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Abstract

The active principle of marijuana, D9-tetrahydrocannabinol (D9-THC), exerts its pharmacological effects by binding to selective
receptors present on the membranes of neurons and other cells. These cannabinoid receptors are normally engaged by a family of
lipid mediators, called endocannabinoids, which are thought to participate in the regulation of a diversity of brain functions,
including pain, mood, appetite and memory. Marijuana use may lead to adaptive changes in endocannabinoid signaling, and
these changes might contribute to effects of marijuana as well as to the establishment of marijuana dependence. In the present
article, I outline current views on how endocannabinoid substances are produced, released, and deactivated in the brain. In
addition, I review recent progress on the development of pharmacological agents that interfere with endocannabinoid deacti-
vation and discuss their potential utility in the treatment of marijuana dependence and other aspects of drug abuse.
# 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing spread of marijuana use, especially
among adolescents and young adults (SAMSHA,
2000), has heightened societal awareness of the risks
associated with this drug and has highlighted the need
to fully understand its mechanism of action. Basic
research has shown that D9-tetrahydrocannabinol (D9-
THC), the main active constituent of marijuana, pro-
duces its effects by combining with selective receptors
present on the membrane of cells in the brain, the vas-
culature and the immune system (for review, see
Piomelli, 2003). Research has also revealed that a
group of lipid-derived substances produced by the
body engages these receptors and participates in bio-
logical processes as diverse as pain perception, memory
formation and blood pressure regulation (Piomelli,
2003). This knowledge has allowed researchers to inter-
pret the pharmacological properties of marijuana, but
remains inadequate to the task of developing strategies
for the medicinal management of marijuana depen-
dence. No such strategies exist at present (McRae et al.,
2003), despite the fact that pharmacotherapy—alone or
in combination with behavioral therapy—is considered
a primary treatment option for drug dependence when
abuse prevention fails (Goldstein, 2001; Kreek, 2002).
Several basic questions, which are relevant to the

pharmacotherapy of marijuana dependence, remain
unanswered. For example, while it is clear that D9-THC
acts by hijacking the brain endocannabinoid system, its
impact on the various components of this system—syn-
thetic and catabolic enzymes, transporters, and recep-
tors—is still largely undefined. Does D9-THC produce
rapid adaptive changes in neuronal endocannabinoid
signaling, as recent evidence indicates (Kelley and
Thayer, 2004 Mato et al., 2004)? And, if so, do such
changes contribute to the pharmacological actions of
the drug? Does prolonged exposure to D9-THC cause
stable alterations in endocannabinoid signaling? And, if
so, do such alterations contribute to marijuana depen-
dence and, most importantly, can they be safely
reversed to restore normality? Answering these ques-
tions may not only help develop effective therapeutic
strategies for marijuana dependence, but in light of the



360 D. Piomelli / Neuropharmacology 47 Supplement No. 1 (2004) 359–367
broad roles played by the endocannabinoid system in
the control of brain reward processes (Maldonado and
Rodriguez de Fonseca, 2002), might also shed new
light on fundamental mechanisms of drug addiction.
To accomplish this task, it seems important to move
forward in two convergent directions: the molecular
characterization of endocannabinoid signaling, much
of which is still uncharted; and the development of
pharmacological agents that interfere with specific
components of this system. In the present review,
I outline recent progress made in these directions,
specifically focusing on endocannabinoid deactivation,
and discuss some of the challenges lying ahead.
2. Anandamide

Anandamide was the first endocannabinoid sub-
stance to be isolated and structurally characterized
(Devane et al., 1992). Its formation in neural cells is
thought to require two enzymatic steps, which are illu-
strated in Fig. 1. The first is the activity-dependent
cleavage of the phospholipid precursor N-arachido-
noyl-PE (NAPE). This reaction, which is mediated by a
unique D-type phospholipase (PLD) (Okamoto et al.,
2004), produces anandamide and phosphatidic acid,
which is recycled to produce other glycerol-containing
phospholipids. The cellular stores of NAPE are small,
but can be refilled by an N-acyltransferase (NAT)
activity, which catalyzes the intermolecular passage of
an arachidonic acid group from the sn-1 position of
phosphatidylcholine (PC) to the head group of phos-
phatidylethanolamine (PE) (Fig. 1). In cultures of rat
cortical neurons, NAT activity is controlled by two
intracellular second messengers: Ca2+, which is
required to activate the enzyme, and cyclic 30, 50-adeno-
sine monophosphate (cAMP), which stimulates protein
kinase A-dependent protein phosphorylation and, via
an unknown mechanism, enhances NAT activity
(Cadas et al., 1997). Although separate enzymes cata-
lyze the syntheses of anandamide and NAPE, the two
events are likely to occur simultaneously because Ca2+-
stimulated anandamide production is often accompanied
by de novo formation of NAPE (Di Marzo et al., 1994;
Cadas et al., 1997).
Anandamide synthesis can be elicited in vitro by a

variety of agents that elevate intracellular Ca2+ levels.
For example, the Ca2+ ionophore ionomycin stimulates
[3H]anandamide formation in cultures of rat striatal
and cortical neurons labeled by incubation with
[3H]ethanolamine (Di Marzo et al., 1994; Cadas et al.,
1997). In the same neurons, Ca2+-dependent [3H]ana-
ndamide production may be elicited by the glutamate
receptor agonist, kainate, by the K+ channel blocker 4-
aminopyridine, and by membrane-depolarizing con-
centrations of K+ ions (Di Marzo et al., 1994; Cadas
et al., 1997). Depolarization of neural cells was also
shown to evoke Ca2+-dependent anandamide release in
vivo (Giuffrida et al., 1999).
Along with Ca2+ entry, activation of certain G pro-

tein-coupled receptors can also initiate anandamide
generation. Administration of the dopamine D2-recep-
tor agonist quinpirole causes a profound stimulation of
anandamide synthesis in the rat basal ganglia, which is
prevented by the D2 antagonist raclopride (Giuffrida
et al., 1999; Ferrer et al., 2003). Importantly, cocaine
elicits a similar response (Centonze et al., 2004), sug-
gesting a role for anandamide in the actions of these
psychostimulant drugs. The ability of the anandamide
transport inhibitor AM404 to reduce D2 agonist-
induced hyperactivity, discussed below, further sup-
ports this possibility (Beltramo et al., 2000).
2.1. Anandamide deactivation: transport into neurons
and glia

The biological elimination of anandamide proceeds
through two successive steps of high-affinity transport
into cells, followed by intracellular degradation (Fig. 2).
Brain neurons and astrocytes in culture internalize ana-
ndamide through a process that fulfills all key require-
ments of a carrier-mediated transport. Plots of the
initial rates of [3H]anandamide internalization in rat
brain neurons and astrocytes in culture yield apparent
Michaelis constants (KM) that are consistent with a
saturable process and are comparable to the KM values
of brain amine or amino-acid transporters (Beltramo
et al., 1997; Hillard and Campbell, 1997; Piomelli et al.,
1999). Moreover, neurons and astrocytes in culture
internalize [3H]anandamide, along with a select group
of structurally related compounds, in a stereoselective
manner (Piomelli et al., 1999). Even further, [3H]ana-
Fig. 1. Mechanism of anandamide formation in neural cells. This

hypothetical diagram illustrates two key steps of anandamide

synthesis: first the production of the anandamide precursor N-arachi-

donoyl-phosphatidylethanolamine (NAPE) from phosphatidylethano-

lamine (PE) and phosphatidylcholine (PC), catalyzed by the enzyme

N-acyltransferase; and, second, the hydrolysis of NAPE to yield ana-

ndamide, catalyzed by phospholipase D (PLD).
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ndamide internalization can be inhibited by drugs that
have no effect on the uptake of non-cannabinoid lipid
mediators such as fatty acids and eicosanoids (Bel-
tramo et al., 1997; Piomelli et al., 1999). Nevertheless,
anandamide is internalized in a Na+- and energy-inde-
pendent manner (Beltramo et al., 1997; Hillard and
Campbell, 1997; Piomelli et al., 1999), a feature that
differentiates this lipid mediator from most conven-
tional neurotransmitters.

2.2. Anandamide transport inhibitors

The prototype of this class of drugs, the arachido-
nate derivative AM404 (Fig. 3), has provided impor-
tant information on the properties of anandamide
transport, not only aiding the in vitro characterization
of this process, but also helping to reveal its possible
functions in animals. Importantly, the partial cannabi-
metic profile exhibited by this agent in vivo suggests
that anandamide transport might provide a useful tar-
get in disease conditions in which the endocannabinoid
system is hypofunctional (Beltramo et al., 2000).
Evidence indicates that one such condition could be
opiate withdrawal, which is markedly reduced in
rodents by administering AM404 (Del Arco et al.,
2002).
These theories have been hindered by the fact that

the putative transport system responsible for ananda-
mide internalization is still uncharacterized at the mol-
ecular level. In fact, the presence of such a system has
been recently questioned, based on the observation that
[3H]anandamide uptake in certain cell lines is saturable
at longer (>5 min), but not at shorter (<40 s) incu-
bation times (Glaser et al., 2003). This finding has been
interpreted to suggest that fatty-acid amide hydrolase
(FAAH)—a key enzyme of intracellular anandamide
degradation, described in a subsequent section—may
be responsible for the saturation of uptake noted at
longer incubation times (Glaser et al., 2003). However,
the result may also be explained on purely technical
grounds, as the high concentration of serum albumin
used in the experiments of Glaser and collaborators
was previously shown to prevent [3H]anandamide inter-
nalization (Di Marzo et al., 1994; Hillard and Jarrahian
2003). Consistent with this interpretation, recent stu-
dies have provided additional evidence for the existence
of an anandamide transport system independent of
FAAH (Ligresti et al., 2004; Fegley et al., 2004). In
particular, one of these studies has shown that cultures
of cortical neurons isolated from the brain of FAAH-
null mice internalize anandamide as efficiently as do
neurons that express normal levels of the enzyme. The
same study also demonstrated that the transport inhibi-
tor AM404 is equally effective at reducing anandamide
internalization in neurons of FAAH-null and wild-type
mice. These results indicate that FAAH does not pro-
vide the driving force for anandamide uptake or serve
as a target for AM404. In vivo experiments further
support this conclusion, showing that AM404 not only
enhances the actions of exogenous anandamide in
FAAH-null mice, but acts more effectively in this
mutant strain than it does in control animals. This
implies that AM404 is not in fact a FAAH inhibitor, as
it has been proposed (Glaser et al., 2003), but a FAAH
substrate. In support of this idea, it was found that
membranes prepared from the brains of normal mice
rapidly hydrolyze AM404, whereas those prepared
from mice that lack FAAH are unable to carry out this
reaction (Fegley et al., 2004).
Fig. 3. Chemical structures of the anandamide transport inhibitor

AM404 and the FAAH inhibitor URB597.
Fig. 2. Mechanisms of anandamide deactivation in neural cells.

Anandamide can be internalized by neurons and glia through a high-

affinity transport system (AT). After internalization, anandamide

may be hydrolyzed by fatty-acid amide hydrolase (FAAH) present on

mitochondria and endoplasmic reticulum membranes.
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The fact that FAAH is not directly involved in ana-
ndamide internalization (Ligresti et al., 2004; Fegley
et al., 2004) raises the question of what mechanism
provides the driving force for this process. One possi-
bility is that an intracellular protein may sequester ana-
ndamide at the membrane, driving its internalization
and facilitating its movement to the mitochondria and
the endoplasmic reticulum, where FAAH is primarily
localized (Gulyas et al., 2004). If selective for ananda-
mide, such a protein might participate in the transport
process as well as serve as a target for transport inhibi-
tors. This hypothetical model is consistent with fatty-
acid transport into cells, which is also thought to
require the cooperation of membrane transporters and
intracellular fatty-acid binding proteins (Black and
DiRusso, 2003).
2.3. Behavioral effects of anandamide transport
inhibitors

AM404 increases endogenous anandamide levels in
brain tissue and peripheral blood of rats and mice
(Fegley et al., 2004; Giuffrida et al., 2000). This effect is
accompanied by a series of behavioral responses that,
though blocked by the CB1 antagonist rimonabant
(SR141716A), are clearly distinguishable from those of
direct cannabinoid agonists. For example, administra-
tion of AM404 into the cerebral ventricles of rats
decreases exploratory activity without producing cata-
lepsy (rigid immobility) and analgesia, two hallmarks
of direct CB1 receptor activation (Beltramo et al.,
2000). In addition, AM404 reduces two characteristic
effects caused by activation of D2 family receptors: the
yawning response elicited in mice by low doses of the
D1/D2-receptor agonist apomorphine; and the stimu-
lation of locomotor activity evoked in rats by the D2-
receptor agonist quinpirole (Beltramo et al., 2000).
These effects are observed at doses of AM404 that
selectively target anandamide transport and produce
only mild hypokinesia when the drug is administered
alone (Beltramo et al., 2000). The results of this study,
which have been confirmed in several subsequent
reports (for review, see Piomelli, 2003), demarcate the
pharmacological profile of AM404 from those of
direct-acting cannabinoid drugs. This distinction may
result from the ability of AM404 to enhance ananda-
mide signaling in an activity-dependent manner, caus-
ing anandamide to accumulate in discrete regions of
the brain and only when appropriate stimuli initiate its
release. Pharmacological activation of D2 receptors
may represent one such stimulus, suggesting that
blockade of anandamide transport might offer an inno-
vative strategy to correct abnormalities associated with
dysfunction in dopaminergic transmission. Initial tests
of this hypothesis have shown that systemic adminis-
tration of AM404 normalizes movement in sponta-
neously hypertensive rats (SHR), an inbred line in

which hyperactivity and attention deficits have been

linked to a defective regulation of mesocorticolimbic

dopamine pathways (Beltramo et al., 2000).
2.4. Anandamide deactivation: intracellular hydrolysis

FAAH was first identified as an amide hydrolase

activity present in rat liver tissue, which catalyzes the

hydrolysis of the fatty-acid ethanolamides palmitoy-

lethanolamide (PEA) and oleoylethanolamide (OEA)

(Natarajan et al., 1984). That anandamide serves as a

substrate for this activity was first suggested on the

basis of biochemical evidence (Deutsch and Chin, 1993;

Désarnaud et al., 1995; Di Marzo et al., 1994; Ueda

et al., 1995) and later demonstrated by molecular clon-

ing, heterologous expression and generation of FAAH-

null mice by homologous recombination (Cravatt et al.,

1996; Cravatt et al., 2001).
FAAH belongs to a group of enzymes known as

‘amidase signature family’ (Cravatt et al., 1996; Giang

and Cravatt, 1997) and catalyzes the hydrolysis not

only of anandamide and other fatty-acid ethanola-

mides, but also of primary amides such as oleamide

(Cravatt et al., 1995) and even of fatty-acid esters such

as 2-AG (Goparaju et al., 1998; Lang et al., 1999).

Elegant site-directed mutagenesis and X-ray diffraction

studies have demonstrated that this unusually broad

substrate preference is due to a novel catalytic mech-

anism involving the amino-acid residue lysine 142. This

residue may act as a general acid catalyst, favoring the

protonation and consequent detachment of reaction

products from the enzyme’s active site (Patricelli and

Cravatt, 1999; Bracey et al., 2002). Three serine resi-

dues that are conserved in all amidase signature

enzymes (S241, S217 and S218 in FAAH) also may be

essential for enzymatic activity: serine 241 may serve as

the enzyme’s catalytic nucleophile, while serine 217 and

218 may modulate catalysis through an as-yet-unidenti-

fied mechanism (Patricelli et al., 1999). Electron

microscopy experiments in the rat and mouse brain

have shown that FAAH is predominantly, if not

exclusively localized to intracellular membrane com-

partments, particularly to the endoplasmic reticulum

and the mitochondria (Gulyas et al., 2004).
Although FAAH appears to be the predominant

route of anandamide hydrolysis in the brain, other

enzymes are likely to participate in the breakdown of

this endocannabinoid in peripheral tissues. An acid

amide hydrolase activity catalytically distinct from

FAAH has been characterized in human mega-

karyoblastic cells and shown to be highly expressed in

the rat thymus, lungs and intestine (Ueda et al., 1999,

2001).
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2.5. FAAH inhibitors

The search for small-molecule inhibitors of intra-
cellular FAAH activity has led to the emergence of sev-
eral potent and selective agents, which include
substituted sulfonyl fluorides (Gifford et al., 1999),
alpha-keto-oxazolopyridines (Boger et al., 2001) and
carbamic acid esters (Kathuria et al., 2003; Tarzia et al.,
2003). The latter were identified during structure–
activity relationship studies aimed at determining whether
esters of carbamic acid such as the insecticide carbaryl
inhibit FAAH activity. It was found that, although
carbaryl is ineffective in this regard, variations in its
template result in significant inhibitory potencies. Fur-
ther structural optimizations yielded a group of highly
potent inhibitors, a representative example of which is
provided by the compound URB597 (Fig. 3).
Kinetic and dialysis experiments indicate that

URB597 interacts non-competitively with FAAH,
which is suggestive of an irreversible or slowly revers-
ible association with the enzyme. Importantly, URB597
has no notable effect on CB1 or CB2 binding, ananda-
mide transport, or rat brain monoglyceride lipase
(MGL), a cytosolic serine hydrolase that catalyzes the
hydrolysis of the second endocannabinoid, 2-arachido-
noylglycerol (2-AG) (described in a subsequent section)
(Kathuria et al., 2003).
Following administration to rats in vivo, URB597

produces profound, dose-dependent inhibition of brain
FAAH activity. After injection of a maximal dose of
compound (0.3 mg kg�1, intraperitoneal), FAAH inhi-
bition is rapid (<15 min), persistent (>16 h) and asso-
ciated with a 3-fold increase in brain anandamide
levels. Furthermore, the inhibitor intensifies and pro-
longs the effects produced by exogenous anandamide,
yet it elicits no overt cannabinoid-like actions when
administered alone; for example, it does not cause
hypothermia, hot-plate analgesia, or hyperphagia
(Kathuria et al., 2003).
2.6. Behavioral effects of FAAH inhibitors

Although URB597 does not display a typical canna-
binoid profile in live animals, it exerts several pharma-
cological effects that might be therapeutically relevant.
One such effect, the ability to reduce anxiety-like beha-
viors in rats, was demonstrated in two distinct experi-
mental models: the elevated ‘zero maze’ test, and the
isolation-induced ultrasonic emission test (Kathuria
et al., 2003). The ‘zero maze’ consists of an elevated
annular platform with two open and two closed quad-
rants and is based on the conflict between an animal’s
instinct to explore its environment and its fear of open
spaces where it may be attacked by predators (Shepherd
et al., 1994). Benzodiazepines and other clinically used
anxiolytic drugs increase the proportion of time spent
in, and the number of entries made into, the open com-
partments. In a similar fashion, URB597 elicits anxio-
lytic-like responses at a dose (0.1 mg kg�1,
intraperitoneal) that corresponds to those required to
inhibit brain FAAH activity. Moreover, these effects
are prevented by the CB1-selective antagonist rimona-
bant. Analogous results were obtained in the ultrasonic
vocalization emission test, which measures the number
of stress-induced vocalizations emitted by rat pups
removed from their nest (Kathuria et al., 2003). If con-
firmed in further behavioral models, these findings
would suggest that inhibition of intracellular FAAH
activity might offer an innovative target for the treat-
ment of anxiety (Gaetani et al., 2003), which is also a
feature of marijuana withdrawal (Kouri et al., 1999;
Kouri and Pope, 2000; Budney et al., 2003).
3. 2-Arachidonoylglycerol

2-AG was identified as a second endocannabinoid
substance in 1995 (Sugiura et al., 1995; Mechoulam
et al., 1995). The multiple roles of this lipid compound
in cell metabolism and its high levels in brain tissue—
about 200-fold higher than those of anandamide—sug-
gest that much of cellular 2-AG may be involved in
housekeeping functions. The diversity of roles played
by this compound also complicates our efforts to estab-
lish biochemical route(s) involved in its physiological
formation. Nevertheless, one pathway has emerged as
the most likely candidate (Fig. 4). This pathway starts
with the phospholipase-mediated generation of 1, 2-
diacylglycerol (DAG). This serves as a substrate for
two enzymes: DAG kinase, which catalyzes DAG
phosphorylation to phosphatidic acid; and DAG lipase
(DGL), which hydrolyzes DAG to monoacylglycerol
(Bisogno et al., 2003). Pharmacological inhibition of
phospholipase C and DGL prevent the Ca2+-dependent
accumulation of 2-AG in rat cortical neurons, which
Fig. 4. Mechanism of 2-arachidonoylglycerol (2-AG) formation in

neural cells. This hypothetical diagram illustrates two steps of 2-AG

synthesis: first the production of 1, 2-diacylglycerol (DAG) from

phosphoinositides (PIPx), catalyzed by the enzyme phospholipase C

(PLC); and, second, the hydrolysis of 1, 2-DAG to yield 2-AG, cata-

lyzed by diacylglycerol lipase (DGL).
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suggests a key role of this pathway in 2-AG generation
(Stella and Piomelli, 2001). However, additional routes
of 2-AG synthesis also may exist, including phospho-
lipase A1 (PLA1), hormone-sensitive lipase or a lipid
phosphatase (Piomelli, 2003).
In neurons and glia, 2-AG synthesis may be initiated

by a rise in cytosolic Ca2+ levels. For example, in cul-
tures of rat cortical neurons, the Ca2+ ionophore
ionomycin and the glutamate receptor agonistN-methyl-
d-aspartate (NMDA) stimulate 2-AG production in a
Ca2+-dependent manner (Stella and Piomelli, 2001).
Similarly, in freshly dissected hippocampal slices, elec-
trical stimulation of the Schaffer collaterals, a glutama-
tergic fiber tract that connects neurons in the CA3 and
CA1 fields, causes a Ca2+-dependent increase in 2-AG
content (Stella et al., 1997). This stimulation has no
effect on the levels of non-cannabinoid mono-
acylglycerols, such as 1(3)-palmitoylglycerol, which
indicates that 2-AG formation may not be attributed
to a broad, non-specific increase in lipid turnover.
Furthermore, electrical stimulation of the Scheffer col-
laterals does not modify hippocampal anandamide
levels, suggesting that the biochemical pathways lead-
ing to the production of 2-AG and anandamide may be
independently controlled (Stella et al., 1997). In further
support of this idea, activation of D2 receptors, a
potent stimulus for anandamide formation in the rat
striatum, has no effect on striatal 2-AG levels (Ferrer
et al., 2003; Giuffrida et al., 1999).
3.1. 2-AG deactivation: transport into neurons and glia

Neuronal and glial cells internalize 2-AG through a
mechanism apparently similar to that implicated in
anandamide transport. Thus, human astrocytoma and
other tumor cells accumulate [3H]anandamide and
[3H]2-AG with similar kinetic properties and this pro-
cess is blocked by the anandamide transport inhibitor
AM404 (Piomelli et al., 1999; Beltramo et al., 2000). In
addition, anandamide and 2-AG prevent each other’s
transport (Beltramo et al., 2000). Nevertheless, there
also appear to be differences between anandamide and
2-AG accumulation. For example, [3H]2-AG inter-
nalization in astrocytoma cells is reduced by exogenous
arachidonic acid, whereas [3H]anandamide internaliza-
tion is not. This discrepancy may be explained in two
ways: arachidonic acid may directly interfere with a 2-
AG carrier distinct from anandamide’s; or the fatty
acid may indirectly prevent the facilitated diffusion of
2-AG by inhibiting its enzymatic conversion to arachi-
donic acid. If the latter explanation is correct, agents
that interfere with the arachidonic acid esterification
into phospholipids, such as triacsin C (an inhibitor of
fatty acyl-coenzyme A synthetase), should decrease
[3H]2-AG uptake. This was found indeed to be the
case, at least in astrocytoma cells (Beltramo et al.,
2000). Thus, while anandamide and 2-AG may be
internalized through similar transport mechanisms,
they appear to differ in how their intracellular break-
down can affect the rate of transport into cells.
3.2. 2-AG deactivation: intracellular hydrolysis

After removal from the external medium, 2-AG is
hydrolyzed to arachidonic acid and glycerol. In cell-
free preparations, FAAH cleaves anandamide and 2-
AG at similar rates, which has led to suggest that this
enzyme may contribute to the elimination of both com-
pounds. This appears to be unlikely, however, for three
reasons. First, pig brain tissue contains two distinct 2-
AG-hydrolase activities, both of which are chromato-
graphically different from FAAH (Goparaju et al.,
1999). Second, inhibition of FAAH activity in intact
neurons and astrocytoma cells prevents the hydrolysis
of anandamide, but has no effect on 2-AG degradation
(Kathuria et al., 2003). Finally, 2-AG hydrolysis is
entirely preserved in FAAH-null mice (Lichtman et al.,
2002). These findings suggest that, although 2-AG can
be hydrolyzed by FAAH in vitro, different enzyme(s)
may be responsible for its degradation in vivo. A poss-
ible candidate for this role is MGL, a cytosolic serine
hydrolase that cleaves 2- and 1-monoglycerides into
fatty acid and glycerol (Karlsson et al., 1997). The mol-
ecular cloning of rat brain MGL has recently allowed
the testing of this hypothesis (Dinh et al., 2002). MGL
is abundantly expressed in discrete areas of the rat
brain—including the hippocampus, cortex, and cerebel-
lum—where CB1 receptors are also found. Moreover,
adenovirus-induced overexpression of MGL enhances
the hydrolysis of endogenously produced 2-AG in pri-
mary cultures of rat brain neurons (Dinh et al., 2002).
Finally, recent experiments indicate that silencing the
MGL gene through RNA interference markedly
impairs 2-AG degradation in intact HeLa cells (Dinh
et al., in press). Although these results strongly support
a role of MGL in 2-AG hydrolysis, the development of
additional experimental tools (e.g. MGL-null mice,
selective MGL inhibitors) will be needed to demon-
strate such a role unambiguously.
4. Conclusions

Although the neurobiological bases of drug-seeking
behaviors are still poorly understood, it is generally
assumed that such behaviors are rooted in intrinsic
neural mechanisms that have evolved to serve natural
functions such as feeding, drinking and reproduction.
For example, current hypotheses on the substrates of
opiate abuse invoke an essential role for reward circuits
that utilize endogenous opioids as neurotransmitters. It
is reasonable to anticipate therefore that information on
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the endocannabinoid system will be instrumental in
understanding the pharmacological properties of mari-
juana and will eventually help to identify strategies for
the treatment of marijuana dependence and withdrawal.
It is now generally accepted that heavy marijuana

use can produce dependence and withdrawal (McRae
et al., 2003; Wiesbeck et al., 1996). The latter consists
of a constellation of symptoms similar to those seen
with nicotine withdrawal, which include irritability,
sleep difficulty, decreased appetite, weight loss, and
increased anger and irritability (Kouri et al., 1999;
Kouri and Pope, 2000; Budney et al., 2003). There
have been few pharmacological attempts to alleviate
this syndrome (McRae et al., 2003), but one approach
using oral D9-THC has recently shown significant
promise (Haney et al., 2004). The broad applicability
of a replacement therapy may be limited, however, by
undesirable psychotropic and cardiovascular side
effects. A possible way to circumvent this limitation
may be to develop pharmacological agents that protect
anandamide and 2-AG from deactivation and prolong
the life span of these endocannabinoid substances in
vivo. By analogy with inhibitors of other neuro-
transmitter deactivation systems, it is reasonable to
hypothesize that interfering with the inactivation of
these endocannabinoid substances will lead to a more
circumscribed and beneficial spectrum of biological
responses than those produced by the administration of
D9-THC. As noted above, this prediction has been cor-
roborated by animal studies, which have shown that
blockade of anandamide transport or hydrolysis results
in a palette of pharmacological effects that are clearly
distinguishable from those of D9-THC. These findings
should encourage future investigations aimed at testing
endocannabinoid deactivation inhibitors in the treat-
ment of the dependence to marijuana and other drugs
of abuse.
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