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B Abstract CBI and CB2 cannabinoid receptors are the primary targets of en-
dogenous cannabinoids (endocannabinoids). These G protein—coupled receptors play
an important role in many processes, including metabolic regulation, craving, pain,
anxiety, bone growth, and immune function. Cannabinoid receptors can be engaged
directly by agonists or antagonists, or indirectly by manipulating endocannabinoid
metabolism. In the past several years, it has become apparent from preclinical studies
that therapies either directly or indirectly influencing cannabinoid receptors might be
clinically useful. This review considers the components of the endocannabinoid system
and discusses some of the most promising endocannabinoid-based therapies.

INTRODUCTION

Cannabinoid receptors are part of the endocannabinoid system, which consists
of cannabinoid receptors, endogenous cannabinoids (endocannabinoids), and the
enzymes that synthesize and degrade endocannabinoids. Emerging evidence impli-
cates endocannabinoids in a wide variety of physiological and pathophysiological
processes. To date, most drugs used therapeutically that interact with the endo-
cannabinoid system are derived from cannabis and produce their effects by activa-
tion of cannabinoid receptors. Regrettably, the psychoactivity of these compounds
has prevented their widespread acceptance and application in Western medicine.
In the past decade, the elucidation of the components of the endocannabinoid
system and a better understanding of its role have broadened the therapeutic pos-
sibilities for its manipulation. For example, cannabinoid receptors can be directly
manipulated by ligands that bind cannabinoid receptors or indirectly by drugs that
modulate endocannabinoid levels. This review considers the components of the
endocannabinoid system, their involvement in specific behaviors and diseases, and
several promising clinical and preclinical studies. Because of space limitations not
all potential therapies are considered. The interested reader is encouraged to con-
sult recent reviews that either offer a different perspective or go into much greater
depth on specific indications (1-9).
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COMPONENTS OF THE ENDOCANNABINOID
SIGNALING SYSTEM

The past 15 years have seen a tremendous advance in our understanding of the
elements of the endocannabinoid system. During this period two cannabinoid re-
ceptors, CB1 and CB2, have been cloned; several endogenous cannabinoids have
been identified; and the synthetic and degradative pathways for the endocannabi-
noids have been partially elucidated.

CANNABINOID RECEPTORS

The CBI1 receptor was first cloned as an orphan receptor from a rat cDNA library
based on its homology to the bovine substance K receptor (10). In the years preced-
ing the cloning of CB1, a series of potent cannabinoid receptor agonists had been
synthesized (11-13). By combining anatomical, molecular, and pharmacological
approaches, the distribution and primary signaling mechanisms of the CB1 recep-
tor were determined (14). Within a few years, a second cannabinoid receptor was
found in a human promyelocytic cDNA library and designated the CB2 receptor
on the basis of its homology to the CB1 receptor and similar ligand binding profile
(15). In the CNS, CBI receptors are most highly expressed on axons and nerve
terminals, but ample functional evidence also supports their expression on somata
(14). Their expression on glia is controversial and, if it occurs, is at a considerably
lower density than on neurons (14). CB2 receptors are primarily found on immune
cells. The highest levels of CB2 mRNA in peripheral blood cells are found in B lym-
phocytes > natural killer cells >> monocytes > neutrophils > T8 lymphocytes >
T4 lymphocytes (16). Both CB1 and CB2 receptors belong to the superfamily of
G protein—coupled receptors, coupling to inhibitory G proteins (Gj/,) (10, 15).
As such, CB1 and CB2 receptors inhibit adenylyl cyclase and activate MAP ki-
nase (14). In addition, CB1 receptors inhibit presynaptic N- and P/Q-type calcium
channels and activate inwardly rectifying potassium channels (17, 18). Further sig-
naling mechanisms involve focal adhesion kinase, phosphatidylinositol-3-kinase,
sphingomyelinase, or nitric oxide synthase (19-22). Beyond CB1 and CB2, sev-
eral intriguing studies support the existence of additional cannabinoid receptors
(23-25). The cloning and pharmacological characterization of these receptors will
likely blur the boundaries between classic cannabinoid agonists and other lipid
mediators and will introduce a rich pharmacology of their own. However, the
impact on these additional cannabinoid receptors must also be considered when
endocannabinoid levels are manipulated.

ENDOGENOUS CANNABINOIDS (ENDOCANNABINOIDS)

The widespread distribution of cannabinoid receptors suggests the presence of an
endogenous ligand, or endogenous cannabinoid (endocannabinoid). This hypothe-
sis was validated by the identification of two families of endogenous cannabinoids
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more than ten years ago. The prototypical endocannabinoid, anandamide, the
amide of ethanolamine and arachidonic acid, was first isolated and identified as an
endogenous cannabinoid by Mechoulam & Devane from porcine brain (26). A se-
ries of similar compounds, varying in the nature of the (unsaturated) fatty acid are
also found in tissues. Some of these, for example homo-y -linolenoylethanolamide
and docosatetraenoylethanolamide, engage CB1 receptors (27). Others, such as
palmitoylethanolamide (PEA) and oleoylathanolamide (OEA) do not, but have
profound analgesic or anorexic effects, respectively (28, 29). The second endoge-
nous cannabinoid, 2-arachidonyl glycerol (2-AG), was identified by the Sugiura
and Mechoulam groups (30, 31), and its importance as an endogenous cannabinoid
was established within a few years (32). In part because of its nonsignaling role
as an intermediate in several lipid metabolic pathways, 2-AG is far more abundant
than anandamide. Recently, amides of arachidonic acid such as N-arachidonyl
dopamine, serine, and glycine have been described. Although some of these com-
pounds have activity at cannabinoid receptors, they also affect many other targets
and their pharmacology will not be considered here. Interested readers may refer
to a recent review (33). Despite their superficial structural similarity, substantial
differences between the anandamide and 2-AG families of endogenous cannabi-
noids must be noted and are an important source of therapeutic specificity. We
review the differences in some detail, as they must be considered when assessing
the possible therapeutic applications of drugs affecting various components of the
endocannabinoid system.

The first difference is the route of synthesis. Anandamide and related acylamides
are made following the hydrolysis of N-arachidonoyl (or another unsaturated fatty
acid) phosphatidyl ethanolamine (NAPE) by a specific phospholipase D (34, 35).
NAPE synthesis by an N-acyl transferase may be the rate-limiting step in anan-
damide formation (36) and is subject to regulation by calcium and cyclic AMP
(37). In contrast, the major synthetic pathway of 2-AG formation is the hydrolysis
of phosphatidylinositol by phospholipase C and diacylglycerol lipase (DGL) (38)
with phosphatidylinositol hydrolysis by phospholipase A1 and lyso-phospholipase
C being important in some tissues (39). As evidenced by their synthetic pathways,
anandamide and 2-AG are “made on demand” rather than stored in vesicles, con-
trasting with classical neurotransmitters. The synthesis of anandamide and 2-AG
is enhanced by neural activity, a feature that we address below.

Another important difference between the 2-AG and anandamide families is ef-
ficacy. Multiple studies with CB1 and CB2 receptors have found that anandamide
is alow efficacy agonist, whereas 2-AG is highly efficacious (40—44). Interestingly,
by a number of measures, the efficacy of anandamide at CB1 receptors is similar
to that of A’tetrahydrocannabinol (A°THC), the major psychoactive component
of cannabis. This leads to the intriguing possibility that the psychoactive effects of
cannabis and A°THC are due to a combination of mimicking anandamide’s action
at CB1 receptors while antagonizing 2-AG actions at these same receptors. This
hypothesis is supported by the observation that a single very high dose (90 mg)
of the CB1 antagonist rimonabant has limited efficacy in blocking the subjective
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effects of cannabis (45). Even two weeks of rimonabant at 40 mg per day (twice
the dose used in the phase III obesity trials, see below) produced similarly mod-
est effects (46). Further support for this mixed agonist/antagonist mechanism of
A°THC psychoactivity comes from recent experiments in which we have found
that A°THC effectively antagonizes a form of endocannabinoid mediated short-
term plasticity (see below) that is mediated by 2-AG (A. Straiker & K. Mackie,
unpublished observations).

Endocannabinoid action appears to be terminated by a combination of uptake,
possibly via a specific transporter (47), and hydrolysis. Although the transport pro-
cess does not distinguish between the two endocannabinoid families, anandamide
and 2-AG appear to be hydrolyzed by distinct enzymes in vivo. Anandamide and
related ethanolamides are degraded by fatty acid amino hydrolase (FAAH). FAAH
has been extensively studied by the Cravatt group and has several unique fea-
tures that make it an attractive therapeutic target (48, 49). 2-AG is degraded by
a monoacylglycerol lipase (MAG lipase) and possibly other lipases (50, 51). The
characterization of MAG lipase is not as extensive as FAAH, and highly potent
and selective MAG lipase inhibitors remain to be developed (52). Whether this is
due to unfavorable intrinsic factors of the enzyme remains to be determined.

ENDOCANNABINOIDS AND NEURONAL PLASTICITY

The prominent presynaptic localization of CB1 receptors and their inhibition of
calcium channels and activation of potassium channels suggest that they may mod-
ulate neurotransmission and affect neuronal excitability. Indeed, a large number of
studies show that activation of CB1 receptors by both exogenous and endogenous
cannabinoids suppresses neurotransmission (53). Furthermore, the enhancement of
endocannabinoid synthesis during neural activity suggests that these ligands may
inhibit neurotransmission. Indeed, endocannabinoid involvement in neuronal plas-
ticity has now been shown to occur at many synapses. Space limitations preclude
an extensive review of this topic; however, the generalities of this phenomenon
are briefly summarized and the interested reader may consult detailed reviews
(54, 55).

Endocannabinoid-mediated inhibition of neurotransmission comes in two forms,
transient and long lasting. Transient, also termed DSI (depolarization-induced
suppression of inhibition) or DSE (depolarization-induced suppression of excita-
tion), relies on generation of endocannabinoids following increases in intracellular
calcium—often from entry through calcium-permeant cell surface channels or re-
lease from intracellular stores, sometimes by activation of metabotropic receptors
(56-60). DSI and DSE are of short duration, lasting tens of seconds, and local-
ized; thus they may serve to rapidly modulate small ensembles of synapses (61).
[However, activation of somatic CB1 receptors during DSE or DSI can suppress
neurotransmitter release over a wide area by inhibiting spiking activity (62).] Long-
lasting endocannabinoid-mediated inhibition of neurotransmission, one form of
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long-term depression (LTD), is also ubiquitous (63—-66). Here, endocannabinoids,
often produced by group I metabotropic receptors during prolonged low-frequency
stimulation, activate presynaptic CB1 receptors. These endocannabinoids set in
motion a poorly understood process, culminating in long-lasting (at least tens of
minutes) inhibition of neurotransmitter release. Endocannabinoid LTD (eLTD)
only requires CB1 receptor activation for its initiation; once established eLTD is
independent of CB1 receptor activation (63). eLTD is exquisitely sensitive to ex-
ogenous cannabinoids and cocaine, and thus its disruption may underlie some of
the actions of these drugs (67, 68). The identity of the endocannabinoids involved
in short- and long-term endocannabinoid plasticity remains to be identified with
certainty. However, studies to date suggest 2-AG may underlie eLTD, whereas evi-
dence supports a role for 2-AG and/or anandamide in DSE and DSI (69). Although
the above discussion has been from the perspective on neuronal production of en-
docannabinoids, it is important to note that glial cells are prodigious producers of
endocannabinoids (9).

A substantial literature describes a role for endocannabinoids in vascular regu-
lation. Examples include vasodilation during sepsis (70) or cirrhosis (71) and arole
in the regulation of cerebral blood flow (72, 73). In some cases CB1 receptors have
been implicated, in others endocannabinoids appear to be interacting with novel
receptors. Several recent reviews have considered this complicated topic (7, 25,
74). Possible cardiovascular actions of endocannabinoids and the implication of
their antagonism need to be considered when using CB1 antagonists, as discussed
below. For example, inhibition of FAAH and raising acylethanolamine levels can
decrease blood pressure in hypertensive rats (75). However, to date, there is no
suggestion of an increased incidence of hypertension in patients treated for up to
a year with the CB1 antagonist, rimonabant (76).

A°THC CANNABIS AND CANNABIS EXTRACTS

Synthetic A°THC (dronabinol) is approved in the United States for treatment of
nausea and vomiting associated with chemotherapy as well as an appetite stim-
ulate in AIDS. The efficacy of A°THC versus medical cannabis is the subject
of a contentious debate, and a complete assessment of the topic is beyond the
scope of this review (77). Nevertheless, two of the major issues to be considered
are pharmacokinetic (e.g., oral versus inhaled) and the contribution of additional
components of cannabis (e.g., cannabinol and cannabidiol) to therapeutic efficacy.
Related to the medical cannabis question is the recent development of standard-
ized cannabis extract, Sativex (78). Sativex is a standardized cannabis extract
administered as a sublingual spray containing approximately equal quantities of
A°THC and cannabidiol, along with minor amounts of other cannabinoids. Lim-
ited clinical trials have been reported using this preparation in multiple sclerosis
and neuropathic pain. These studies report modest improvement in spasticity and
pain symptoms (79, 80).
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CB1 RECEPTOR ANTAGONISTS

Of potential drugs affecting the endocannabinoid system, CB 1 receptor antagonists
have received the most attention and are the furthest along in clinical studies.
The primary indication is for obesity, with secondary indications for disorders
that have a prominent craving component. However, basic science and clinical
studies suggest that CB1 antagonists have significant metabolic effects that extend
beyond merely decreasing caloric intake. The rationale for using CB1 receptor
antagonists as an anti-obesity drug is conceptually simple. It is widely appreciated
that partaking of cannabis in its many preparations enhance appetite, and at least
anecdotally, consumption of rich, nonnutritious foods (81). If this phenomenon is
mediated by CB 1 receptors, then a logical extension is that blocking these receptors
might suppress appetite, leading to decreased food consumption and weight loss.
As discussed below, CB 1 receptor antagonists do decrease weight, but not for quite
these reasons.

Rimonabant, also known as SR141716 or Acomplia®, was the first CB1 antag-
onist reported. It is a diarylpyrazole with nanomolar affinity for CB1 receptors and
little affinity for the CB2 receptor (82). It shows inverse agonism both in heterolo-
gous expression systems and some in vivo preparations (83, 84). Many congeners
of rimonabant have been synthesized and an SAR developed (14). One diarylpyra-
zole, AM251, deserves special mention owing to its high affinity and commercial
availability. This compound has iodine substituted for the chlorine in the para
position of the 5-phenol ring and has been frequently used for in vivo work. Al-
though in most aspects it seems quite similar to rimonabant, differences have been
described (24). Another chemical series that has given rise to relatively selective
CBI1 receptor antagonists are the substituted benzofurans, exemplified by the Lilly
compound, LY320135 (85). However, this compound also is an inverse agonist, is
less selective, and has poor oral bioavailability; so they have not been thoroughly
studied (85). Given the intense commercial interest in CB1 receptor antagonists
in the treatment of obesity and metabolic syndrome, additional CB1 antagonists
with fundamentally different structures have been synthesized and characterized,
and these are just now being reported in the scientific literature (85a).

CB1 Antagonists as Antiobesity Drugs

Low doses of CB1 receptor agonists enhance food consumption (86). Conversely,
CBI1 receptor antagonists decrease food consumption and body weight (1). The
anorectic consequence of CB1 blockade is most prominent in lab animals with
diet-induced obesity (87). CB1 receptor antagonists appear to have less effect on
food consumption in mice fed a normal lab diet (88), but this finding is not uni-
versal (89). The anorexic effects of CB1 antagonists in rodents subside after only
a few weeks. This is perhaps not surprising because feeding is such an important
behavior for survival. Thus, after a month of CB1 antagonist treatment, there is no
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difference in caloric intake between antagonist-treated and control animals (90).
Importantly, for the therapeutic use of this class of drugs, the decreased weight in
the antagonist-treated animals is maintained despite the now similar caloric intake
(87). This seems to be a consequence of CB1-mediated effects in hepatocytes and
adipocytes. In hepatocytes CB1 agonists enhance sterol response element-binding
protein 1c (SREBP-1c) expression, which in turn increases acetyl-CoA carboxy-
lase and fatty acid synthase expression (91). Furthermore, CB1 antagonists block
the increase in fatty acid synthesis induced by a high-fat diet (91). Interestingly,
CB1 agonists and antagonists have similar effects on SREBP-1c and FAS in the
hypothalamus (91). This lends support to the concept that CB1 agonists regulate
energy balance through shared central and peripheral mechanisms that are indepen-
dent of classical CB1-mediated effects on neurotransmission. In adipocytes, CB1
activation appears to increase lipoprotein lipase activity (92). As for the effects
described above, antagonism of this activation would increase lipolysis and favor a
lean body phenotype. In summary, preclinical studies suggest that CB 1 antagonists
will have long-term efficacy for weight loss and improved lipid metabolism as a
consequence of mechanisms that are primarily peripheral in origin. Thus, this class
of drugs offers an exciting potential treatment for a disease that is accompanied by
a significant public health cost. An interesting corollary of a major peripheral site
of action for CB1 antagonists in obesity is that a CNS-impermeant CB 1 antagonist
might still be effective, while lessening the possibility of CNS-mediated adverse
effects.

Clinical studies with CB1 antagonists are encouraging. A large (1507 enrolled,
920 completed) clinical study investigating CB1 blockade in obesity (RIO-Europe)
has recently been published (76). The primary findings were that rimonabant
(Acomplia) at a daily dose of 20 mg per day together with a mildly hypocaloric
diet led to sustained weight loss of an average of 7 kg versus a weight loss of
2 kg in the placebo group treated with diet alone. More impressive than the weight
loss were the improvements in the rimonabant-treated group in lipid profiles, cen-
tral obesity, insulin resistance, and the incidence of metabolic syndrome. Because
of the central role of CB1 receptors in several pathways potentially involved in
anxiety, memory extinction, etc., there was theoretical concern that chronic CB1
blockade might be accompanied by significant psychiatric issues. This fear was not
borne out with similar rates of depression in the 20 mg rimonabant and placebo
groups. Overall, modestly higher rates of gastrointestinal symptoms, dizziness,
and arthralgias were seen in the 20 mg rimonabant group. The results of two
other large trials (RIO-North America and RIO-Lipids) have been reported at sci-
entific meetings, with similar results (93, 94). Overall the current data are very
encouraging that CB1 antagonists will be clinically useful drugs in treating the
metabolic consequences of obesity. However, as with any new drug, the role they
will assume in clinical therapeutics will not become apparent until their safety and
efficacy have been established in a much larger and more heterogeneous patient
population.
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CB1 Antagonists and Craving

Another area of excitement for the CB1 antagonists is in the treatment of drug
abuse. A link between the endocannabinoids and drugs of abuse has been long
suspected based on animal studies. Because this topic has been reviewed in depth
by several authors, only the highlights are considered here (95-97). From a large
number of laboratory experiments, there appears to be a reciprocal relationship
between the motivational or rewarding aspects of endogenous opioids and the en-
docannabinoids (98). Specifically, CB 1 antagonists attenuate the rewarding proper-
ties of opioids, and the rewarding properties of opioids are absent in CB 1 knockout
mice (99, 100). Furthermore, in heroin-treated rats, CB 1 receptor agonists enhance
reinstatement, and CB1 receptor antagonists decrease reinstatement (101, 102).
Interestingly, this effect of CB1 receptor antagonists was most marked with less
favorable response ratios, that is, when more effort is required to receive a heroin
injection. Conversely, the rewarding effects of A°THC are attenuated by opioid
receptor blockade and knockout of mu opioid receptors (103, 104). However, opi-
ate receptors do not appear to be involved in the subjective effects of A°THC, as
an opioid receptor antagonist does not block these effects (105). The situation for
other drugs of abuse has parallels, but a unifying theme remains to be identified
(or, more likely doesn’t exist, emphasizing the pleomorphic mechanisms underly-
ing drug abuse). For example, CB1 receptors seem involved in some responses to
nicotine—CB1 antagonists block nicotine-induced conditioned place preference
(CPP) and nicotine-induced dopamine release in the nucleus accumbens (106—
108). [Interestingly, CB 1 antagonists do not decrease accumbens dopamine release
in response to opiates (109).] These effects suggest that CB1 receptor blockade
may decrease the strength of specific environmental cues associated with receiv-
ing nicotine. Another potentially important role for the endocannabinoid system
is in the reinforcing effects of alcohol. CB1 receptor activation enhances alcohol
consumption while blocking these receptors decreases consumption and deletion
of the receptor reduces alcohol-induced CPP (110-112).

Clinical trials with rimonabant will determine if the preclinical studies dis-
cussed are relevant to drug abuse in humans. The usefulness of CB1 antagonism in
smoking cessation has been investigated in the STRATUS-US trial (94). This was
a short (10 week) clinical trial enrolling 787 moderate cigarette smokers. Those
receiving rimonabant at 20 mg per day were almost twice (36% versus 20%) as
likely to have sustained abstinence during the last four weeks of the trial com-
pared to the placebo group. The rimonabant group also lost approximately half a
pound during treatment, whereas the placebo group gained almost two and half
pounds. The disparity in weight change was more marked in obese patients and
is particularly interesting as most smoking cessation therapies led to weight gain
after cessation. There were no reported differences in side effects between the two
groups in this short trial.

Another potential application of CB1 blockade for which there is strong pre-
clinical evidence is in treating alcohol abuse (96, 113). A clinical trial examining
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the efficacy of rimonabant in alcoholism sponsored by the National Institute on
Alcohol Abuse and Alcoholism (NIAAA) is now underway. Although financial
considerations dampen enthusiasm for conducting clinical trials on the effective-
ness of CB1 antagonists in heroin or cocaine abuse prior to regulatory approval,
it is likely that they will be tested for efficacy in other “craving” disorders if CB1
antagonists are approved for clinical use.

One factor to be considered in the application of CB1 blockade for the treat-
ment of craving-based disorders is whether it will retain its effectiveness during
prolonged treatment. Although the long-term (2 year) effectiveness of rimonabant
in obesity and metabolic syndrome seems established, this appears to be based on
suppression of metabolic pathways involved in lipogenesis, whereas its attenuation
of food consumption (presumably a behavioral effect that may share similarities
to the craving aspects of drug abuse) is transient. Thus, it remains to be determined
if CB1 antagonism will be an effective long-term strategy for the treatment of
craving disorders.

CB2 RECEPTOR AGONISTS

The physiological role of CB2 receptors remains to be fully defined. However,
several intriguing preclinical studies suggest that agonists at this receptor may be
clinically useful. Multiple animal studies suggest that chronic pain may be one such
indication. Still more preliminary studies also suggest a role of CB2 receptors in
the maintenance of bone density and the progression of atherosclerotic lesions. A
particularly attractive feature of selective CB2 agonists, such as AM1241, HU308,
and JWH133, as therapeutics is that they are devoid of known psychoactivity.
Cannabis and its extracts have long been used to treat painful conditions. The
possible mechanisms involved have been the subject of many investigations. Al-
though CB1 activation may be analgesic (114), several studies clearly show that
CB2 agonists are also effective in chronic pain models. Specifically, CB2 agonists
are analgesic in neuropathic pain models, peripheral inflammatory models, and
some sensitization models (115—-121). The anatomical site of CB2 analgesic ac-
tion is currently being studied, with two discrete loci emerging. The first potential
site of action is the skin. Here it has been demonstrated that in thermal hypersen-
sitivity models, CB2 agonists enhance beta-endorphin release from keratinocytes
(117). As expected from a mechanism involving opiates, analgesia produced by
CB2 agonists in this model is naloxone sensitive. In addition, CB2 agonists are
analgesic in neuropathic pain models (116, 122). Interestingly, the neuropathic pain
models of spinal nerve root ligation or sciatic nerve ligature are accompanied by
robust upregulation of CB2 mRNA expression in spinal microglia as they become
activated in the days following the lesion (123). It is conceivable that the activated
microglia participate in the allodynia and/or hyperalgesia that are a hallmark of
these neuropathic models, and stimulation of microglia CB2 receptors attenuates
this microglia-neuron communication. In contrast, a chronic inflammatory pain
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model, injection of Freund’s adjuvant, did not increase spinal CB2 mRNA (123),
despite CB2 agonists being effective analgesics in inflammatory models. At the
present time, a synthesis of these studies suggests that in neuropathic pain models
following nerve injury, CB2 agonists may be analgesic by their effects on spinal
microglia, whereas in the peripheral models CB2 agonists might be acting by de-
creasing beta-endorphin release in the dermis. Ongoing experiments will sort out
these and additional details in the coming years. PEA is another lipid mediator
that should be considered in the context of the peripheral actions of CB2 recep-
tors. Acting locally, PEA is an effective analgesic in inflammatory pain models,
and CB2 antagonists block this analgesia (28). However, PEA does not bind to
cannabinoid receptors. A potential resolution to this paradox is that PEA activates
areceptor on cells resident in skin that in turn release endocannabinoids activating
CB2 receptors.

The involvement of CB2 receptors in bone growth was initially unexpected. It
derives from the observation that CB2 knockout mice have a markedly decreased
bone mass compared to their littermates expressing the receptor (124). That these
mouse results might be relevant to humans comes from the observation that a
particular (silent) single nucleotide polymorphism in CB2 correlates strongly with
osteoporosis in a cohort of women (124). The therapeutic possibilities of these
results are emphasized by the observation that a CB2 agonist (HU308) decreases
bone loss following ovariectomy in mice (124). The combination of these results
and those on the efficacy of CB2 agonists in chronic pain is provocative, and
may lead to the development of an analgesic drug useful for several chronic pain
states that does not have the detrimental effects on bone density and (presumably)
bone healing that are associated with the nonsteroidal anti-inflammatory drugs.
However, a role for CB1 and CB2 receptors in stimulating osteoclast activity
has also been reported (125). The discrepancy between these two studies may
be a function of experimental model, choice of agonists and antagonists, or the
knockout models employed.

CB2 ligands may have therapeutic utility in other chronic inflammatory dis-
eases. An intriguing study that we briefly consider is a very recent report that
low-dose A°THC treatment in mice slows the progression of atherosclerotic le-
sions in ApoE —/— mice fed an atherogenic diet (126). This effect of A°THC was
blocked by the CB2 antagonist, SR144258, suggesting CB2 involvement (126).
These results are congruent with the concept that A°THC has anti-inflammatory
properties (127-130). It will be interesting to see if selective CB2 agonists are sim-
ilarly effective. Although these results need to be confirmed and extended, they
are quite exciting and may lead to an entirely new application for CB2 agonists.
CB2 signaling may also be involved in the neurodegeneration associated with
plaque development in Alzheimer’s disease (130a) and the inflammatory response
accompanying retroviral encephalitis (130b), such as that occurring with HIV.

At their current stage of development, the CB2 ligands are at an exciting point.
However, several fundamental questions remain. Perhaps the most basic is a bet-
ter understanding of the physiological role(s) of the CB2 receptor in immune
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responses. Also needed is a thorough assessment of the pharmacological proper-
ties, for example, intrinsic efficacy at the relevant signaling pathways, of the current
generation of CB2 agonists and antagonists. Another is the consequence of long-
term CB2 activation. CB2 receptors rapidly desensitize, at least when expressed
in heterologous expression systems (131). Whether CB2 agonists will maintain
their efficacy in treating neuropathic pain over a period of months remains to be
determined. Finally, CB2 receptors in different species vary considerably in their
distal carboxy termini (132). As this region is important in many aspects of GPCR
signaling, it will be necessary to determine that the regulation and function of CB2
signaling important for its therapeutic actions are maintained across species.

FATTY ACID AMINO HYDROLASE (FAAH)

As mentioned above, FAAH seems to be the major degradative enzyme for anan-
damide and related amides in vivo (49). In contrast to the findings of in vitro studies,
FAAH does not appear to metabolize 2-AG to a significant extent in vivo (133).
Thus, drugs that selectively inhibit FAAH would increase N-acylethanolamine
levels without affecting those of 2-AG. FAAH’s active site is distinct from other
mammalian hydrolases favoring the development of selective FAAH inhibitors.
Indeed, in addition to the less specific trifluoromethyl ketone inhibitors, at least
two families of FAAH inhibitors have been developed, the alpha-ketoheterocycles
and the carbamates (134—136). Clues that these inhibitors might be therapeutically
useful can be inferred from a number of studies that have either looked at anan-
damide levels following a behavioral manipulation or investigated consequences
of FAAH inhibition. For example, midbrain anandamide levels are increased fol-
lowing injection of Freund’s adjuvant (137) and treatment with the CB1 antag-
onist, SR141716, typically increases pain behaviors (138). Taken together, these
results suggest that endocannabinoid release is enhanced following nociceptive
stimulation and that inhibiting the degradation of these endocannabinoids (here,
presumably an N-acylethanolamine) might be therapeutically beneficial. Results
from both FAAH knockout mice and specific FAAH inhibitors support this notion.
Genetic deletion of FAAH greatly increases brain levels of anandamide and other
acylethanolamides, but doesn’t change levels of 2-AG. FAAH knockout mice have
elevated pain thresholds in several analgesic tests (139). Furthermore, the analge-
sia produced by selective carbamate-based FAAH inhibitors (URB532, URB597),
as well as the reversible alpha-ketoheterocyclic FAAH inhibitors (OL92, OL135),
is blocked by CB1 antagonists (140, 141). The carbamate FAAH inhibitors are
also efficacious in two anxiolysis models (140).

Importantly for their therapeutic application, selective FAAH inhibitors do not
produce the catalepsy, hypothermia, or hyperphagia that are seen with direct CB1
receptor agonists (140, 141). Taken together, these observations emphasize that
with FAAH inhibitors, it is feasible to produce local increases in endocannabinoids
associated with behaviorally meaningful effects and that these inhibitors activate
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cannabinoid signaling in a much more selective way than is possible with CB1
agonists.

ENDOCANNABINOID TRANSPORT INHIBITORS

It is commonly assumed—although not rigorously proven—that endocannabinoid
action is terminated, in part, by their uptake into cells. This putative mechanism
appears similar for anandamide and 2-AG, with some mild differences in the ef-
fect of the degraded endocannabinoid on the process (142). However, whether
endocannabinoid transport occurs through a specific transporter or by nonspecific
means has been the subject of some debate (47, 143). The initial pharmacological
probe used to study the putative endocannabinoid membrane transporter (EMT),
AMA404, inhibited uptake, but it also interacted with CB1 receptors and activated
VRI1 channels at higher concentrations. In addition, it is a substrate for FAAH.
These multiple actions often made it difficult to interpret studies done with AM404,
particularly in vivo studies. This led to a hypothesis that endocannabinoid passage
across membranes was passive and carrier independent, solely as a consequence
of their metabolism by FAAH (or MAG lipase). Thus, the reported inhibition
of transport by AM404 was merely inhibition of anandamide degradation, accu-
mulation of nondegraded endocannabinoid, and loss of the concentration gradient
driving passive diffusion (144). However, the development of more potent and spe-
cific EMT inhibitors that have less activity toward FAAH, VR1, and CB1 clearly
shows that it is possible to dissociate inhibition of FAAH (which would decrease
endocannabinoid transport because of intracellular accumulation of endocannabi-
noid) from authentic transmembrane endocannabinoid transport (145-148). These
compounds, typified by UCM707 and AM1172, will be useful in determining the
therapeutic utility of inhibiting endocannabinoid uptake. For example, UCM707
augments the hypokinetic and analgesic effects of a subtherapeutic dose of sys-
temically administered anandamide (149). Although pointing toward a transport
process, it needs to be recognized that these inhibitor studies do not differentiate
between the possibilities that the EMT is a transmembrane transporter, a carrier
protein, or another entity. Implicit in the preceding discussion is that the primary
role of the EMT is to terminate the action of endocannabinoids. However, strong
evidence also suggests that the EMT may also play a role in the release of endo-
cannabinoids (64). Whether this role offers therapeutic possibilities remains to be
determined.

PERSPECTIVES FOR THE FUTURE

These are exciting times for drugs targeting cannabinoid receptors and the en-
docannabinoid system. A rich variety of drugs are being developed and novel
indications elucidated. It is likely that CB1 antagonists will first receive regulatory
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approval for metabolic indications, followed by smoking cessation, if the current
trend of promising clinical studies continues. The cannabis extract Sativex has
received approval in Canada, and regulatory approval is pending in Europe. How-
ever, it remains to be seen how widely this preparation will be accepted. Based on
preclinical studies and their lack of psychoactivity, CB2 agonists have a strong po-
tential for treatment of pain and some promise in osteoporosis and cardiovascular
disease. Inhibitors of the enzymes that lead to the synthesis of endocannabinoids
have not received much attention from a therapeutic perspective, in part because
there is no strong evidence that an excess of endocannabinoid is detrimental. With
their high specificity, FAAH inhibitors remain an exciting potential therapeutic,
possibly for pain or anxiety, although clinical studies have yet to be performed.
Although no specific and potent MAG lipase inhibitors have been reported, such
compounds will certainly be useful for research purposes and may be clinically
valuable. Now that the preponderance of evidence supports the existence of an
endocannabinoid membrane transporter and selective drugs have been reported,
preclinical studies should be forthcoming to identify possible therapeutic targets.
The past fifteen years have seen a burgeoning in our understanding of the endo-
cannabinoid system, and it is likely that the next five years will see much of this
knowledge translated into useful therapeutic agents.
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