 5-hydroxytryptamine

abnormal-
cannabidiol

trans-4-[3-methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]-5-
pentyl-1,3-benzenediol

ACEA arachidonyl-2’-chloroethylamide

ACPA arachidonylcyclopropylamide

anandamide arachidonoylethanolamide

BTX-B batrachotoxinin A 20-α-benzoate

CaV voltage-gated calcium channel

CGRP calcitonin gene-related peptide

CHO Chinese hamster ovary

DAMGO D-Ala2, NMePhe4, Gly-ol]enkephalin

DPCPX 8-cyclopentyl-1,3-dipropylxanthine

EDG endothelial differentiation gene

ERK extracellular signal-regulated kinase

GR65630 (3-5-methyl-1H-imidazol-4-yl)-1-(1-methyl-1H-indol-3-yl)-1-
propanone)

GTPγS guanosine-5’-O-(3-thiotriphosphate)

GW9662 2-chloro-5-nitro-N-phenylbenzamide

HEK human embryonic kidney

KV voltage-gated potassium channel

LPI lysophosphatidylinositol

O-1602 trans-4-[3-methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]-5-
methyl-1,3-benzenediol

O-2050 (6aR,10aR)-3-(1-methanesulphonylamino-4-hexyn-6-yl)-6a,
7,10,10a-tetrahydro-6,6,9-trimethyl-6H-dibenzo[b,d]pyran

PKCβII protein kinase CβII

PPAR peroxisome proliferator-activated receptor

T0070907 2-chloro-5-nitro-N-4-pyridinylbenzamide

TASK two-pore domain acid-sensitive background potassium channel

TG trigeminal ganglion

Pertwee Page 18

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TRP transient receptor potential cation channel
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Fig. (1).
The structures of the CB1/CB2 cannabinoid receptor agonists, (−)-Δ9-tetrahydrocannabinol
[(−)-Δ9-THC], HU-210, CP55940, R-(+)-WIN55212, anandamide and 2-arachidonoyl
glycerol.
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Fig. (2).
The structures of ACEA, ACPA, methanandamide and noladin ether, each of which
activates CB1 receptors more potently than CB2 receptors.

Pertwee Page 28

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (3).
The structures of JWH-133, HU-308, JWH-015 and AM1241, each of which activates CB2
receptors more potently than CB1 receptors.
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Fig. (4).
The structures of the cannabinoid CB1 receptor antagonists/inverse agonists, rimonabant,
AM251, AM281, LY320135 and taranabant, each of which blocks CB1 receptors more
potently than CB2 receptors.
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Fig. (5).
The structures of the cannabinoid CB2 receptor antagonists/inverse agonists, SR144528 and
AM630, both of which block CB2 receptors more potently than CB1 receptors.
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Table 1

A Selection of Ki Values of Cannabinoid CB1/CB2 Receptor Agonists and Antagonists for the In Vitro
Displacement of [3H]CP55940 or [3H]HU-243 from CB1- and CB2-Specific Binding Sites

Ligand CB1 Ki value (nM) CB2 Ki value (nM)

Agonists with similar CB1 and CB2 affinities

(−)-Δ9-THC 5.05 to 80.3 3.13 to 75.3

HU-210 0.06 to 0.73 0.17 to 0.52

CP55940 0.5 to 5.0 0.69 to 2.8

R-(+)-WIN55212 1.89 to 123 0.28 to 16.2

Anandamide 61 to 543 279 to 1940

2-Arachidonoyl glycerol 58.3, 472 145, 1400

Agonists with higher CB1 than CB2 affinity

ACEA 1.4, 5.29 195, >2000

ACPA 2.2 715

R-(+)-methanandamide 17.9 to 28.3 815 to 868

2-Arachidonyl glyceryl ether (noladin ether) 21.2 >3000

Agonists with higher CB2 than CB1 affinity

JWH-133 677 3.4

HU-308 >10000 22.7

JWH-015 383 13.8

AM1241 280 3.4

Antagonists with higher CB1 than CB2 affinity

Rimonabant (SR141716A) 1.8 to 12.3 514 to 13200

AM251 7.49 2290

AM281 12 4200

LY320135 141 14900

Taranabant 0.13, 0.27 170, 310

Antagonists with higher CB2 than CB1 affinity

SR144528 50.3 to >10000 0.28 to 5.6

AM630 5152 31.2

The structures of the compounds listed in this Table are shown in Figs. (1 to 5). The data for taranabant can be found in reference [24]. For other
references and additional details see reference [3].

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pertwee Page 33

Ta
bl

e 
2

Ev
id

en
ce

 th
at

 C
er

ta
in

 E
st

ab
lis

he
d 

C
an

na
bi

no
id

 R
ec

ep
to

r A
go

ni
st

s a
nd

 A
nt

ag
on

is
ts

 A
ct

iv
at

e 
an

d/
or

 B
lo

ck
 G

PR
55

C
om

po
un

d
A

ss
ay an
d

re
fe

re
nc

e

C
on

ce
nt

ra
tio

n/
po

te
nc

y
fo

r 
ag

on
is

m
A

ss
ay

 a
nd

re
fe

re
nc

e
C

on
ce

nt
ra

tio
ns

 a
t

w
hi

ch
 n

o 
ag

on
is

m
de

te
ct

ed

A
ss

ay
 a

nd
re

fe
re

nc
e

C
on

ce
nt

ra
tio

n 
fo

r
an

ta
go

ni
sm

Δ9
-T

H
C

1
EC

50
 =

 8
 n

M
4

1 
µM

–
–

2a
, 2

b,
 2

c
5 

µM
8a

30
 µ

M

6a
<1

 µ
M

 (l
ow

 e
ff

ic
ac

y)

7
Sl

ig
ht

 a
go

ni
sm

H
U

21
0

1
EC

50
 =

 2
6 

nM
4

1 
µM

–
–

6a
ca

 1
 n

M
 to

 >
10

 µ
M

7
10

 µ
M

8a
30

 µ
M

R-
(+

)-
M

et
hA

EA
2a

5 
µM

8a
30

 µ
M

–
–

N
ol

ad
in

 e
th

er
1

EC
50

 =
 1

0 
nM

–
–

–
–

JW
H

-0
15

2a
, 2

c
3 

µM
8a

30
 µ

M
–

–

A
M

25
1

1
EC

50
 =

 3
9 

nM
8c

30
 µ

M
–

–

3
EC

50
 =

 6
12

 n
M

6a
EC

50
 =

 2
70

0 
nM

6b
EC

50
 =

 3
40

0 
nM

8a
EC

50
 =

 9
.6

 µ
M

8b
10

 µ
M

9
N

o 
da

ta

A
M

28
1

3
3 

to
 3

0 
µM

1
up

 to
 3

0 
µM

–
–

9
N

o 
da

ta
8a

30
 µ

M

C
P5

59
40

1
EC

50
 =

 5
 n

M
*

2a
5 

µM
3

3 
µM

 (v
s L

PI
)

8b
10

 µ
M

 (l
ow

 e
ff

ic
ac

y)
3

up
 to

 3
 µ

M
8a

IC
50

 =
 6

78
 n

M
 (v

s L
PI

)

4
1 

µM
8b

10
 µ

M
 (v

s L
PI

)

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pertwee Page 34

C
om

po
un

d
A

ss
ay an
d

re
fe

re
nc

e

C
on

ce
nt

ra
tio

n/
po

te
nc

y
fo

r 
ag

on
is

m
A

ss
ay

 a
nd

re
fe

re
nc

e
C

on
ce

nt
ra

tio
ns

 a
t

w
hi

ch
 n

o 
ag

on
is

m
de

te
ct

ed

A
ss

ay
 a

nd
re

fe
re

nc
e

C
on

ce
nt

ra
tio

n 
fo

r
an

ta
go

ni
sm

6a
, 6

b
ca

 1
 n

M
 to

 >
10

 µ
M

§

7
10

 µ
M

8a
30

 µ
M

8c
10

 µ
M

R
im

on
ab

an
t

3
10

0 
nM

 to
 3

0 
µM

2a
2 

µM
2a

2 
µM

 v
s m

et
hA

EA

6a
9.

3 
µM

4
1 

µM
2a

, 2
c

2 
µM

 v
s Δ

9 -
TH

C
, J

W
H

-0
15

6b
10

.9
 µ

M
7

10
 µ

M

8a
EC

50
 =

 3
.9

 µ
M

8c
30

 µ
M

8b
10

 µ
M

9
N

o 
da

ta

R-
(+

)-
W

IN
55

21
2

–
–

2a
5 

µM
–

–

1
up

 to
 3

0 
µM

4
1 

µM

5
1 

µM

6a
, 6

b
ca

 1
 n

M
 to

 >
10

 µ
M

7
10

 µ
M

8a
30

 µ
M

A
M

63
0

–
–

3
up

 to
 3

0 
µM

–
–

6a
, 6

b
ca

 1
 n

M
 to

 >
10

 µ
M

SR
14

45
28

–
–

2c
2 

µM
†

–
–

8a
30

 µ
M

In
 v

itr
o 

as
sa

y/
m

ea
su

re
d 

re
sp

on
se

R
ef

er
en

ce

1
St

im
ul

at
io

n 
of

 [35
S]

G
TP

γS
 b

in
di

ng
 to

 m
em

br
an

es
 o

f H
EK

29
3s

 c
el

ls
 tr

an
si

en
tly

 tr
an

sf
ec

te
d 

w
ith

 h
um

an
 G

PR
55

[5
7]

2
El

ev
at

io
n 

of
 in

tra
ce

llu
la

r C
a2+

a.
in

 H
EK

29
3 

ce
lls

 tr
an

si
en

tly
 tr

an
sf

ec
te

d 
w

ith
 h

um
an

 G
PR

55

b.
in

 C
H

O
 c

el
ls

 tr
an

si
en

tly
 tr

an
sf

ec
te

d 
w

ith
 h

um
an

 G
PR

55

[4
8]

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pertwee Page 35
In

 v
itr

o 
as

sa
y/

m
ea

su
re

d 
re

sp
on

se
R

ef
er

en
ce

c.
in

 m
ou

se
 la

rg
e 

do
rs

al
 ro

ot
 g

an
gl

io
n 

ce
lls

 e
xp

re
ss

in
g 

G
PR

55

3
El

ev
at

io
n 

of
 in

tra
ce

llu
la

r C
a2+

 in
 H

EK
29

3 
ce

lls
 st

ab
ly

 e
xp

re
ss

in
g 

hu
m

an
 G

PR
55

[5
2,

53
]

4
In

du
ct

io
n 

of
 p

ho
sp

ho
ry

la
tio

n 
of

 E
R

K
 in

 H
EK

29
3 

ce
lls

 st
ab

ly
 tr

an
sf

ec
te

d 
w

ith
 h

um
an

 G
PR

55
[5

0,
51

]

5
St

im
ul

at
io

n 
of

 [35
S]

G
TP

γS
 b

in
di

ng
 to

 m
em

br
an

es
 o

f H
EK

29
3T

 c
el

ls
 tr

an
si

en
tly

 tr
an

sf
ec

te
d 

w
ith

 h
um

an
 G

PR
55

[5
8]

6
a.

β-
ar

re
st

in
 a

ss
ay

 p
er

fo
rm

ed
 w

ith
 H

EK
29

3 
ce

lls
 tr

an
si

en
tly

 tr
an

sf
ec

te
d 

w
ith

 G
PR

55

b.
R

ep
or

te
r g

en
e 

as
sa

y 
pe

rf
or

m
ed

 w
ith

 H
EK

29
3 

ce
lls

 tr
an

si
en

tly
 tr

an
sf

ec
te

d 
w

ith
 G

PR
55

[4
7]

7
El

ev
at

io
n 

of
 in

tra
ce

llu
la

r C
a2+

 in
 G

PR
55

-e
xp

re
ss

in
g 

m
ic

ro
gl

ia
l c

el
ls

 (B
V

2)
[5

4]

8
a.

β-
ar

re
st

in
 a

ss
ay

 p
er

fo
rm

ed
 w

ith
 U

2O
S 

ce
lls

 st
ab

ly
 e

xp
re

ss
in

g 
hu

m
an

 G
PR

55

b.
G

-p
ro

te
in

-d
ep

en
de

nt
 a

ct
iv

at
io

n 
of

 P
K

C
ΔI

I i
n 

H
EK

29
3 

ce
lls

 tr
an

si
en

tly
 tr

an
sf

ec
te

d 
w

ith
 h

um
an

 G
PR

55

c.
In

du
ct

io
n 

of
 p

ho
sp

ho
ry

la
tio

n 
of

 E
R

K
 in

 U
2O

S 
ce

lls
 st

ab
ly

 e
xp

re
ss

in
g 

hu
m

an
 G

PR
55

[5
5]

9
R

ep
or

te
r g

en
e 

as
sa

ys
 p

er
fo

rm
ed

 w
ith

 H
EK

29
3 

ce
lls

 st
ab

ly
 e

xp
re

ss
in

g 
G

PR
55

[6
0]

ER
K

, e
xt

ra
ce

llu
la

r s
ig

na
l-r

eg
ul

at
ed

 k
in

as
e;

 L
PI

, l
ys

op
ho

sp
ha

tid
yl

in
os

ito
l; 

R-
(+

)-
M

et
hA

EA
, R

-(
+)

-m
et

ha
na

nd
am

id
e.

† SR
14

45
28

 (2
 µ

M
) w

as
 a

ls
o 

fo
un

d 
no

t t
o 

an
ta

go
ni

ze
 JW

H
-0

15
 in

 a
ss

ay
s 1

a 
an

d 
1c

.

§ C
P5

59
40

 a
t >

10
 µ

M
 in

du
ce

d 
si

gn
s o

f i
nv

er
se

 a
go

ni
sm

 in
 a

ss
ay

 6
b.

* In
 a

ss
ay

 1
, C

P5
59

40
 w

as
 a

nt
ag

on
iz

ed
 b

y 
ca

nn
ab

id
io

l (
IC

50
 =

 4
45

 n
M

) w
he

re
as

 in
 a

ss
ay

 8
a 

LP
I w

as
 n

ot
 a

nt
ag

on
iz

ed
 b

y 
ca

nn
ab

id
io

l (
10

–3
0 

µM
).

Th
e 

st
ru

ct
ur

es
 o

f t
he

 c
om

po
un

ds
 li

st
ed

 in
 th

is
 T

ab
le

 a
re

 sh
ow

n 
in

 F
ig

s. 
(1

–5
).

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pertwee Page 36

Table 3

Evidence that Δ 9-THC, CP55940 and R-(+)-WIN55212 can Target Certain Established Receptors and/or
Channels other than Cannabinoid CB1 or CB2 Receptors or GPR55

Ligand Receptor or channel Effect§ Concentration Reference

Δ9-THC μ opioid† Displacement IC50 = 7 µM [68]

μ opioid Dissociation EC50 = 21.4 µM [67]

δ opioid Dissociation EC50 = 10 µM [67]

β-adrenoceptor Potentiation 3 & 10 µM [64]

5-HT3A Antagonism IC50 = 38 nM [78]

glycine (α1) Potentiation EC50 = 86 nM [79]

glycine (α1 β1) Potentiation EC50 = 73 nM [79]

glycine Potentiation EC50 = 115 nM [79]

T-type calcium (CaV3) channels Inhibition 1 µM [89]

potassium KV1.2 channels Inhibition IC50 = 2.4 µM [90]

TRPA1 Activation 20 µM [112,114]

TRPA1 Activation 400 µM [113]

TRPV2 Activation EC50 = 16 & 43 µM [115]

PPARγ Activation 100 nM, 10 µM [120]

CP55940 imidazoline Activation 300 nM [71]

imidazoline Activation 1 & 10 µM [73]

acetylcholine (α7-nicotinic) Inhibition IC50 = 3.4 µM [74]

5-HT3 Antagonism IC50 = 94 nM [77]

5-HT3A Antagonism IC50 = 648 nM [78]

potassium TASK-1 channels Inhibition 10 µM [93]

type-2 sodium channels Displacement IC50 = 22.3 µM [101]

PPARγ Activation 10 µM [121]

R-(+)-WIN55212 imidazoline Activation 10 & 100 µM [71]

5-HT3 Antagonism IC50 = 310 nM [77]

5-HT3A Antagonism IC50 = 104 nM [78]

glycine (α2) Inhibition IC50 = 220 nM [80]

glycine (α3) Inhibition IC50 = 86 nM [80]

potassium TASK-1 channels Inhibition 10 µM [93]

potassium KV channels Inhibition 20 µM [91]

sodium channels Potentiation 10 nM [103]

sodium channels Inhibition 10 µM [102]

type-2 sodium channels Inhibition IC50 = 12.2, 14.4, 21.1 µM [99]

type-2 sodium channels Displacement IC50 = 19.5 µM [99]

TRPA1 Activation 25 µM [111]
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Ligand Receptor or channel Effect§ Concentration Reference

PPARα Activation 1 µM [126]

PPARα Displacement 10 & 32 µM [126]

PPARγ Activation 100 nM [122]

PPARγ Activation 10 µM [123]

§
Activation, activation of a receptor; Antagonism, antagonism of agonist-induced activation of a receptor; Displacement, displacement of a

radioligand from a specific binding site; Dissociation, acceleration of dissociation of a radioligand from a specific binding site; Inhibition, signs of
inhibition of channel currents; Potentiation, potentiation of the effect of an agonist or enhancement of ion channel currents or ligand binding. The
structures of the compounds listed in this Table are shown in Fig. (1). The CB1 and CB2 Ki values of these compounds can be found in Table 1
and any reported ability they have to target GPR55 is indicated in Table 2.

†
Binding to μ opioid receptors was also inhibited by the cannabinoids, cannabidiol (IC50 = 7 µM), hexahydrocannabinol (IC50 = 10 µM),

cannabinol (IC50 = 35 µM), D- and Lnantradol (IC50 = 70 µM), 11-hydroxy-Δ9-THC (IC50 > 50 µM) and (+)-Δ9-THC (IC50 >50 µM) [68].
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Table 4

Evidence that R-(+)-Methanandamide, ACEA, Noladin Ether, HU-210, JWH-015, HU-308 and AM1241 can
Target Certain Established Receptors and/or Channels other than Cannabinoid CB1 or CB2 Receptors or
GPR55

Ligand Receptor or channel Effect§ Concentration Reference

R-(+)-MethAEA acetylcholine (muscarinic) Displacement IC50 = 15 or 44 µM [65]

acetylcholine (muscarinic M1 & M4) Displacement 3 & 10 µM [66]

acetylcholine (α7-nicotinic) Inhibition IC50 = 183 nM [74]

ionotropic glutamate Potentiation 1 µM [75]

L-type calcium (CaV1) channels Displacement IC50 = 7.1 µM [86]

T-type calcium (CaV3) channels Inhibition 1 & 10 µM [84] [85]

potassium (KATP) channels Inhibition 10 µM [92]

potassium TASK-1 channels Inhibition IC50 = 700 nM [93]

potassium TASK-3 channels Inhibition 1 & 10 µM [95]

potassium TASK-3 channels Inhibition 3 µM [94]

calcium-activated potassium (BK) channels Potentiation 300 nM to 3 µM [98]

potassium KV channels Inhibition 10 µM [91]

TRPV1 Displacement Ki = 21.4 µM [105]

PPARγ Activation 10 µM [125]

ACEA T-type calcium (CaV3) channels Inhibition 10 µM [85]

TRPV1 Activation EC50 = 14 µM [108]

Noladin ether sodium channels Inhibition 50 µM [102]

PPARα Activation 10 µM [126]

PPARα Displacement 10 & 32 µM [126]

PPARγ Activation 20 µM [124]

HU-210 5-HT2 Potentiation 500 nM [63]

glycine (α1) Potentiation EC50 = 270 nM [80]

glycine (α1) Potentiation EC50 = 5.1 µM [82]

glycine (α1) Activation EC50 = 189 µM [82]

glycine (α2) Inhibition IC50 = 90 nM [80]

glycine (α3) Inhibition IC50 = 50 nM [80]

glycine (α1β) Potentiation 30 µM [80]

T-type calcium channels Inhibition 10 µM [84]

JWH-015 5-HT3A Antagonism IC50 = 147 nM [78]

HU-308 glycine (α1) Inhibition 30 µM [80]

glycine (α2) Inhibition IC50 = 1.13 µM [80]

glycine (α3) Inhibition IC50 = 97 nM [80]

glycine (α1β) Inhibition 30 µM [80]
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Ligand Receptor or channel Effect§ Concentration Reference

AM1241 TRPA1 Activation 30 µM [111]

R-(+)-MethAEA, R-(+)-methanandamide.

§
Activation, activation of a receptor; Antagonism, antagonism of agonist-induced activation of a receptor; Displacement, displacement of a

radioligand from a specific binding site; Inhibition, signs of inhibition of channel currents; Potentiation, potentiation of the effect of an agonist or
enhancement of ion channel currents or ligand binding. The structures of the compounds listed in this Table are shown in Figs. (1, 2 or 3). The CB1
and CB2 Ki values of these compounds can be found in Table 1 and any reported ability they have to target GPR55 is indicated in Table 2.
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Table 5

Evidence that Rimonabant, Taranabant, AM251 and LY320135 can Target Certain Established Receptors and/
or Channels other than Cannabinoid CB1 or CB2 Receptors or GPR55

Ligand Receptor or channel Effect§ Concentration Reference

Rimonabant acetylcholine (muscarinic M1 & M4) Displacement >1 µM or >10 µM [66]

adenosine A1 Antagonism 10 µM [21]

adenosine A3 Displacement IC50 = 1.5 µM [25]

α2A-adrenoceptors Displacement IC50 = 7.2 µM [25]

a2C-adrenoceptors Displacement IC50 = 3.6 µM [25]

angiotensin AT1 Displacement IC50 = 7.2 µM [25]

5-HT6 Displacement IC50 =2.8 µM [25]

imidazoline Antagonism 1 µM [73]

μ opioid Displacement IC50 = 3.0 µM [25]

μ opioid Displacement IC50 = 4.1 µM [67]

μ opioid Displacement IC50 = 5.7 µM [27]

κ opioid Displacement IC50 = 3.9 µM [25]

prostanoid EP4 Displacement IC50 = 3.9 µM [25]

prostanoid FP Displacement IC50 = 2 µM [25]

prostanoid IP Displacement IC50 = 4.9 µM [25]

tachykinin NK2 Displacement IC50 = 2 µM [25]

TRPV1 Antagonism 2.5 & 5 µM [109]

TRPV1 Antagonism 10 & 30 µM [108]

TRPV1 Activation >50 µM [108]

L-type calcium (CaV1) channels Displacement IC50 = 6.1 µM [25]

T-type calcium (CaV3) channels Inhibition 100 nM, 1 µM [84]

potassium TASK-1 channels Inhibition 10 µM [93]

potassium KV channels Inhibition 10 µM [91]

potassium KV channels Displacement IC50 = 2.5 µM [25]

type-2 sodium channels Displacement IC50 = 5.1 µM [25]

PPARγ Activation 10 µM [121]

Taranabant adenosine A3 Displacement IC50 = 3.4 µM [25]

dopamine D1 Displacement Ki= 3.4 µM [24]

dopamine D3 Displacement Ki= 1.9 µM [24]

melatonin MT1 Displacement IC50 = 7.5 µM [25]

tachykinin NK2 Displacement IC50 = 500 nM [25]

L-type calcium (CaV1) channels Displacement IC50 = 300 nM [25]

potassium KV channels Displacement IC50 = 2.3 µM [25]

type-2 sodium channels Displacement IC50 = 1.9 µM [25]
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Ligand Receptor or channel Effect§ Concentration Reference

AM251 adenosine A1 Antagonism 10 µM [21]

T-type calcium (CaV3) channels Inhibition 3 µM [89]

type-2 sodium channels Inhibition IC50 = 8.5, 8.9, 9.2 µM [100]

type-2 sodium channels Displacement IC50 = 11.2 µM [100]

type-2 sodium channels Dissociation 25 & 50 µM [100]

PPARγ Activation 10 µM [121]

LY320135 imidazoline Antagonism 0.1 & 1 µM [73]

5-HT3A Antagonism IC50 = 523 nM [78]

§
Activation, activation of a receptor; Antagonism, antagonism of agonist-induced activation of a receptor; Displacement, displacement of a

radioligand from a specific binding site; Dissociation, acceleration of dissociation of a radioligand from a specific binding site; Inhibition, signs of
inhibition of channel currents.

The structures of the compounds listed in this Table are shown in Fig. (4). The CB1 and CB2 Ki values of these compounds can be found in Table
1 and any reported ability they have to target GPR55 is indicated in Table 2.

Curr Med Chem. Author manuscript; available in PMC 2011 January 1.


