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Abstract Our knowledge of the function of the cannabi-
noid system in the body has been aided by the availability
of pharmacological agents that affect its function. This has
been achieved by the design of agents that either directly
interact with the receptor (agonists and antagonist/inverse
agonists) and agents that indirectly modulate the receptor
output by changing the levels of the endogenous cannabi-
noids (endocannabinoids). In this review, examples of the
most commonly used receptor agonists, antagonists/inverse
agonists, and indirectly acting agents (anandamide uptake
inhibitors, fatty acid amide hydrolase inhibitors, monoacyl-
glycerol lipase inhibitors) are given, with particular focus
upon their selectivity and, in the case of the directly acting
compounds, efficacy. Finally, the links between the endo-
cannabinoid and cyclooxygenase pathways are explored, in
particular, with respect to agents whose primary function is
to inhibit cyclooxygenase activity, but which also interact
with the endocannabinoid system.
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Introduction

There is evidence in early texts that cannabis was used for
medicinal purposes as long ago as the sixteenth century BC,
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and a stable constituent of cannabis was recovered from a
14-year old girl who died in childbirth in the fourth century
AD [1]. The structure of the main psychoactive ingredient of
cannabis, A°-tetrahydrocannabinol (A°-THC) was not
identified until 1964 [2]. Since then, the pace of cannabi-
noid research has picked up considerably, and there is now
an intensive effort worldwide both to understand how
endogenous, plant-derived, and synthetic cannabinoid com-
pounds affect the body, and whether such compounds have
therapeutic usefulness.

Signaling molecules in the body require pathways and
mechanisms for their synthesis, storage [unless they are
made upon demand, which is the case for endogenous
cannabinoid (endocannabinoid) molecules], release, and
removal, as well as appropriate receptor molecules with
which to transfer the information. The cannabinoid system
is no exception, and most stages in these pathways have
been, or are being, elucidated (for reviews, see [3, 4]).
Provided that the mechanism in question exists (an obvious
prerequisite but one that is the source of considerable
controversy with respect to the release and reuptake of the
endocannabinoids), it is in theory amenable to pharmaco-
logical manipulation, and there are now a variety of agents
available that can affect cannabinoid signaling, either
directly via actions upon cannabinoid (CB) receptors or
indirectly via modulation of the two main endocannabi-
noids anandamide (AEA, arachidonoylethanolamide) and
2-arachidonoylglycerol (2-AG). The aim of the present
review is to describe the pharmacology of the endocanna-
binoid system to set in context the other articles in this issue
of Molecular Neurobiology. A particular focus has been
made on the selectivity of the compounds involved, as this
is a key to the interpretation of their effects. Authors
interested in the therapeutic promise of such agents are
referred to [4-6] for reviews.
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At the outset, a note should be made concerning the
cannabinoid receptors. Currently, the International Union of
Pharmacology (IUPHAR) database lists two, CB; and CB,
(http://www.iuphar-db.org/index.html), and the present re-
view has primarily considered actions upon these receptors.
However, evidence is emerging to suggest that additional
receptors, such as the endothelial and central nervous system
(CNS) “non-CB;, non-CB,” receptors and the GPRS55
orphan receptor, can be activated by plant-derived, synthet-
ic, and/or endogenous cannabinoids [7, 8], as can receptors
that are plainly not part of the cannabinoid receptor
“family,” such as 5-HTj receptors [9] and TRPV1 (vanil-
loid) receptors [10]. Hopefully, further research will indicate
as to whether or not the “non-CB;, non-CB,” receptors and
the GPRS55 orphan receptor should be formally included in
the CB receptor family.

Directly Acting Cannabinoid Ligands

Over the years, a variety of methodologies have been
utilised to establish affinities, potencies, and efficacies of
directly acting cannabinoid ligands. Early methods for
detecting cannabinoid action, such as the dog ataxia test
[11], have been replaced by a battery of techniques ranging
from molecular modelling strategies to biochemical [e.g.,
radioligand binding, cyclic AMP (cAMP) inhibition, [*°S]
GTPyS binding] and behavioural (e.g., the mouse tetrad
model) tests ([12]; for recent examples, see [13, 14]).

In addition to the endogenous and plant-derived canna-
binoid compounds of which AEA, 2-AG, and A°-THC are
the most intensively studied, there are now a very large
number of synthetic compounds available that directly affect
the activity of CB; and CB, receptors (for recent reviews,
see [15—17]; see also [18] for examples of compounds that
affect the activity of the CB; receptor via an allosteric
interaction). Of these, the most commonly used synthetic
compounds are shown in Fig. 1. I have used the rather old-
fashioned terms “mimetic” and “lytic” deliberately, in part,
to salute the use of these compounds in a number of key
studies elucidating the function of CB receptors and, in part,
to avoid difficulties with the classification of efficacy of
compounds like rimonabant and AM1241 (see below).
Without such compounds, our knowledge of the role of
the cannabinoid system in processes as diverse as reproduc-
tion, regulation of appetite, conditioned drug seeking,
inflammation and pain processing, and retrograde signaling
in the brain would be limited (reviews, see [6, 19-25]).

Two important issues for any receptor-active compound
are efficacy and selectivity. With respect to efficacy, the
standard theory describing the interaction of ligands and
receptors and the responses thereafter consider a two-state
model, whereby the ligand shifts the receptor into an active

CP55,940 HU-308
Cannabidomimetics: | ACEA HU-210 AM1241
WIN55,212-2  JWH133
\ / \4 GW405833
<~
; ina- Rimonabant
Cannabidolytics: (SR141716A) SR144528
AM251 AM630

Fig. 1 Some of the most commonly used synthetic CB receptor ligands.
ACEA N-(2-Chloroethyl)-5Z,8 Z,11 Z,14 Z-eicosatetracnamide, AM251
N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1
H-pyrazole-3-carboxamide, AM630 6-iodo-2-methyl-1-[2-(4-morpholinyl)
ethyl]-1H-indol- 3-yl](4-methoxyphenyl) methanone, AM1241 2-iodo-5-
nitrophenyl)-(1-(1-methylpiperidin-2-ylmethyl)-1H-indol-3-yl)methanone,
GW405833 1+2,3-dichlorobenzoyl)-5-methoxy-2-methyl-(2-(morpholin4-yl)
ethyl)-1H-indole, HU-210 (6aR)-trans-3-(1,1-dimethylheptyl)-6a,
7,10,10a-tetrahydro-1-hydroxy-6,6-dimethyl-6H-dibenzo[b,d]pyran-9-
methanol, HU-308 4-[4-(1,1-dimethylheptyl)-2,6-dimethoxyphenyl]-6,
6-dimethyl-bicyclo[3.1.1]hept-2-ene-2-methanol, JWHI133 (6aR,10aR)-3-
(1,1-dimethylbutyl)-6a,7,10,10a-tetrahydro-6,6,9-trimethyl-6 H-dibenzo[ b,
dlpyran, rimonabant (SR141716A4)N-piperidino-5-(4-chlorophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-3-pyrazole-carboxamide), SR/44528
N-[(1S)-endo-1,3,3-trimethyl bicyclo [2.2.1] heptan-2-yl]-5-(4-chloro-3-
methylphenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide, WIN 55,212-
2 (R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo[1,2,3]-
1,4-benzoxazin-6-yl]-1-naphthalenylmethanone mesylate

or an inactive conformational state, as appropriate [26]. In
this respect, there has been much debate as to whether
rimonabant and other “cannabinolytic” compounds are
inverse agonists or antagonists, and several neutral antag-
onist compounds have been claimed. In brief, there is good
evidence that, in recombinant systems, rimonabant,
AM251, SR144528, and AM630 produce inverse agonist
effects, whereas in vivo, the distinction between the ability
of a compound to silence a constitutively active receptor
and to block an endocannabinoid tone is more difficult to
demonstrate (reviews, see [5, 27]). However, the situation is
more complicated than that, and there are a number of
observations that do not fit into the standard two-state
model:

* In Chinese hamster ovary cells transfected with the
human CB; receptor (but not in the wild type cells),
rimonabant not only acted as an inverse agonist to
reduce the activity of mitogen-activated protein kinase,
but also blocked the stimulation of this signaling
pathway by insulin and insulin-like growth factor 1
[28]. The authors rationalized these and other data by
suggesting a three-state model consisting of an active
state of the receptor, an inactive state not coupled to the
G protein, and an inactive state coupled (and thereby,
rendering the latter unavailable for other receptor
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systems) to the G protein ([28]; see also [29]). A similar
property was also demonstrated for the CB, receptor
[30].

» It is now well established that CB; receptors can cou-
ple to more than one G protein and to a variety of
downstream signaling pathways [12]. In two elegant
papers, Mukhopadhyay and Howlett [31, 32] demon-
strated that different domains of the CB; receptor
associate with different G,; protein subunits and that
the apparent efficacies of methanandamide and desace-
tyllevanantradol (but not WIN55,212-2 or rimonabant)
were dependent upon the G, subunit in question. Using
Chinese hamster ovary cells transfected with the human
CB; receptor, Bonhaus et al. [33] found that the relative
efficacies, but not the rank order of potencies, of AEA,
CP55,940, HU-210, A°-THC, and WIN55212-2, were
dependent upon the cellular response being measured.
Thus, for example, the maximum inhibition of forskolin-
stimulated cAMP production produced by CP55,940 was
92% of that seen with WIN55,212-2. In contrast, the
ability of the CP55,940 to stimulate the response to
forskolin in pertussis toxin-treated cells reached a maxi-
mum value of 45% of that for WIN55,212-2 [33]. More
recently, Shoemaker et al. [34] utilized Chinese hamster
ovary cells transfected with the human CB, receptor and
found that the relative potencies of 2-AG, noladin ether,
and CP55,940 varied depending upon the signal
transduction pathway being measured. Yao et al. [35]
have demonstrated in recombinant systems that AM1241
can act as a partial agonist or as a neutral antagonist
depending upon the functional assay used. These
observations have a theoretical basis in the “protean
agonist” and “agonist-tracking” hypotheses, which postu-
late that G-protein-coupled receptors can, in fact, adopt
multiple conformations and that the properties of the
ligand determine the relative proportion of the conforma-
tions and, hence, the response pattern [36]. Evidence of
such multiple conformations is beginning to appear in
the literature [37, 38]. Whether or not such phenomena
are involved in the disparity between the ability of a
series of agonists to desensitise CB; receptors and their
relative efficacies [39] awaits elucidation.

The above discussion clearly indicates that the simple
two-state model is not sufficient to describe the interactions
of ligands with CB receptors and that the observed efficacy
of a compound is highly dependent upon the response
measured, a factor of considerable importance for the
design of predictive high-throughput screening strategies.
The situation is further complicated by factors such as the
ability of CB receptors to cross-talk with other pathways to
produce a hypersensitization in addition to the heterologous
desensitization described above [40] and/or to form homo-

and heterodimers (review, see [41]). As well put by Rang
et al. [26] in their discussion of receptor theory in general,
“somehow the molecules always seem to remain one step
ahead”!

A second, but separate, issue is the selectivity of the
compounds. In theory, an effect of a compound like
CP55,940 that is blocked by rimonabant could reasonably
be ascribed to a CB;-mediated event. Similarly, an action
produced by WIN55212-2 but not its purportedly inactive
enantiomer WIN55212-3 can be interpreted as a CB
receptor-mediated event (see e.g. [42]), although there is
evidence in transfected cells that WIN 55,212-3 is, in fact,
a weak neutral antagonist (p4, value, 6.1) at human CB,
receptors, a partial inverse agonist (pICs, value, 5.5) at
human CB, receptors, and can interact with the human
MT, receptor melatonin at low micromolar concentrations
[43]. Interpretation of the effects of CB receptor agonists
assumes absolute selectivity of the compounds for the
receptors in question. In many cases, the assumption is
more than justified, particularly when pharmacological
data is coupled with the use of animals with genetic
deletions of the receptor in question. Two recent examples
for the CB, receptor are the studies of Osei-Hyiaman et al.
[44] and Kawamura et al. [45]. In the former, it was found
that de novo liver fatty acid synthesis, both in vitro and in
vivo, was increased by HU210 and decreased by rimona-
bant, and that the effect of HU210 was not seen in CB;F
mice [44]. In the latter, it was shown that WIN55212-2
suppressed excitatory synaptic transmission in hippocam-
pal slices from 10- to 19-day-old C57BL/6 mice in a
manner blocked by AM251. Once again, the effect was not
seen in CBl_/_ mice [45].

Life would be rather dull if rules did not have excep-
tions. The exceptions in this case refer to the ability of
directly acting cannabinoid receptor ligands to interact
with other targets. As an example of this, Table 1 [9, 46—
60] lists a series of observations made with WIN55212-2
and WINS55212-3 that are not consistent with actions, at
the doses or concentrations shown, at CB; or CB,
receptors. Although many of the effects were observed at
high (micromolar) concentrations, WIN55212-2 is by no
means the only compound to behave in this manner, and
actions of AQ—THC, rimonabant, SR144528, and AEA
upon a variety of other receptors and channels have been
reported (see, e.g., [5, 7, 8] for recent reviews; see also
the section below with respect to SR144528). The ability
of AEA to interact with TRPV1 (vanilloid) receptors [10]
has been of particular interest, and it has been suggested
that AEA has a dual effect on capsaicin-sensitive primary
sensory neurones, whereby a CB; receptor-mediated inhib-
itory effect in normal conditions is compromised by a
TRPV1-induced excitatory effect in inflammatory conditions
[61, 62].
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Table 1 Effects of WINS55212-2 that cannot directly be attributed to actions at CB; or CB, receptors

Finding

Reference

WINS55212-2 and WINS55212-3 1 polarization of 1,6-diphenylhexatriene in rat brain synaptic plasma membranes at concentrations
>5 uM, consistent with a change in the degree of membrane ordering

WINS55212-2 (ICsq value, 600 nM) more potent and efficacious than CP55,940 to | isoprenaline-stimuated cAMP accumulation in
cultured striatal astrocytes from embryonic mice. WIN55212-3 without effect. The action of WIN55212-2 not blocked by
rimonabant. CB, receptor antagonist/inverse agonists not investigated

WIN55212-2 1 [>*S]GTPyS binding in membranes from CB;/ ~ mouse brains (ECs, value, 1.8 uM). The effect of WIN55212-2 not
sensitive to rimonabant unless high (1tM) concentrations were used. Stimulatory effect of WIN55212-2 seen in membranes from
brain stem, cortex, diencephalon, hippocampus, and midbrain, but not basal ganglia, cerebellum or spinal cord

WINS55212-2 (1 uM) | evoked excitatory postsynaptic currents recorded in CA1 hippocampal pyramidal cells by ~50% in both
CBT/ * and CBf/ ~ mice, effects reversed by rimonabant (1 uM). WIN55212-2 | evoked inhibitory postsynaptic currents in the
CBT /* but not the CB,’~ mice. Further studies indicated that for the wild-type animals, the effect on evoked excitatory
postsynaptic currents was dependent upon the strain of mouse used

WINS55212-2 | 5-HT-induced currents in excised outside—out patches of HEK293 cells expressing the human 5-HT3 4 receptor (ICs,
value, 104 nM); WIN55212-3 without effect. No effect of WIN55212-2 upon the binding of [’H]GR65630 to the 5-HTs4
receptor, suggesting an allosteric modulation of receptor function

WINS55212-2, but not WIN55212-3 | lipopolysaccharide-induced TNFa release from cultured neonatal rat cortical microglial cells.
Concentrations of 1, 5, and 10 uM produced reductions of ~30, ~60, and ~90%, respectively. Effects of WIN55212-2 not blocked
by either rimonabant, AM251, SR144528, or pertussis toxin treatment

WINS55212-2 and WIN55212-3 equipotent in stimulating glycerol release from male rat adipocytes. ECs, values 420 and 250 nM,
respectively. Response to WIN55212-2 reduced by 10 uM but not 1 uM AM251; RT-PCR indicated no obvious expression of
CB, or CB, receptors

WIN55212-2 | [*H]glutamate release from rat hippocampal synaptosomes, albeit with a high ICs, value (3.5 uM). Not inhibited by
rimonabant (1 uM), AM251 (1uM), or capsazepine (10-30 uM). Twenty micromolar WIN55212-2 also | release from
hippocampal and striatal synaptosomes from CB,;’ mice

WINS55212-2 | veratridine-induced depolarization of mouse brain synaptoneurosomes (ICsq values 21 pM), veratridine-induced
y-aminobutyric acid (GABA) and L-glutamate release from purified synaptosomes (ICs, values, 14 and 12 uM, respectively), and
the binding of [*H]batrachotoxin-B to synaptoneurosomal Na™ channels (ICsq value, 20 uM). Effects not blocked by 2 uM
AM251

WINS5212-2 (0.125 mg/kg i.v.) | spiking probability on rat basolateral amygdala neurons in response to medial prefrontal cortex
stimulation; effect blocked by rimonabant (1 mg/kg i.v.) but not by AM251 (1-2 mg/kg i.v.). Similar result found for the
inhibitory effect of WINS55212-2 on the spontaneous discharge of these neurons

WIN55212-2 1 basal (ECs value 26 uM) and | K™-evoked (ICs, value 1.7 uM) CGRP release from cultured rat trigeminal neurons.
WINS55212-3 had similar effects, and the responses to WIN55212-2 were not blocked by either rimonabant or AM251

WINS55212-2 | 5-HT and dopamine uptake into rat neocortical synaptosomes. The maximal inhibition of 5-HT was ~50% with a K;
value of 2 pM. Dopamine uptake was inhibited by ~70% with a K; value of 440 nM. The inhibition of either uptake produced by
20 uM WIN55212-2 was not blocked by 20 uM AM251

WINS55212-2 (>10 uM) but not WIN55212-3 | IL-1 induction of adhesion molecules ICAM-1 and VCAM-1 in 1321N1
astrocytoma cells. Effect not blocked by rimonabant (10 M), SR144528 (10 uM), or pertussis toxin treatment

WINS5212-2 (=1 uM) | neutrophil transmigration across TNFa-stimulated ECV304 cells. Effect mirrored by an | IL-8 release from
ECV304 cells and not prevented by AM251 or AM630

[46]

[47]

(48]

[49, 50]

(]

[51]

[52]

[53, 54]

[55]

[56]

[57]

[58]

[59]

[60]

Some authors refer to WIN55212-2 and WIN55212-3 as the (R)-/(+)- and (S)-/(—)- enantiomers of WIN55212-2, respectively.

CGRP Calcitonin gene related peptide, GR65630 (3-5-methyl-1H-imidazol-4-yl)-1-(1-methyl-1H-indol-3-yl)-1-propanone, /CAM-1 intracellular

adhesion molecule-1, TNFo tumor necrosis factor o, VCAM-1 vascular cell adhesion molecule-1

Indirectly Acting Compounds

Indirectly acting compounds exert their effects by changing
the concentrations of the endocannabinoids. This can be
achieved, at least in theory, by modulating the synthesis,
release, and removal mechanisms for the endocannabinoids.
At present, no selective inhibitors of AEA synthesis have
been disclosed, and recent reports of multiple synthetic
pathways for this endocannabinoid [63, 64] do not make
the situation easier. However, tetrahydrolipstatin potently

inhibits the synthesis of 2-AG and has been used as such to
demonstrate the involvement of this endocannabinoid in
retrograde signaling in the brain [65, 66]. Two compounds,
0-3640 [octadec-9-enoic acid-1-(fluoro-methyl-phosphory-
loxymethyl)-propylester] and O-3841 [octadec-9-enoic acid
1-methoxymethyl-2-(fluoro-methyl-phosphinoyloxy)-ethyl
ester], have been reported to inhibit the activity of the 2-AG
synthetic enzyme sn-1-selective diacylglycerol lipase a
with submicromolar potencies and with good selectivity
over monoacyl- and triacylglycyl lipases, CB;, CB,, and
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AEA synthetic and degradative enzymes [67]. However,
these compounds, unlike tetrahydrolipstatin, did not block
ionomycin-induced 2-AG synthesis in intact cells [67], and
s0, are probably not useful for in vivo studies. Nevertheless,
the identification of lead compounds preventing 2-AG
synthesis is a useful start.

No compounds selectively affecting the release of
endocannabinoids have, to my knowledge, been disclosed,
although there is evidence that compounds blocking the
reuptake of AEA can also affect the release process [68—
70]. A major obstacle to development of compounds,
however, is uncertainty as to the nature of the release
process itself (see [71] and references therein).

The removal of AEA and 2-AG is achieved primarily by
a process of cellular accumulation followed by hydrolysis to
give arachidonic acid. Whereas the enzymes involved in
these processes are largely identified, the mechanisms
involved in the uptake of these endocannabinoids are a
matter of considerable controversy at present, suggestions in
the case of AEA ranging from a process of facilitated
diffusion [72, 73] to rate-limited diffusion driven by its
intracellular hydrolysis (see [74]; for recent reviews, see [75,
76]). Several compounds, almost all acyl derivatives, have
been reported to inhibit AEA uptake and to have biological
activity in vivo. These include AM404 (N-(4-hydroxy-
phenyl)arachidonylamide), VDM11 (N-(4-hydroxy-2-meth-
ylphenyl) arachidonoyl amide), UCM707 ((5Z,8Z,11Z,
14Z)-N-(3-furanylmethyl)-5,8,11,14-eicosatetraenamide),
and OMDM-2 ((9Z)-N-[1-((R)-4-hydroxbenzyl)-2-hydrox-
yethyl]-9-octadecen-amide) [77-80]. These compounds
may block the uptake of AEA by more than one mechanism,
although a key property seems to be their interaction with
the hydrolytic enzyme fatty acid amide hydrolase (FAAH)
[74]. As with the directly acting cannabinoid compounds
discussed above, a key issue is the selectivity of these
compounds. Indeed, the most widely used of the uptake
inhibitors, AM404, has additional effects upon CB; receptor
recognition sites, TRPV1 receptors, sodium channels, cyclo-
oxygenase (COX) enzymes, calcium homeostasis, and cell
viability at concentrations similar to those (low uM) that are
required for inhibition of uptake [55, 81-86]. Indeed,
arachidonoyl compounds can affect membrane ordering at
these concentrations [46]. Such a variety of actions can
contribute to the in vivo profile of AM404. Thus, for
example, whereas the ability of AM404 to reduce the first
phase of paw licking after local formalin treatment of mice
was blocked by rimonabant but not by the TRPVI
antagonist capsazepine [87], the reverse was true for the
ability of this compound to reduce the hyperkinesias produced
by intrastriatal injections of 3-nitropriopionic acid in the rat
[88]. The other three compounds are more selective
(although they also affect cell viability at pharmacologically
relevant concentrations [86], and VDMI1 has potent effects

upon calcium “spiking” in hippocampal neurons [83]) and
also show biological activity in vivo (review see [89]).
Ideally, more potent and, preferably, non-acyl compounds
should be used, but such compounds are few and far
between. Indeed, the only such compounds that has been
reported in detail is LY2183240 (5-biphenyl-4-ylmethyl-
tetrazole-1-carboxylic acid dimethylamide), which potently
inhibits uptake and shows an ability to increase AEA
concentrations and to reduce formalin-induced paw licking
in vivo [90]. However, this compound is a potent FAAH
inhibitor and can, in addition, interact with other serine
hydrolases [91, 92], which limits its usefulness as a
pharmacological tool.

With respect to the hydrolysis of AEA, the enzyme
involved is FAAH, and several selective inhibitors of the
enzyme have been described (review, see [16]). The two
best characterized of the potent compounds are URB597
(3'-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate) and
OL-135 (1-oxo-1[5-(2-pyridyl)-2-yl]-7-phenylheptane) [93,
94], both of which inhibit FAAH at nanamolar concen-
trations. URB597 acts by carbamylation of a key FAAH
serine residue [95], although the relatively rapid (<24 h)
recovery of enzyme activity in the brain in vivo [96] is
somewhat shorter than seen for irreversible inhibitors such
as octylsulfonyl fluoride [97]. The second-order rate constant
for the time-dependent inhibition of FAAH by URBS597 is
approximately eightfold lower at pH 6 than at pH 8 [98],
which might be of importance in inflamed tissues, where the
pH is reduced [99]. OL-135 acts as a competitive inhibitor of
a truncated form of rat FAAH [100] and can protect the brain
enzyme against inhibition by URB597 in vivo [101]. Both
compounds are very selective for FAAH vs other cannabi-
noid targets [93, 94], and, although URB597 interacts with
the serine hydrolase enzyme triacylglycerol hydrolase [94], it
does not affect the activity of the enzyme [102].

In the case of these FAAH inhibitors, the question of
selectivity is not vis-a-vis the compounds, rather the
consequences of FAAH inhibition. Because FAAH has a
wide substrate selectivity, inhibition of FAAH in vivo leads
to increases in the concentration not only of AEA but also
of other N-acylethanolamine substrates, such as palmitoy-
lethanolamide and oleoylethanolamide, as well as other
lipids such as the N-acyl taurines [94, 96, 103], which have
a range of biological actions of their own. Palmitoyletha-
nolamide, for example, has anti-inflammatory actions that
can be mediated by peroxisome proliferator-activated
receptor-a. pathways (see [104, 105] and references therein),
and recent data has indicated that the ability of SR144528
to block these actions is due to effects on peroxisome
proliferator-activated receptor-o function rather than antag-
onism of CB, receptors [106]. Oleoylethanolamide can also
interact with multiple targets, including TRPV1, peroxi-
some proliferator-activated receptor-o, and the orphan
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receptor GPR119 [107-109], and N-arachidonoyltaurine
can activate both TRPV1 and TRPV4 receptors [103]. Such
a multiple response to FAAH inhibition means that an
observed effect may not necessarily be due solely to an
increase in AEA concentrations—indeed, in the case of the
SR 144528-sensitive effects of URB597 on inflamed tissue
[110, 111], substrates like palmitoylethanolamide may be at
least as important, and AEA may in fact detract from the net
response by local activation of TRPV1 receptors (see [62,
112]).

2-AG is a substrate for FAAH [113], but in the brain, the
enzyme monoacylglycerol lipase (MAGL) is probably more
important [114]. Less is known about the pharmacology of
this enzyme that can metabolise both 2-AG and 2-oleoyl-
glycerol (a substrate often used in MAGL assays), but data is
beginning to emerge in this respect. Thus, for example, the
compound 3-(decylthio)-1,1,1-trifluoropropan-2-one at a
concentration of 1 puM decreased (albeit modestly) the
hydrolysis of 2-oleoylglycerol by cytosolic, but not mem-
brane, fractions obtained from PC-3 prostate cancer cells and
increased their 2-AG content [115]. The ability to distinguish
pharmacologically the 2-oleoylglycerol hydrolysing activity
in membrane and cytosolic fractions has been observed with
other compounds as well [116]. Whether or not this reflects
enzyme heterogeneity or is a consequence of the highly
lipophilic nature of the compounds (and hence how they are
presented to the enzymes in the different fractions) awaits
elucidation.

A more potent inhibitor of 2-AG metabolism is the
sulphydryl reagent N-arachidonoylmaleimide, which inhib-
ited its hydrolysis by rat cerebellar membranes with an ICs,
value of 14 nM after a preincubation phase of 30 min at
25°C [117]. Effects of this compound upon other aspects of
cannabinoid signaling were not reported in this study.
However, CB receptors, AEA synthesis and FAAH are
known to be sensitive to sulphydryl reagents [118—120],
and N-arachidonoylmaleimide is, thus, more useful as a tool
to explore the properties of MAGL in vitro than in vivo.

Recently, the compound URB602 ([1,1'-biphenyl]-3-yl-
carbamic acid, cyclohexyl ester) was reported to be a
selective MAGL inhibitor, to potentiate baseline and
ionomycin-induced 2-AG but not AEA levels in rat
forebrain organotypic slice cultures and to enhance non-
opioid stress-induced analgesia [121]. The compound was
found to inhibit rat brain cytosolic 2-oleoylglycerol hydro-
lysis at recombinant rat brain MAGL with ICs, values of 28
and 75 uM, respectively, with no effect upon FAAH
activity even at a concentration of 100 uM [121, 122].
Other authors, however, have not been able to demonstrate
selectivity for MAGL vs FAAH [123]. A second com-
pound, URB754 (6-methyl-2-[(4-methylphenyl)amino]-4H-
3,1-benzoxazin-4-one), has also been described. This
compound was identified in a screening library and was

reported to inhibit recombinant rat brain MAGL with an
1Cs value of 200 nM with little effect on FAAH or CB,
receptors, to increase 2-AG levels in rat forebrain slice
cultures and to potentiate depolarization-induced suppres-
sion of inhibition in hippocampal slices [122]. However,
neither URB754 (100 uM) nor URB602 (1 mM) was found
to affect the ability of either rat cerebellar membranes or
brain homogenates to degrade 2-AG [124], see also [123],
and URB754 at a concentration of 10 uM did not enhance
the ability of 2-AG to stimulate [>>S]GTPyS binding in CB,
receptor-rich regions of the rat brain [124], so the
usefulness of these compounds is unclear.

The COX Connection

Throughout this article, a focus has been placed upon the
selectivity of compounds with respect to other targets, both
within and outside of the cannabinoid system. But the
reverse, namely, that compounds with primary actions upon
other systems can also interact with the endocannabinoid
system, should also be considered. The most investigated in
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Fig. 2 The ability of indomethacin (5 mg/kg i.p.) to reduce
carrageenan-induced paw edema in pentobarbital-treated mice is
blocked by SR144528 (3 mg/kg i.p.). The figure is drawn from the
original data of [110]. SR144528 and indomethacin were administered
40 and 30 min, respectively, before carrageenan, and the edema was
measured 240 min after carrageenan administration. The data are the
original values for Table 1 of [110]. One-way analysis of variance
(ANOVA) of the complete data set (including the appropriate controls;
Table 1 of [110]) indicated a significant effect of indomethacin on the
paw edema, but not of indomethacin + SR144528
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this respect are the non-steroidal anti-inflammatory drugs
(NSAIDs). In brief,

* AEA and 2-AG are substrates for COX-2 (see [125]).

*  Many NSAIDs, including ibuprofen, indomethacin, and
flurbiprofen, inhibit the activity of FAAH, particularly
at low pH (such as is seen in inflamed tissue) [126, 127]

e The effect of spinally administered indomethacin to
mice in the formalin test of inflammatory pain is
blocked by AM251 and is not seen in animals with a
genetic deletion of the CB; receptor [128]. Flurbiprofen
behaves in a similar manner [129]. In contrast, the
efficacy of locally administered ibuprofen in the
formalin test of inflammatory pain or its ability to
reduce mechanical allodynia in hindpaws of rats
rendered neuropathic by partial sciatic nerve ligation
was not blocked by either AM251 or AM630 [130,
131]. On the other hand, the combination of AEA and
ibuprofen did produce greater effects on both early and
late phases of the formalin test than either compound
per se. The effects of the combination on both phases
was blocked by AM251 [130]. Neither ibuprofen or
reficoxib changed levels of AEA, palmitoylethanola-
mide, or oleoylethanolamide per se, but the combina-
tion of AEA and either ibuprofen or reficoxib resulted
in an increase in paw tissues of the levels of all three
N-acylethanolamines [132].

e The ability of indomethacin to reduce carrageenan-
induced edema in the mouse paw is blocked by SR144528
[110] (see Fig. 2), although this may be a peroxisome
proliferator-activated receptor-o effect of this compound
rather than an action upon CB, receptors [106].

The mechanism(s) responsible for these effects are as yet
a matter of conjecture. Giihring et al. [128] and Ates et al.
[129] suggested that inhibition of COX diverted the
metabolism of arachidonic acid from prostaglandin to
AEA synthesis. Holt et al. [110] suggested that a dual
action of indomethacin to prevent the formation of
inflammatory prostaglandins and to increase the levels of
local endocannabinoids was required for anti-inflammatory
effect in the mouse. Guindon et al. [131] hypothesized that
the synergistic effects of ibuprofen and AEA in the
formalin test reflected the ability of ibuprofen to inhibit
FAAH and COX-2. Such suggestions, and indeed whether
or not the endocannabinoid system contributes to the effects
of NSAIDs in man, await elucidation.

Paracetamol (acetaminophen), although not an NSAID,
also interacts with the endocannabinoid system inasmuch as
its analgesic effects in the hot plate test (but not in the
phenyl-p-quinone pain model) are blocked by rimonabant
or AM251 [133, 134] and that it can be metabolized to

AM404 by a mechanism dependent upon FAAH [84], but it
does not have direct effects on the ability of FAAH to
metabolize AEA in vitro [126]. Given that rimonabant is
now clinically available for the treatment of obesity, infor-
mation on the interaction (or lack thereof) between this com-
pound and paracetamol in man may appear in due course.

Conclusions

The aim of this review has been to present the most
commonly used compounds that have been used to probe
the functions of the endocannabinoid system in the body. A
deliberate focus has been made on the issue of the
selectivities of the compounds, which has been exemplified
with the compounds WIN55212,2 and AM404. Nonetheless,
in the relatively short time since the cannabinoid receptors
were cloned, the availability of useful compounds has been a
key factor in furthering our understanding of the endocanna-
binoid system. Much remains to be done: In terms of the
endocannabinoid system, inhibitors of the synthesis of AEA
are lacking and the functional roles of, for example, MAGL
and the roles played by COX-2-derived metabolites of AEA
and 2-AG are only beginning to be investigated. The
cannabis plant itself remains full of secrets, as exemplified
by the recent finding that A°-tetrahydrocannabivarin is an
antagonist at CB; receptors [135]. Finally, the discovery of
AEA-related endogenous, biologically active molecules,
such as arachidonoylglycine [136] and arachidonoylserine
[137], that have important actions of their own places the
endocannabinoids as but one player in a team of different
biologically active lipids. Clearly, the pharmacology of the
endocannabinoid system and of related bioactive lipids is
still at an early stage.

Note added in proof: Recently, Palomiki et al. (J Neurochem, 101
[2007] 972-981) reported that tetrahydrolipstatin antagonizes CB;
receptors, which may confound interpretation of its reported effects
upon retrograde signalling. The issue with URB754, on the other
hand, has been clarified: the MAGL inhibitory properties reported in
[122] were later found by those authors to be due to a mercuric
contaminant (Makara et al., Nature Neurosci 10 [2007] 134).
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