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Abstract——The endocannabinoid signaling system
regulates diverse physiologic processes and has attracted
considerable attention as a potential pharmaceutical
target for treating diseases, such as pain, anxiety/
depression, and metabolic disorders. The principal
ligands of the endocannabinoid system are the lipid
transmitters N-arachidonoylethanolamine (anandamide)
and 2-arachidonoylglycerol (2-AG), which activate the two
major cannabinoid receptors, CB1 and CB2. Anandamide
and 2-AG signaling pathways in the nervous system are
terminated by enzymatic hydrolysis mediated primarily
by the serine hydrolases fatty acid amide hydrolase (FAAH)

and monoacylglycerol lipase (MAGL), respectively. In
this review, we will discuss the development of FAAH
and MAGL inhibitors and their pharmacological application
to investigate the function of anandamide and 2-AG signaling
pathways in preclinical models of neurobehavioral processes,
such as pain, anxiety, and addiction. We will place emphasis
on how these studies are beginning to discern the different
roles played by anandamide and 2-AG in the nervous system
and the resulting implications for advancing endocan-
nabinoid hydrolase inhibitors as next-generation
therapeutics.

I. Introduction to the Endocannabinoid System

The endocannabinoid system is a neuromodulatory
network and the target of the psychoactive component
of marijuana, D9-tetrahydrocannabinol (THC) (Ahn
et al., 2008). Preparations of Cannabis plants have
been used for medicinal and recreational purposes for
thousands of years and are known to affect appetite,
pain, mood, motor control, memory, cognition, and
perception. In the early 1990s, THC was found to ac-
tivate two G-protein-coupled receptors that were sub-
sequently named cannabinoid receptors CB1 (Matsuda
et al., 1990) and CB2 (Munro et al., 1993). CB1 is the
primary cannabinoid receptor in the central nervous
system (CNS) and is widely distributed throughout the
brain and at lower levels in peripheral tissues (Herkenham,
1995). Activation of CB1 accounts for most of the
neurobehavioral effects of THC as CB1(2/2) mice ex-
hibit none of the classic signs of cannabinoid intoxica-
tion in rodents—hypomotility, analgesia, hypothermia
and catalepsy—following THC or synthetic cannabinoid
administration (Ledent et al., 1999; Zimmer et al.,
1999). CB2 is expressed primarily by immune cells,
including microglia in the brain, and is thought to
mediate THC’s immunosuppressive effects (Cabral et al.,
2008), although evidence has emerged for a supporting
role for CB2 in neurologic processes such as anxiety

and addiction (Onaivi, 2006). The principal endogenous
ligands of the cannabinoid receptors are the lipid
transmitters N-arachidonoylethanolamine (anandamide)
(Devane et al., 1992) and 2-arachidonoylglycerol (2-AG)
(Mechoulam et al., 1995; Sugiura et al., 1995).

Endocannabinoid signaling regulates numerous aspects
of mammalian neurophysiology, including pain percep-
tion, feeding, emotional state, learning and memory, and
reward behaviors (Pacher et al., 2006; Ahn et al., 2008; Di
Marzo, 2008). That the endocannabinoid system modu-
lates such varied processes is perhaps to be expected
when considering the widespread expression of CB1 in
the brain (Herkenham et al., 1990; Tsou et al., 1998)
and the diversity of effects elicited by THC and other
exogenous cannabinoids.

A. Mechanism of Endocannabinoid Signaling

The mechanisms of endocannabinoid signaling in the
nervous system differ considerably from those of the
classic neurotransmission systems (e.g., cholinergic,
aminoacidergic, and monoaminergic). In the classic
model of neurotransmission, depolarization of the pre-
synaptic neuron by an action potential results in the
release of neurotransmitters, which then traverse the
synaptic cleft to bind and activate their cognate
receptors on the postsynaptic neuron (Siegel et al.,

ABBREVIATIONS: AA, arachidonic acid; 2-AG, 2-arachidonoylglycerol; ABHD, a-b hydrolase; ABPP, activity-based protein profiling; CB1,
cannabinoid receptor 1; CB2, cannabinoid receptor 2; CDTA, calcium-dependent transacylase; CES, carboxylesterase; CNS, central nervous
system; DAG, diacylglycerol; DAGLa and DAGLb, sn-1-specific diacylglycerol lipase-a and -b; DSE, depolarization-induced suppression of
excitation; DSI, depolarization-induced suppression of inhibition; FAAH, fatty acid amide hydrolase; FAAH-2, fatty acid amide hydrolase 2;
IDFP, isopropyldodecylfluorophosphonate; i.p.l., intraplantar; MAGL, monoacylglycerol lipase; NAAA, N-acyl ethanolamine-hydrolyzing acid
amidase; NAE, N-acyl ethanolamine; NAM, N-arachidonoyl maleimide; NAPE, N-acyl phosphatidylethanolamine; NArPE, N-arachidonoyl
phosphatidylethanolamine; PE, phosphatidylethanolamine; PLC, phospholipase C; PLD, phospholipase D; PMSF, phenylmethylsulfonyl
fluoride; ΤΗC, D9-tetrahydrocannabinol; TRPV1, transient receptor potential cation channel V1.
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1999). In contrast, endocannabinoid signaling appears
to occur via a retrograde mechanism (Fig. 1), where
stimulation of the postsynaptic neuron triggers the
biosynthesis of endocannabinoids, which are released
and transported by poorly understood mechanisms
to activate CB1 receptors expressed primarily on
the presynaptic terminal (Alger and Kim, 2011). CB1
activation of Gi/o proteins initiates a signaling cascade
that regulates calcium and potassium channels and
ultimately suppresses further neurotransmitter re-
lease (Howlett, 2005). In this model, endocannabinoid
signaling modulates transmission efficiency by facili-
tating communication from the postsynaptic to the
presynaptic neuron. As CB1 activation acts to inhibit
neurotransmission, the ultimate outcome of endocan-
nabinoid signaling depends on the nature of the par-
ticipating cells. If CB1 is activated on glutamatergic
neurons, for instance, endocannabinoid signaling will
be overall inhibitory, whereas if CB1 activation takes

place on GABAergic neurons, the net result will be
“disinhibitory” (or excitatory).

B. Regulation of Endocannabinoid Signaling Tone

The distinct physical properties—specifically differ-
ences in aqueous solubility—of the endocannabinoids
versus most other neurotransmitters influence their
respective signaling mechanisms. Classic neurotrans-
mitters are water-soluble metabolites that are pack-
aged and stored in synaptic vesicles (Stephenson and
Hawkins, 2001). Following release of vesicular con-
tents into the extracellular space and postsynaptic
receptor activation, neurotransmitter signaling is ter-
minated by cellular reuptake and enzymatic degrada-
tion. Pharmacological inhibition of these processes can
amplify signaling by extending neurotransmitter half-
life in the synaptic cleft (Fon and Edwards, 2001). In
fact, disruption of neurotransmitter clearance is a
mechanism of action for both neuropharmaceuticals
(e.g., selective serotonin reuptake inhibitors and mono-
amine oxidase inhibitors) and drugs of abuse (e.g.,
cocaine) (Brodal, 2004). Anandamide and 2-AG, in
contrast, are lipid messengers, and their hydrophobic-
ity would seem to preclude storage in synaptic vesicles.
Instead, they are thought to be mobilized from mem-
brane phospholipid precursors and/or storage sites in
an activity-dependent manner, often referred to as “on
demand” biogenesis (Min et al., 2010; Alger and Kim,
2011). After activating CB1 receptors on presynaptic
membranes, anandamide and 2-AG are removed from
the extracellular milieu and inactivated by rapid en-
zymatic hydrolysis. The mechanisms of endocannabi-
noid neuronal reuptake are not completely understood,
but putative endocannabinoid transporters have been
reported and chemical agents that modulate their fun-
ction have been described (Di Marzo, 2008; Fu et al.,
2012). Pharmacological inhibition of endocannabinoid
degradative enzymes has been found to enhance endo-
cannabinoid signaling in rodents and is considered a
promising strategy for harnessing the therapeutic po-
tential of the endocannabinoid system (Ahn et al., 2008;
Fowler, 2008; Petrosino et al., 2009).

C. Endocannabinoid Ligand Diversification

For the major neurotransmission systems, receptor
diversification allows the system to mediate diverse
physiologic processes (Schofield et al., 1990). Endocan-
nabinoid signaling in the nervous system, in contrast,
proceeds in large part through a single receptor, CB1,
and seems to gain functionality and flexibility through
ligand diversity. Although the distinct signaling ac-
tions of anandamide and 2-AG in vivo are not well
understood, they are recognized to differ in a few key
aspects. Similar to THC, anandamide displays partial
agonism toward CB1 in vitro, whereas 2-AG acts as
a full agonist (Hillard, 2000). Bulk 2-AG levels in the
brain are approximately three orders of magnitude

Fig. 1. Schematic of retrograde endocannabinoid signaling in the
nervous system. The endocannabinoid transmitters anandamide (AEA)
and 2-AG are thought to be biosynthesized postsynaptically. Anandamide
is produced from NAPE precursors, which are generated by a still
uncharacterized CDTA enzyme. The release of anandamide from NAPEs
is also an incompletely understood reaction pathway that likely involves
one or more phospholipase A and/or D enzymes. 2-AG is synthesized from
phosphatidylinositol (PI) lipid precursors by the sequential action of PLC
and the DAGLa and DAGLb enzymes. DAGLa is the major 2-AG
biosynthetic enzyme in the brain. Following activity-dependent bio-
synthesis/mobilization, endocannabinoids traverse the synaptic cleft where
they activate presynaptically localized CB1 receptors. CB1 signaling
through Gi/o proteins eventually results in the inhibition of neurotrans-
mitter release. Anandamide and 2-AG signaling is terminated by enzy-
matic hydrolysis, which, in the CNS, proceeds primarily through FAAH
and MAGL.
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higher than anandamide levels, although the relevance
of this difference on their signaling actions is unclear,
especially considering that their basal extracellular
levels, as measured by in vivo microdialysis, are within
2- to 5-fold (Béquet et al., 2007; Caillé et al., 2007).
The endocannabinoids also differ in their ability to
impact synaptic plasticity in electrophysiological para-
digms. 2-AG has been implicated as the mediator of
the major forms of CB1-dependent synaptic plasticity,
including depolarization-induced suppression of inhi-
bition (DSI) and excitation (DSE), two models of retro-
grade neurotransmission (Kano et al., 2009). Inhibition
of 2-AG degradation enhanced DSI and DSE in rodent
slice cultures from multiple brain regions (Makara
et al., 2005; Kano et al., 2009; Pan et al., 2009). In-
versely, genetic ablation of 2-AG biosynthetic pathways
virtually eliminated DSI and DSE (Gao et al., 2010;
Tanimura et al., 2010). Anandamide has been found to
regulate long-term depression in multiple brain regions
by acting on postsynaptic transient receptor potential
cation channel V1 (TRPV1) receptors (Chávez et al.,
2010; Grueter et al., 2010; Puente et al., 2011) and
presynaptic CB1 receptors (Grueter et al., 2010). Ad-
ditionally, anandamide was shown to mediate homeo-
static synaptic plasticity in hippocampal slice cultures
and act as a tonic retrograde messenger at CB1 (Kim
and Alger, 2010). Another distinguishing property of the
endocannabinoids that is especially relevant for this
review is their regulation by distinct sets of metabolic
and catabolic enzymes in the nervous system. Not only
does the independent regulation of anandamide and
2-AG have implications for their signaling actions (i.e.,
differential cellular and subcellular distribution of these
enzymes may impart strict anatomic and temporal
control over endocannabinoid activity), but it means
that selective pharmacological or genetic manipulation
of these enzymes can be used to dissect the functions of
each endocannabinoid in vivo.

D. Endocannabinoid Biosynthesis

The mechanisms of anandamide biosynthesis in the
nervous system are incompletely understood. It is gen-
erally accepted that anandamide is generated by calcium-
dependent enzymatic transfer of arachidonic acid from the
sn-1 position of membrane phospholipids to the primary
amine of phosphatidylethanolamine (PE) to form N-
arachidonoyl phosphatidylethanolamine (NArPE; Fig.
2A, step 1), followed by hydrolysis to give anandamide
(Natarajan et al., 1983; Di Marzo et al., 1994; Cadas
et al., 1996) (Fig. 2A, steps 2–8). However, the calcium-
dependent transacylase enzyme (CDTA) that forms
NArPE has not been molecularly identified, and the route
by which NArPE is converted into anandamide remains
incompletely understood. Multiple mechanisms and puta-
tive anandamide biosynthetic enzymes have been sug-
gested, including 1) direct liberation of anandamide
by NAPE-PLD, an N-acyl phosphatidylethanolamine

(NAPE)-selective phospholipase D (PLD) enzyme (Fig.
2, step 2) (Okamoto et al., 2004); 2) sequential O-
deacylation of NArPE by the lyso(NAPE)-lipase a-b
hydrolase 4 (ABHD4; Fig. 2A, steps 3–4) (Simon and
Cravatt, 2006) and cleavage of the phosphodiester
bond by the glycerophosphodiesterase GDE1 (Fig. 2A,
step 5) (Simon and Cravatt, 2008); 3) O-deacylation of
NArPE by phospholipase A2 (Fig. 2A, step 3) and
hydrolysis of the phosphodiester bond by a lyso-PLD
enzyme (Fig. 2A, step 6) (Sun et al., 2004); and finally,
4) conversion of NArPE to phospho-anandamide by
a phospholipase C (PLC)-like enzyme (Fig. 2A, step 7)
followed by dephosphorylation by the tyrosine phos-
phatase PTPN22 (Liu et al., 2006) or the inositol
592phosphatase SHIP (Fig. 2A, step 8) (Liu et al., 2008).
In brain metabolomes of mice lacking NAPE-PLD
(Leung et al., 2006), GDE1 (Simon and Cravatt, 2010b),
and PTPN22 (Liu et al., 2008); however, basal ananda-
mide levels were unchanged, suggesting either that these
enzymes do not control anandamide biogenesis in the
CNS under normal conditions or that their constitutive
disruption causes upregulation of alternate, compensa-
tory pathways.

2-AG is synthesized from arachidonoyl-containing
diacylglycerol (DAG) species by sn-1-specific diacylgly-
cerol lipase-a and -b (DAGLa and DAGLb) (Fig. 2B)
(Bisogno et al., 2003). Characterization of DAGL(–/–)
mice confirmed a primary role for DAGLa in 2-AG
formation in the brain and DAGLb in peripheral tissues
such as the liver (Gao et al., 2010; Tanimura et al.,
2010). DAG precursors are themselves synthesized from
membrane phospholipids with most evidence suggesting
that the major 2-AG biosynthetic pathway is hydrolysis of
sn-2 arachidonoyl phosphatidylinositol 4,5-bisphosphate
(PIP2) species by PLCb (Fig. 2B) (Hashimotodani et al.,
2005; Maejima et al., 2005).

E. Endocannabinoid Degradation

Despite considerable evidence that direct pharma-
cological activation of the endocannabinoid system by
THC and other synthetic cannabinoids can elicit ther-
apeutically beneficial effects on pain, sleep, appetite,
and nausea (Russo et al., 2007; Pertwee, 2009; Rahn
and Hohmann, 2009), the concomitant detrimental
effects of CB1 agonists on cognition and motor control
limit their broad use as pharmaceuticals. To minimize
the problems associated with CB1 agonists, amplifying
the actions of anandamide and 2-AG by inhibiting their
enzymatic degradation has emerged as a potential
strategy to exploit the endocannabinoid system for medi-
cinal purposes. In the nervous system, anandamide and
2-AG are degraded primarily by the serine hydrolase
enzymes fatty acid amide hydrolase (FAAH) and mono-
acylglycerol lipase (MAGL), respectively (Fig. 3). Phar-
macological inhibition of FAAH and MAGL has been
found to reduce pain, inflammation, anxiety, and de-
pression in rodent models without the gross changes in
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motility and behavior observed with direct CB1 agonists
(Ahn et al., 2008; Petrosino and Di Marzo, 2010). In
addition to the potential translational implications of
these findings, development of chemical agents to indepen-
dently perturb FAAH or MAGL has allowed investigations

of enhanced anandamide or 2-AG signaling, respec-
tively. These studies have revealed functional differ-
ences between elevated levels of each endocannabinoid
and have provided insights into the individual roles of
anandamide and 2-AG in endocannabinoid-mediated
physiology. In this review, we will focus on what the
results of these studies suggest about the nature of
anandamide versus 2-AG signaling and the potential of
endocannabinoid hydrolase inhibitors as therapies for
human disorders of the CNS.

II. Identification and Molecular Characterization
of Endocannabinoid Hydrolases in the

Nervous System

A. Anandamide Hydrolysis by Fatty Acid
Amide Hydrolase

When administered exogenously, anandamide elicits
cannabimimetic “tetrad” effects in mice—antinocicep-
tion, hypothermia, hypomotility, and catalepsy—but
with a much shorter duration of action and less potency
than THC (Smith et al., 1994). Rapid degradation of

Fig. 2. Endocannabinoid biosynthesis. (A) Anandamide biosynthesis begins with the formation of NArPE by the transfer of AA from
phosphatidylcholine (PC) to the primary amine of PE by a molecularly uncharacterized CDTA enzyme (step 1). Multiple pathways have been
postulated for the liberation of anandamide from NArPE (steps 2–8). (B) 2-AG is generated by hydrolysis of phosphatidylinositol 4,5-bisphosphate by
PLCb followed by cleavage of DAG by DAGLa and DAGLb.

Fig. 3. Endocannabinoid hydrolysis. In the nervous system, anandamide
and 2-AG are degraded primarily by FAAH and MAGL, respectively.
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anandamide in vivo was considered a likely cause for
this discrepancy and fueled the search for the catabolic
enzyme(s) that regulate its bioavailability.
Before the discovery of anandamide as the first

endocannabinoid messenger (Devane et al., 1992), an
amidohydrolase activity was identified in rat liver
membranes that hydrolyzed N-acyl ethanolamine (NAE)
species containing unsaturated (C12–C18:0) and mono-
unsaturated (C18:1) acyl chains into ethanolamine and
the respective fatty acid (Schmid et al., 1985). Sub-
sequently, anandamide hydrolase activity was found in
cultured neuroblastoma and glioma cells (Deutsch and
Chin, 1993) as well as rat (Desarnaud et al., 1995; Hillard
et al., 1995) and porcine (Ueda et al., 1995) brain
preparations. Efforts to determine the molecular identify
of the anandamide hydrolase merged with those for
a structurally related bioactive lipid, the sleep-inducing
fatty acid amide oleamide (Cravatt et al., 1995), when the
anandamide and oleamide hydrolysis activities of N18
neuroblastoma cells were found to be equivalent (Maurelli
et al., 1995). Isolation, cloning, and expression of the rat
brain oleamide hydrolase confirmed that anandamide was
indeed an additional substrate of this enzyme, which was
therefore named fatty acid amide hydrolase (FAAH) to
convey its broad catalytic activity toward acyl amide
species (Cravatt et al., 1996).
FAAH is an ;60-kDa integral membrane protein that

is highly expressed in the mammalian brain where
it localizes to intracellular membranes of postsynaptic
somata and dendrites (Gulyas et al., 2004). In many
brain regions, including the neocortex, cerebellar cortex,
and hippocampus, FAAH and CB1 exhibit complemen-
tary subcellular distributions with FAAH-expressing cell
bodies or dendrites surrounded by CB1-expressing fibers
(Egertová et al., 1998). FAAH is both a serine hydrolase,
an enzyme class that utilizes a nucleophilic serine for
catalysis, and a member of the amidase signature en-
zyme family. Recombinant expression and purification of
full-length and transmembrane-truncated FAAH var-
iants have enabled extensive biochemical characteriza-
tion of its mechanism (McKinney and Cravatt, 2005).
These studies revealed that unlike most serine hydro-
lases, which use a histidine residue as a catalytic base,
FAAH enlists a lysine for this function, a distinction that
enables FAAH to hydrolyze both amides and esters at
equivalent rates (Patricelli and Cravatt, 1999). Struc-
tural determination of the transmembrane-truncated
rat enzyme bound to the nonselective inhibitor methyl
arachidonoylfluorophosphonate confirmed the presence
of a serine-serine-lysine (Ser241-Ser217-Lys142) cata-
lytic triad, typical for amidase signature enzymes and
different from the serine-histidine-aspartatic acid motif
common to most serine hydrolases (Bracey et al., 2002).

B. 2-AG Hydrolysis by Monoacylglycerol Lipase

After the discovery of 2-AG as a second endocanna-
binoid (Mechoulam et al., 1995; Sugiura et al., 1995),

its inactivation in the nervous system was hypothesized
to proceed through monoacylglycerol lipase (MAGL),
a soluble serine hydrolase that peripherally associates
with cell membranes (Dinh et al., 2002). MAGL was
originally isolated and cloned from adipose tissue,
where it was characterized as an enzyme responsible
for the last step of triglyceride catabolism (Tornqvist
and Belfrage, 1976; Karlsson et al., 1997). Multiple
subsequent studies implicated MAGL as a key medi-
ator of 2-AG degradation in the nervous system. Viral
overexpression of MAGL in rat cortical neurons re-
duced the activity-dependent accumulation of 2-AG
(Dinh et al., 2002). MAGL immunodepletion in soluble
rat brain proteomes decreased 2-AG hydrolysis by 50%
(Dinh et al., 2004). Functional profiling of serine
hydrolases assigned 85% of the 2-AG hydrolase activity
in mouse brain membranes to MAGL (Blankman et al.,
2007). Additionally, first-generation MAGL inhibitors,
although nonselective, were found to decrease brain 2-
AG hydrolysis activity, increase brain 2-AG levels,
and produce CB1-dependent antihyperalgesia in rats
(Hohmann et al., 2005; Saario et al., 2005). Confirma-
tion of MAGL as the primary brain 2-AG hydrolase was
achieved by the generation of a selective and in vivo
active MAGL inhibitor, JZL184 (Fig. 5B), which when
administered to mice, reduced brain 2-AG hydrolase
activity by ;85%, dramatically elevated brain 2-AG
levels, and elicited a select subset of cannabinoid
behaviors (Long et al., 2009a). Genetic studies using
MAGL(–/–) mice also support annotation of MAGL as
the principal 2-AG hydrolase in the nervous system
and several peripheral tissues (Chanda et al., 2010;
Schlosburg et al., 2010; Taschler et al., 2011).

In the rat brain, MAGL expression is highest in the
cerebellum, cortex, thalamus, and hippocampus (Dinh
et al., 2002) where, like CB1, it is primarily localized
to presynaptic axon terminals (Gulyas et al., 2004).
MAGL contains the serine-histidine-aspartatic acid cata-
lytic triad typical of most serine hydrolase enzymes
(Karlsson et al., 1997). Murine MAGL is expressed as
a single ;33-kDa enzyme in most tissues except brain
and testis, where multiple MAGL isoforms can be re-
solved by SDS-polyacrylamide gel electrophoresis analy-
sis (Dinh et al., 2002; Long et al., 2009b). Whether these
species represent alternate translation start sites, alter-
native RNA splicing, and/or post-translational modifica-
tion of MAGL has yet to be fully elucidated. MAGL is
highly selective for MAGs with negligible activity against
diacylglycerols, triacylglycerols, phospholipids, or choles-
terol esters (Tornqvist and Belfrage, 1976).

C. Additional Endocannabinoid Hydrolases

1. Fatty Acid Amide Hydrolase 2 and N-Acylethanol-
amine-Hydrolyzing Acid Amidase. Although FAAH
represents the primary anandamide hydrolase in the
mammalian nervous system and many peripheral tis-
sues, at least two other enzymes with this activity have
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been characterized: fatty acid amide hydrolase 2
(FAAH-2) and NAE-hydrolyzing acid amidase (NAAA).
FAAH-2 is a ;60-kDa amidase signature enzyme ex-
pressed in certain peripheral tissues in higher mam-
mals, but not rodents (Wei et al., 2006). Unlike FAAH,
FAAH-2 displays substrate preference for primary
fatty acid amides, such as oleamide, over NAEs, such
as anandamide. NAAA is an ;40-kDa enzyme of the
choloylglycine hydrolase family expressed by both
rodents and humans in peripheral tissues and cell
types, including macrophages, where it has been found to
participate with FAAH in NEA degradation (Sun et al.,
2005). Unlike FAAH, NAAA prefers N-palmitoylethanol-
amine to anandamide as a substrate (Tsuboi et al., 2005).
2. a/b-Hydrolases 6 and 12. Studies with MAGL

inhibitors confirmed the primacy of this enzyme in
brain 2-AG degradation but found that a modest
portion of 2-AG hydrolase activity persists in brain
homogenates after MAGL inhibition (Hohmann et al.,
2005; Saario et al., 2005; Long et al., 2009a). Addition-
ally, the murine microglial BV2 cell line was shown to
effectively hydrolyze 2-AG despite lacking MAGL ex-
pression (Muccioli et al., 2007).
By using a functional proteomics approach to survey

all mouse brain 2-AG hydrolases, we discovered that
the 2-AG hydrolysis activity of mouse brain mem-
branes insensitive to MAGL inhibition (;15% of total
activity) was performed by the previously uncharac-
terized enzymes a/b-hydrolases 6 and 12 (ABHD6 and
ABHD12) (Blankman et al., 2007). ABHD6 is an ;30-
kDa integral membrane serine hydrolase predicted to
adopt an intracellular orientation (Blankman et al.,
2007). Murine ABHD6 expression is abundant in
brain and multiple peripheral tissues and cell types
(Su et al., 2002; Bachovchin et al., 2010; Marrs et al.,
2010). In the mouse brain, ABHD6 is highly ex-
pressed in cortical areas, where it preferentially
localizes to postsynaptic dendrites that are often
juxtaposed to presynaptic CB1 receptors (Marrs et al.,
2010). ABHD12 is an ;45-kDa membrane glycopro-
tein predicted to contain a single-pass transmem-
brane domain and face the extracellular/luminal cellular
space (Blankman et al., 2007). High ABHD12 mRNA
expression has been detected in mouse brain, bladder,
prostate, white adipose, macrophages, and microglia
(Su et al., 2002).
Despite their limited contribution to bulk 2-AG

degradation, it is possible that the different subcellular
or cellular localizations occupied by ABHD6 and
ABHD12 compared with MAGL might allow each
enzyme access to distinct pools of 2-AG in the nervous
system. Indeed, ABHD6 has recently been shown to
regulate 2-AG degradation and signaling in murine
primary neurons and cortical slices (Marrs et al., 2010)
and control 2-AG accumulation in the Neuro2A cell
line, which lacks MAGL (Hsu et al., 2012). Addition-
ally, ABHD6 inhibition in vivo produced CB1- and

CB2-mediated anti-inflammatory and neuroprotective
effects in a mouse model of traumatic brain injury
(Tchantchou and Zhang, 2012). Human genetics has
implicated ABHD12 as a critical regulator of neuro-
logic function; loss-of-function mutations in ABHD12
cause the human neurodegenerative disease PHARC
(polyneuropathy, hearing loss, ataxia, retinosis pig-
mentosa, and cataract) (Fiskerstrand et al., 2010),
although whether ABHD12-disruption leads to neuro-
nal death by dysregulation of 2-AG or an alternate
mechanism remains to be determined.

III. Development of Endocannabinoid
Hydrolase Inhibitors

Selective and in vivo active FAAH inhibitors have
been available for nearly 10 years and have prompted
numerous investigations into the metabolic and phys-
iologic effects of augmented anandamide signaling.
More recently, pharmacological agents were developed
that potently and selectively block MAGL activity and
elevate 2-AG levels in vivo, enabling, for the first time,
direct comparison between the enhanced actions of
each endocannabinoid. Multiple recent reviews have
described the generation of endocannabinoid hydrolase
inhibitors in detail (Minkkilä et al., 2010; Petrosino
and Di Marzo, 2010; Otrubova et al., 2011; Feledziak
et al., 2012). Here, we will focus our discussion on
inhibitors that have been most widely used to probe
endocannabinoid function in vivo.

The discovery and characterization of many of these
inhibitors has benefited from the use of competitive
activity-based protein profiling (ABPP), a chemoproteo-
mic platform in which the enzymatic activity of mech-
anistically related enzymes is assessed in complex
proteomes following treatment with small molecule
inhibitors (Simon and Cravatt, 2010a) (Fig. 4). This
strategy has proven especially conducive to endo-
cannabinoid hydrolase inhibitor development, because
nearly all of the enzymes involved in endocannabinoid
degradation are serine hydrolases that can be readily
assayed simultaneously using fluorophosphonate-
containing reagents. Competitive ABPP allows the
direct measurement of inhibitor potency and selectivity
against all other serine hydrolases both in vitro and in
vivo and has been used to characterize FAAH, MAGL,
and dual FAAH/MAGL inhibitors.

A. FAAH Inhibitors

Early FAAH inhibitors included the general serine
protease inhibitor phenylmethylsulfonyl fluoride
(PMSF) (Desarnaud et al., 1995) and fatty acid deriva-
tives of sulfonylfluorides (Deutsch et al., 1997a), trifluor-
omethyl ketones (Koutek et al., 1994; Boger et al., 1999),
and fluorophosphonates (Deutsch et al., 1997b). Although
these first-generation FAAH inhibitors proved invalu-
able for biochemical and structural studies of FAAH in
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vitro (Bracey et al., 2002), they lacked the selectivity to
be used to probe FAAH function in vivo. Several classes
of FAAH inhibitors with improved selectivity and in vivo
activity have since been reported and will be described
briefly here.
1. a-Ketoheterocycles, e.g., OL-135. One of the first

classes of selective FAAH inhibitors to be explored
were a-ketoheterocycle compounds that reversibly
block FAAH activity (Otrubova and Boger, 2012). The
archetype member of this compound class, OL-135
(Fig. 5A), has been shown to inhibit FAAH in vivo
causing ;3-fold increases in brain anandamide levels
and concomitant CB1-dependent antinociceptive effects
(Lichtman et al., 2004; Boger et al., 2005). Although
selective for FAAH in the brain, OL-135 exhibited
a fairly short duration of action (,4 hour) (Lichtman
et al., 2004). Subsequent structure-activity relationship
studies have extensively explored the potency, selectiv-
ity, and in vivo half-life of OL-135 derivatives (Otrubova
et al., 2011), and recently oral administration of an
a-keto-oxazole OL-135 derivative was found to signifi-
cantly elevate brain anandamide levels (approximately
5-fold) and produce antinociceptive effects for over 9
hours (Ezzili et al., 2011).
2. Carbamates, e.g., URB597.
a. O-Aryl carbamates. Investigation into FAAH’s

function in vivo was greatly advanced by the de-
velopment of URB597 (Fig. 5A) (Kathuria et al., 2003),
a carbamate compound that blocks FAAH activity
through irreversible carbamylation of the enzyme’s
catalytic serine nucleophile (Alexander and Cravatt,
2005). In rodents, URB597 reduced brain anandamide
hydrolysis activity and elevated brain anandamide and

other NAE levels without altering 2-AG levels (Kathuria
et al., 2003). Numerous studies in rodents have since
demonstrated that FAAH inhibition by URB597 re-
presents a pharmacological model of enhanced anan-
damide signaling and have used URB597 to probe
anandamide-regulated physiology in vivo. As will be
described in more detail in the next section, URB597
administration has been shown to reduce pain, anxiety,
depression, and nausea in rodents (Ahn et al., 2008).
Importantly, these effects occurred without altering
motility, body temperature, or appetite (Kathuria
et al., 2003).

Although selective for FAAH in the brain, URB597
has been shown to inhibit multiple carboxylesterase
(CES) enzymes in the liver (Lichtman et al., 2004;
Zhang et al., 2007). Additionally, its relatively short
half-life in vivo (Fegley et al., 2004; Lichtman et al.,
2004) has limited its use in certain paradigms, in-
cluding chronic dosing studies. Second-generation
carbamate FAAH inhibitors have been reported, in-
cluding URB694 (Fig. 5A), that display decreased
activity toward CES enzymes and increased in vivo
life span compared with URB597 (Clapper et al., 2009).

Bristol-Myers Squibb also reported a series of
bisarylimidazole-containing carbamate inhibitors of
FAAH including BMS-1 (Fig. 5A), which demonstrated
antinociceptive effects in the formalin test and anti-
allodynic effects in the spinal nerve ligation model of
neuropathic pain (Sit and Xie, 2002; Sit et al., 2007).
ABPP analysis revealed that BMS-1 was relatively
nonselective for FAAH, with multiple serine hydrolase
off-targets in the brain and peripheral tissues (Licht-
man et al., 2004; Zhang et al., 2007).

Fig. 4. Competitive activity-based protein profiling (ABPP) serves as a chemoproteomic platform for assessing the potency and selectivity of
endocannabinoid hydrolase inhibitors in vitro and in living systems. Animal models, cultured cells, or tissue/cell homogenates are treated with a small-
molecule inhibitor (yellow triangle) for a specified time, and then proteomes are prepared and labeled with the activity-based probe fluorophosphonate
(FP)-rhodamine, which reacts with active serine hydrolase enzymes. Serine hydrolases that are inactivated by the small-molecule inhibitor can be
visualized by a loss of fluorescence signal following SDS-polyacrylamide gel electrophoresis analysis.
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More recently, a peripherally restricted, p-hydroxy-
phenyl derivative of URB597 was developed. This
compound, URB937 (Fig. 5A), although unable to access
the CNS, retained CB1-dependent antinociceptive activity

in mice in models of neuropathic, inflammatory, visceral,
and arthritic pain, presumably by activating CB1 recep-
tors on peripheral nociceptors (Clapper et al., 2010a;
Moreno-Sanz et al., 2012; Sasso et al., 2012). In a model of

Fig. 5. Structures of FAAH (A), MAGL (B), and dual FAAH/MAGL (C) inhibitors.
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arthritis induced by interplantar injection of complete
Freund’s adjuvant, URB937 administration reduced
mechanical and thermal hyperalgesia to a greater
extent than the systemically active FAAH inhibitors
URB597 and PF-3845 (Sasso et al., 2012).
b. Oxime and enol carbamates. Oxime carbamates

have been reported as reversible FAAH inhibitors in
the patent (Sit et al., 2003) and academic (Gattinoni
et al., 2010b; Sit et al., 2010) literature. One member of
this class, BMS-469908 (Fig. 5A), developed by Bristol-
Myers Squibb, potentiated the antinociceptive effects
of exogenously applied anandamide in mice, although
this compound did not exhibit analgesic activity on its
own (Sit et al., 2010)
A series of enol carbamates were also recently

described as novel reversible FAAH inhibitors with
high selectivity against other endocannabinoid targets
(Gattinoni et al., 2010a). In vivo administration of one
such compound, ST4070 (Fig. 5A), elicited anxiolytic
effects in mice (Gattinoni et al., 2010a) and antiallo-
dynic effects in several rodent models of neuropathic
pain (Caprioli et al., 2012). FAAH activity in mouse
brain tissue was reduced ;65–75% by ST4070 treat-
ment (10–100 mg/kg p.o.) and endogenous anandamide
levels in mice were modestly (,2-fold) elevated by high
doses of ST4070 (100 mg/kg p.o.) (Caprioli et al., 2012).
3. Alkylsufonylfluorides, e.g., AM3506. Several ana-

logs of PMSF with increased potency toward FAAH
have been described, including the palmitoylsulfonyl
fluoride AM374 (Fig. 5A) (Deutsch et al., 1997a) and
the hydroxyl substituted phenylalkylsulfonylfluoride
AM3506 (Fig. 5A) (Godlewski et al., 2010). AM3506
potently blocked FAAH in vivo and was found to
display a unique anatomic activity profile; rodents
treated with a single, systemic dose of AM3506
(1 mg/kg i.p. or p.o.) displayed a near complete loss of
FAAH activity in the brain but retained wild-type
FAAH activity in the liver due to rapid hepatic drug
metabolism. This same dose of AM3506 partially
inhibited the 2-AG hydrolases MAGL and ABHD6 in
the mouse brain as determined by ABPP analysis, but
selectively elevated brain anandamide levels ;3-fold
without affecting brain 2-AG in rats. AM3506 treat-
ment (1 mg/kg i.p.) reduced blood pressure, heart rate,
and cardiac contractibility in spontaneous hyperten-
sive rats without inducing hypotension or bradycardia
in control animals. The improvements in cardiovascu-
lar function elicited by AM3506 were similar to those
observed following FAAH inhibition by URB597 (Batkai
et al., 2004), but occurred without evidence of metabolic
effects such as hyperglycemia or insulin resistance
previously linked to reduced FAAH activity and in-
creased hepatic anandamide (Osei-Hyiaman et al.,
2005b, 2008; Tam et al., 2010; Tourino et al., 2010).
4. Aryl Ureas, e.g., PF-3845. One of the earliest

urea-based FAAH inhibitors, LY-2183240 (Fig. 5A),
was originally described as an inhibitor of the putative

anandamide transporter (Moore et al., 2005), but was
later found to potently block FAAH and several other
brain serine hydrolases by ABPP (Alexander and
Cravatt, 2006) and substrate (Ortar et al., 2008)
assays. Treatment of rats with LY-2183240 raised
brain anandamide levels;5-fold and alleviated formalin-
induced pain behaviors without affecting motor coordi-
nation (Moore et al., 2005).

In 2006, piperazinyl and piperidinyl urea FAAH
inhibitors were disclosed by Takeda and Johnson &
Johnson, including JNJ-1661010 (Fig. 5A) (Apodaca
et al., 2006). One dose of JNJ-1661010 (20 mg/kg i.p.)
significantly blunted FAAH activity in the rat brain for
up to 24 hours and caused a modest ;1.5-fold increase
in brain anandamide levels (Keith et al., 2008; Karbarz
et al., 2009). JNJ-1661010 administration elicited
therapeutic analgesic effects in rat models of neuro-
pathic, inflammatory, and acute thermal pain (Karbarz
et al., 2009).

Pfizer has developed a series of covalent and
irreversible urea-based FAAH inhibitors that display
exceptional potency, selectivity, and duration of action
in vivo (Ahn et al., 2007; Ahn et al., 2009; Meyers et al.,
2011). Of these compounds, PF-3845 (Fig. 5A) has been
most widely used in preclinical studies, and its
remarkable selectivity for FAAH has been demon-
strated not only by competitive ABPP but also by
creating alkyne analogs, enabling direct detection of
labeled proteins in vivo by coupling to azide-reporter
tags (Speers et al., 2003; Wang et al., 2003; Speers and
Cravatt, 2004) using copper-catalyzed azide-alkyne
cycloaddition chemistry (Rostovtsev et al., 2002; Tor-
nøe et al., 2002). A single, systemic dose of PF-3845
(10 mg/kg i.p.) has been shown selectively to block
FAAH activity in the mouse brain for up to 24 hours
and maximally elevate anandamide concentrations for
7–12 hours (Ahn et al., 2009). Medicinal chemistry
efforts to improve the potency and pharmaceutical
properties of PF-3845 for suitability in human clinical
trials led to development of PF-04457845 (Fig. 5A),
a FAAH inhibitor with excellent potency, selectivity,
oral availability, and efficacy in a rat models of in-
flammatory and noninflammatory pain (Ahn et al., 2011;
Johnson et al., 2011). In phase I trials, PF-04457845
nearly completely inhibited FAAH activity in blood
leukocytes, elevated plasma anandamide and other
NAE levels 3.5- to 10-fold, and was well tolerated (Li
et al., 2012). Recently, however, PF-04457845 failed
to show efficacy in Phase II trials in patients with
osteoarthritic knee pain (Huggins et al., 2012).

Pfizer has also developed a series of benzothiophene
piperazine/piperidine urea FAAH inhibitors includ-
ing the substituted pyridyl PF-465 (Fig. 5A). ABPP
analysis confirmed that PF-465 completely blocks
FAAH activity in mouse and human proteomes with
no off-target activity observed up to 100 mM (Johnson
et al., 2009). PF-465 was active in vivo and effectively
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reduced allodynic responses in a rat model of in-
flammatory pain.
5. Comparison with FAAH(–/–) Mice. Generation

and characterization of mice bearing targeted disrup-
tion of the Faah gene [FAAH(–/–) mice] confirmed
FAAH’s role as the principal anandamide hydrolase in
vivo (Cravatt et al., 2001). FAAH(–/–) mice are viable,
fertile, and largely indistinguishable from wild-type
littermates. Brains from FAAH(–/–) mice have been
found to lack anandamide hydrolytic activity and
exhibit dramatically elevated (.10-fold) anandamide
levels (Cravatt et al., 2001) but maintain wild-type 2-AG
levels (Osei-Hyiaman et al., 2005a) and CB1 expression
(Lichtman et al., 2002). FAAH(–/–) mice displayed
robust CB1-dependent “tetrad” effects—analgesia, hypo-
motility, hypothermia, and catalepsy—in response to
exogenously administered anandamide. Naively, FAAH
KO mice have been shown to exhibit antinociceptive,
anti-inflammatory, anxiolytic, and antidepressive pheno-
types without evidence of motor or cognitive defects (Ahn
et al., 2008).

B. MAGL Inhibitors

Selective pharmacological tools to disrupt the activ-
ity of MAGL in vivo have only become available within
the last few years, but already they have been used
to demonstrate the role of this enzyme in 2-AG signa-
ling termination and the potential translational use
of targeting MAGL in the treatment of nervous sys-
tem disorders such as pain, anxiety, drug addiction,
nausea, and neuroinflammation (Minkkilä et al.,
2010; Petrosino and Di Marzo, 2010; Nomura et al.,
2011b).
MAGL activity is sensitive to general serine hydro-

lase inhibitors such as methyl arachidonoylfluoropho-
sphonate, PMSF, arachidonoyl trifluoromethylketone, and
hexadecysulfonylfluoride (Dinh et al., 2002; Saario et al.,
2004). These compounds also inhibit FAAH and are
therefore not suitable to distinguish the function of these
enzymes. Unlike most serine hydrolases, MAGL is also
inhibited by general sulfhydryl-specific agents, including
p-chloromercuribenzoic acid, mercury chloride, and N-
ethlymaleimide, indicating the presence of a critical free
cysteine residue (Tornqvist and Belfrage, 1976; Sakurada
and Noma, 1981; Saario et al., 2005).
1. First-Generation MAGL Inhibitors: URB602, NAM,

and OMDM169. The carbamate compound URB602
(Fig. 5B) was reported as a selective MAGL inhibitor
with relatively low potency (Hohmann et al., 2005).
When microinjected into the rat periaqueductal gray
matter, URB602 produced a modest (,2-fold) increase
in the concentration of 2-AG, but not of anandamide, in
this region and enhanced stress-induced analgesia
(Hohmann et al., 2005). URB602 was also found to
increase 2-AG content and prolong DSI, a form of CB1-
mediated synaptic plasticity, in rat forebrain cultures
(Makara et al., 2005). URB602’s relatively weak potency

complicates its systemic administration in vivo and its
selectivity is a matter of debate because it has been
shown to be equally potent against FAAH in vitro
(Muccioli et al., 2007; Vandevoorde et al., 2007).
However, URB602 administration has been shown to
attenuate nociception in rodent models of acute,
inflammatory, and neuropathic pain (Comelli et al.,
2007; Guindon et al., 2007, 2011; Desroches et al.,
2008).

N-Arachidonoyl maleimide (NAM; Fig. 5B) is an
irreversible MAGL inhibitor that was found to decrease
2-AG hydrolase activity of rat cerebellar membranes by
;90% (Saario et al., 2005) and potentiate the effects of
exogenously administered 2-AG (Burston et al., 2008).
Although relatively selective for MAGL against other
serine hydrolase enzymes, including FAAH (Blankman
et al., 2007), NAM’s maleimide group is a general thiol-
reactive electrophile that will likely react with many
cysteine-containing proteins in vivo, limiting its use in
physiologic studies.

The tetrahydrolipostatin derivative OMDM169 (Fig.
5B) was shown to inhibit MAGL and pancreatic lipase
with approximately 10-fold selectivity over FAAH and
the 2-AG biosynthetic enzyme DAGLa in vitro (Bisogno
et al., 2009). Systemic administration of OMDM169 (5
mg/kg i.p.) in mice reduced the expression of nocicep-
tive behavior to the second phase of the formalin test
and modestly elevated (,2-fold) 2-AG levels in the
formalin-treated paw, but not in the brain.

2. O-Aryl Carbamates, e.g., JZL184. In 2009, we
reported a selective and in vivo-active MAGL inhibitor,
JZL184 (Fig. 5B) (Long et al., 2009a), which has been
used to demonstrate MAGL’s role in 2-AG signal-
ing termination and the potential translational use of
targeting MAGL in the treatment of nervous system
disorders such as pain, anxiety, drug addiction, and
nausea (Minkkilä et al., 2010; Petrosino and Di Marzo,
2010). JZL184 is a piperidine carbamate that was
shown to inhibit MAGL through irreversible carba-
moylation of the enzyme’s catalytic serine (Long et al.,
2009b) and is another prime example of the carbamate
reactive group as a privileged scaffold for serine
hydrolase inhibitor design. As assessed by competitive
ABPP, JZL184 was quite selective for MAGL against
other mouse brain serine hydrolases and displayed
.100-fold selectivity toward this enzyme over FAAH
(Long et al., 2009a, 2010). Consistent with previous
findings (Saario et al., 2005; Blankman et al., 2007),
MAGL inhibition by JZL184 decreased 2-AG hydrolysis
in mouse brain membranes by ;85% (Long et al.,
2009a). A single injection of JZL184 (16 mg/kg i.p., PEG
vehicle) inhibited MAGL in the mouse brain for up to 24
hours and produced maximally elevated brain 2-AG
levels (8-fold) for at least 8 hours without altering
anandamide levels. In the initial report, JZL184-treated
mice were found to display CB1-dependent analgesia,
hypomotility, and hypothermia (Long et al., 2009a).
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However, core body temperature was not affected when
JZL184 (40 mg/kg i.p.) was delivered in an optimized
vehicle of an 18:1:1 solution of saline/emulphor/ethanol
(Long et al., 2009b). As the PEG vehicle, but not the
saline/emulphor/ethanol vehicle, caused a transient drop
in core temperature, the discrepancy between JZL184’s
hypothermic effects might suggest that MAGL inhibition
disrupts temperature regulation following a hypothermic
challenge (Long et al., 2009b). In vitro, JZL184 was;10-
fold more potent toward murine or human MAGL than
the rat ortholog (Long et al., 2009b).
3. O-Hexafluorisopropyl Carbamates, e.g., KML29.

Although JZL184 has proven to be a powerful tool to
probe the function of MAGL in vivo, it displayed partial
cross-reactivity with FAAH when used at high doses
(Long et al., 2009a,b) and modestly elevated ananda-
mide levels when administered chronically (Schlosburg
et al., 2010). In peripheral tissues, JZL184, like many
other carbamate agents, also blocked the activity of
multiple CES enzymes (Long et al., 2009b). Very
recently, next-generation MAGL inhibitors based on
an O-hexafluoroisopropyl carbamate scaffold have
been developed that possess superior selectivity to-
ward MAGL versus other serine hydrolases in the
brain and peripheral tissues (Chang et al., 2012). The
O-hexafluoroisopropyl analog of JZL184, KML29 (Fig.
5B), maintained equivalent potency toward MAGL, but
displayed greatly improved selectivity over FAAH and
CES enzymes both in vitro and in vivo. In mice,
KML29 dose dependently inhibited MAGL and dra-
matically elevated brain 2-AG levels without disrupting
FAAH activity. KML29 exhibited complete selectivity
against FAAH even when dosed chronically (6 days, 40
mg/kg p.o.). Additionally, KML29 retained much of its
potency and selectivity for both rat and human MAGL
orthologs. KML29 treatment (40 mg/kg i.p.) in rats
nearly completely (.90%) inhibited MAGL and in-
creased brain 2-AG levels ;10-fold without affecting
anandamide levels—KML29, therefore, represents a
versatile inhibitor that can be used to investigate
MAGL function in human cell and rodent models under
both acute and chronic dosing regimens. Scientists at
Sanofi-Aventis have independently reported a distinct
set of O-hexafluoroisopropyl carbamates as MAGL
inhibitors, although the selectivity and in vivo activity
of these compounds were not disclosed (Bartsch et al.
2011).
4. Comparison with MAGL(–/–) Mice. We and

others have described mouse models bearing genetic
disruption of the Mgll gene [MAGL(–/–) mice] (Chanda
et al., 2010; Schlosburg et al., 2010; Taschler et al.,
2011). Similar to JZL184-treated mice, MAGL(–/–)
mice displayed dramatic reductions in 2-AG hydrolase
activity and elevations in 2-AG and other MAGs in
the brain and many peripheral tissues. Surprisingly
however, MAGL(–/–) mice did not exhibit any canna-
bimimetic behaviors naively and displayed reduced

sensitivity, or tolerance, to exogenous cannabinoids.
This phenotype was replicated following chronic dosing
of JZL184 (40 mg/kg i.p., 6 days) (Schlosburg et al.,
2010) and could be attributed to CB1 downregulation
in multiple brain areas (Chanda et al., 2010; Schlos-
burg et al., 2010). That chronic elevations in 2-AG led
to functional antagonism of CB1 (Fig. 6) stands in
stark contrast to the sustained agonism induced by
long-term elevations in anandamide following chronic
pharmacological or genetic FAAH disruption (Cravatt
et al., 2001; Lichtman et al., 2002; Schlosburg et al.,
2010).

C. Dual FAAH/MAGL Inhibitors

One curious observation following FAAH or MAGL
inhibition in rodents is that neither completely re-
constitutes the robust behavioral phenotypes of direct
CB1 agonists like THC. This discrepancy begged the
question of whether elevation of both endocannabi-
noids by simultaneous inhibition of FAAH and MAGL
might evoke responses that more closely mirror those of
exogenous cannabinoids. This hypothesis was tested by
the development and characterization dual FAAH/
MAGL inhibitors.

1. Organophosphates, e.g., Isopropyldodecylfluoro-
phosphonate. The organophosphorus nerve agent
Isopropyldodecylfluorophosphonate (IDFP; Fig. 5C)
was found to be a potent inhibitor of both FAAH and
MAGL (IC50 values of 3 and 0.8 nM, respectively) as
well as many additional serine hydrolases, including
the alternate 2-AG hydrolase ABHD6, neuropathy
target esterase, and the ether-lipid metabolic enzyme
KIAA1363 (Nomura et al., 2008a). Treatment of mice
with IDFP (10 mg/kg i.p.) caused dramatic eleva-
tions in brain endocannabinoid levels (;10-fold) and
CB1-mediated antinociception, hypomotility, hypo-
thermia, and catalepsy. Mice treated acutely with
IDFP died within 48 hours by a CB1-independent
mechanism.

2. O-Aryl Carbamates, e.g., JZL195. JZL195 (Fig.
5C) is a piperazine carbamate compound that was
rationally designed to inhibit both MAGL and FAAH
(Long et al., 2009c, 2010). JZL195 exhibits equipotency
toward FAAH and MAGL (IC50 values of 2 and 4 nM,
respectively) with substantial inhibitory activity to-
ward the minor 2-AG hydrolase ABHD6. Mice treated
with JZL195 (20 mg/kg i.p.) showed a near complete
loss of brain anandamide and 2-AG hydrolysis activity,
dramatic elevations in brain anandamide and 2-AG
levels (;10-fold) that persisted for at least 10 hours,
and three out of four tetrad behaviors: antinociception,
hypomotility, and catalepsy. Importantly, mice treated
chronically with JZL195 for 6 days displayed no signs
of toxicity.

3. O-Hydroxyacetamide Carbamates, e.g., SA-57.
O-Hydroxyacetamide carbamates disclosed in patents
filed by Sanofi-Aventis (Abouabdellah et al., 2005)
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were profiled for their ability to inhibit endocannabi-
noid hydrolases and one such compound, SA-57 (Fig.
5C), was found to selectively block FAAH, MAGL, and
ABHD6 activity in vitro and in vivo (Niphakis et al.,
2012). Unlike JZL195, which displays similar potency
toward FAAH, MAGL, and ABHD6, SA-57 is consid-
erably more active toward FAAH. In mice, SA-57 sele-
ctively inhibited FAAH at low doses (0.05–0.25 mg/kg
i.p.) and cross-reacted with MAGL and ABHD6 at
higher doses (1.25–12.5 mg/kg i.p.). This selectivity
profile allows SA-57 to act simultaneously as a com-
plete FAAH inhibitor and partial MAGL/ABHD6
inhibitor in vivo. Considering that chronic, full MAGL
inhibition induces CB1 desensitization/downregulation
(Schlosburg et al., 2010) while chronic, partial MAGL
inhibition has been found to maintain efficacy at CB1
in multiple preclinical models without causing receptor
impairment (Schlosburg et al., 2010; Busquets-Garcia
et al., 2011; Kinsey et al., 2011; Sciolino et al., 2011;
Sticht et al., 2011), SA-57 should prove to be a useful
tool to probe the effects of prolonged agonism of both
endocannabinoids at CB1.

IV. Comparison of the Neurobehavioral Effects of
FAAH and MAGL Inhibition

A. Tetrad Effects

The “tetrad test” for assessing cannabimimetic activity
consists of assays for four of the most robust phenotypes
displayed by THC-intoxicated rodents: antinociception,
catalepsy, hypomotility, and hypothermia (Little et al.,

1988). Rodents treated with exogenous CB1 agonists
exhibit dramatically different behavior from vehicle-
treated animals in each of these paradigms, while
enhanced anandamide or 2-AG signaling caused by
FAAH or MAGL inhibition, respectively, has been found
to elicit more modest effects in a distinct subset of tests.
FAAH inhibition by OL-135, URB597, or PF-3845 has
been shown to induce antinociception, but not hypomo-
tility, catalepsy, or hypothermia—effects phenocopied in
FAAH(–/–) mice (Ahn et al., 2008). MAGL inhibition by
JZL184 (40 mg/kg i.p., saline/emulphor/ethanol vehicle)
elicited antinociception and hypomotility, but not hypo-
thermia or catalepsy, although JZL184-treated mice did
exhibit hyper-reflexia or “popcorning” behavior when
presented with the catalepsy bar apparatus (Long et al.,
2009c). Importantly, all of the tetrad behaviors induced
by FAAH or MAGL inhibition were completely blocked
by pretreatment with the CB1 antagonist rimonabant
(Long et al., 2009c). These data indicate that although
both endocannabinoids can facilitate CB1-mediated
antinociception, CB1-dependent hypomotility and hyper-
reflexia are driven primarily by the 2-AG/MAGL
pathway.

Simultaneous blockade of FAAH and MAGL
achieved by treatment of wild-type mice with the dual
FAAH/MAGL inhibitor JZL195, co-treatment of wild-
type mice with JZL184 and PF-3845, or treatment of
FAAH(2/2) mice with JZL184, induced robust CB1-
dependent antinociception, hypomotility, hyper-reflexia,
and catalepsy (Long et al., 2009c). The effects of dual
FAAH/MAGL inhibition on locomotor activity and

Fig. 6. Chronic MAGL disruption causes functional antagonism of the central endocannabinoid system. (A) In a wild-type brain, MAGL serves to limit
the magnitude and duration of 2-AG signaling at CB1 by hydrolyzing this lipid to arachidonic acid. (B) Chronic pharmacological or genetic MAGL
inactivation results in prolonged elevations in 2-AG that in turn cause the desensitization and downregulation of CB1 receptors. The net result of these
adaptations is functional antagonism or reduced CB1 signaling.
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hyper-reflexic behavior were equivalent to that ob-
served following MAGL blockade, indicating that 2-AG
is the major mediator of these behaviors. The analgesic
effects of dual inhibition were synergistic and sub-
stantially higher than those elicited by single enzyme
inhibition. Catalepsy was only observed following
blockade of both enzymes. That dual FAAH/MAGL
inhibition elicited a behavioral profile distinct from
single enzyme inhibition and more akin to direct
CB1 agonism suggests that anandamide and 2-AG
signal through distinct modes that engage in signif-
icant cross-talk in the nervous system. Whether
these interactions occur at shared CB1 receptors
(i.e., intrasynaptically) or between distinct neuronal
circuits (i.e., intersynaptically) (Fig. 7) remains to be
determined.

B. Pain

A considerable body of research has demonstrated
that pharmacological blockade of FAAH reduces
nociceptive and hyperalgesic behavior in a wide range
of acute, inflammatory, and neuropathic pain models
(Schlosburg et al., 2009b). Despite their relatively
recent development, chemical tools that selectively
inactivate MAGL in vivo have already demonstrated
efficacy in multiple preclinical pain paradigms
(Hohmann et al., 2005; Kinsey et al., 2009, 2010; Long
et al., 2009a,c; Schlosburg et al., 2010; Busquets-
Garcia et al., 2011; Guindon et al., 2011, 2013;
Khasabova et al., 2011; Ghosh et al., 2012). Not only
have these studies implicated MAGL as an additional
therapeutic target for the treatment of pain, they have
revealed mechanistic differences between anandamide
and 2-AG-mediated antinociception.
Interestingly, complete FAAH (PF-3845, 10 mg/kg

i.p.) or MAGL (JZL184, 40 mg/kg i.p.) inhibition,
resulting in maximal endocannabinoid elevations
(.10-fold), produced antinociceptive effects of similar
magnitude in tests of acute thermal pain, visceral pain,
neuropathic pain, and inflammatory pain, despite the
fact that anandamide and 2-AG are present in the
brain at dramatically different basal levels (Kinsey
et al., 2009, 2010; Long et al., 2009c; Schlosburg et al.,
2010; Ghosh et al., 2012).
Multiple lines of evidence suggest that despite

bearing equivalent analgesic potential in certain para-
digms, anandamide and 2-AG regulate pain processing
through distinct signaling pathways. Multiple groups
have reported that the analgesic effects of FAAH and
MAGL inhibition proceed via different cannabinoid
receptor mechanisms, and the responsible receptors
appear to depend on the models and behavioral assays
examined.
In a model of neuropathic pain in mice caused by

chronic constriction injury of the sciatic nerve, acute,
systemic FAAH (PF-3845, 10 mg/kg i.p.) and MAGL
(JZL184, 40 mg/kg i.p.) blockade reduced mechanical

and cold allodynia by similar magnitudes (Kinsey
et al., 2009, 2010). However, the efficacy of FAAH
inhibition was mediated by CB1 and CB2 receptors,
whereas the antiallodynic effects of MAGL inhibition
were solely dependent on CB1 activation. Cannabinoid
receptor dependency was determined by sensitivity to
both pharmacological (Kinsey et al., 2009) and genetic
(Kinsey et al., 2010) disruption of CB1/2.

In a peripheral model of pain induced by local injection
of capsaicin to the rat paw, the hypersensitivities
observed were distinctly modulated by local inhibition
of FAAH (URB597, 75 mg i.p.l.) or MAGL (JZL184, 100
mg i.p.l.) (Spradley et al., 2010). JZL184 attenuated the
thermal hyperalgesia and nocifensive behavior caused
by capsaicin injection, while URB597 reduced capsaicin-

Fig. 7. Potential mechanisms for anandamide and 2-AG cross-talk in the
nervous system. Whether anandamide and 2-AG produce differential
effects through distinct modes of activation of shared CB1 receptors
(“intrasynaptic,” A) or by activating separate sets of CB1 receptors in the
brain (“intersynaptic,” B) is unknown. It is also possible that both intra-
and intersynaptic mechanisms occur in vivo.
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induced mechanical allodynia. URB597-mediated effects
were blocked by CB1 antagonists, whereas JZL184-
induced antinociception was prevented by CB1 and CB2
antagonists. CB1 and CB2 receptors also mediated
the antinociceptive effects of local MAGL inhibition in
the formalin test in rats (Guindon et al., 2011) and the
anti-allodynic effects of systemic MAGL blockade in mice
(Ghosh et al., 2012). Peripheral blockade of FAAH
(URB597, 9 mg i.p.l.) (Khasabova et al., 2008) or MAGL
(JZL184, 10 mg i.p.l.) (Khasabova et al., 2011) reduced
mechanical hyperalgesia in a mouse model of bone
cancer pain, and these antihyperalgesic phenotypes
were found to be CB1 or CB2 dependent, respectively.
Presumably the differences in cannabinoid receptor
mechanisms reported in these studies stem from the
pain paradigms examined, the route of drug adminis-
tration, or even the species, but regardless, they all
support the notion that enhanced anandamide and 2-AG
act to alleviate pain via distinct signaling mechanisms.
Another difference between the analgesic effects of

FAAH and MAGL inactivation is evident upon chronic
drug treatment. We determined that the duration of
FAAH or MAGL blockade affects the maintenance of
analgesic behavior (Schlosburg et al., 2010). Whereas
complete, acute disruption of FAAH or MAGL elicited
a similar degree of antinociception in the tail immer-
sion test of thermal pain or the chronic constriction
injury model of neuropathic pain, chronic disruption of
each enzyme produced opposing effects. After chronic
drug treatment, mice became tolerant to the antinoci-
ceptive effects of JZL184 (40 mg/kg i.p., 6 days) but
maintained sensitivity to the analgesic effects of PF-
3845 (10 mg/kg i.p., 6 days). The lack of analgesic
phenotype observed in chronic JZL184-treated mice
was phenocopied in MAGL(–/–) mice, which displayed
equivalent thermal pain sensitivity as their wild-type
littermates (Chanda et al., 2010; Schlosburg et al.,
2010). The tolerance observed in chronic MAGL-
disrupted mice was accompanied by a heterogeneous
reduction in CB1 expression and function throughout
the brain, including the periaqueductal gray, a region
of the brain involved in cannabinoid-mediated anti-
nociception (Lichtman et al., 1996). The cellular and
behavioral adaptations caused by chronic elevations in
endogenous 2-AG are reminiscent of those observed
following chronic THC administration in both rodents
and humans (Lichtman and Martin, 2005). These
results suggest that maximally elevated anandamide
and 2-AG brain levels exert strikingly different effects
on the integrity of the central endocannabinoid system,
with chronic anandamide causing sustained agonism
and chronic 2-AG inducing functional antagonism.
Additionally, we found that chronic JZL184 treatment
also induced cross-tolerance to the antiallodynic effects
of acute PF-3845 treatment, indicating that the pain
circuits regulated by 2-AG and anandamide interact at
some level (Schlosburg et al., 2010). These results may

have clinical implications for the use of FAAH or
MAGL inhibitors in treating chronic pain. However, our
study did not address the possibility that partial MAGL
inhibition might retain analgesic efficacy without caus-
ing tolerance or CB1 disruption.

Subsequent to our study, chronic low doses of JZL184
(8 mg/kg i.p. 6 days) and URB597 (1 mg/kg i.p., 6 days)
were found to retain efficacy in the acetic acid stretching
model of visceral pain (Busquets-Garcia et al., 2011).
Brain CB1 expression in these mice was unaltered,
whereas mice treated with THC (10 mg/kg i.p.) under
the same dosing schedule had significantly reduced
hippocampal CB1 expression. In this study, brain
endocannabinoid levels were differentially increased—
anandamide was elevated ,2-fold following URB597
treatment, whereas 2-AG was elevated ;5-fold by
JZL184—and MAGL inhibition was found to be more
efficacious than FAAH inhibition. Tolerance to the anti-
inflammatory effects of high (16 or 40 mg/kg i.p.) but not
low (4 mg/kg i.p.) doses of JZL184 was also observed
following chronic dosing in the carrageenan model
(Ghosh et al., 2012).

Recently, peripheral FAAH blockade by the CNS-
impermeant inhibitor URB937 (Clapper et al., 2010b)
was found to elicit CB1-mediated antinociceptive effects
in mouse models of neuropathic, inflammatory, and
arthritic pain (Clapper et al., 2010b; Moreno-Sanz
et al., 2012; Sasso et al., 2012). In a model of arthritis
induced by interplantar injection of complete Freund’s
adjuvant, URB937 reduced mechanical and thermal
hyperalgesia to a greater extent than the systemically
active FAAH inhibitors URB597 and PF-3845 (Sasso
et al., 2012).

C. Anxiety and Depression

Anandamide was named after the Sanskrit word for
"bliss" (Devane et al., 1992) in reference to the euphoric
high elicited by Cannabis derivatives in humans. Direct
CB1 agonism produces diverse psychotropic effects that
can also include feelings of anxiety, panic, and paranoia.
These biphasic effects on mood and emotionality have
also been observed in rodent models where exogenous
cannabinoids can elicit anxiolytic-like or anxiogenic-like
responses depending on dose and context (Moreira and
Lutz, 2008). To selectively harness the anxiolytic
potential of the endocannabinoid system, enhancing
endocannabinoid levels has emerged as a promising
strategy. FAAH inhibitors, for instance, have demon-
strated CB1-dependent anxiolytic effects in a number of
rodent models of anxiety and depression without the
negative side effects associated with direct CB1 ago-
nists and are under consideration for the treatment of
anxiety-related disorders (Gaetani et al., 2009). Less is
known about the consequences of heightened 2-AG
signaling on emotional status, but recent studies with
JZL184 suggest that MAGL could represent a target for
next-generation anxiolytic drugs.

Endocannabinoid Hydrolase Inhibitors 863



Mice treated acutely with low doses of URB597 (1
mg/kg i.p.) or JZL184 (8 mg/kg i.p.) displayed similar
anxiolytic-like responses in the elevated zero maze and
the elevated plus maze, and these effects persisted
following chronic drug treatment (6 days) (Busquets-
Garcia et al., 2011). As previously demonstrated
(Moreira et al., 2008), the anxiolytic-like effects of
URB597 were mediated by CB1 and prevented by
genetic or pharmacological CB1 disruption. Rather
surprisingly, however, the anxiolytic-like effects of
JZL184 were mediated via CB2, because JZL184
lacked efficacy in CB2(–/–) mice and mice pretreated
with the CB2 antagonists SR144528 and JWH-133.
JZL184 (8 mg/kg i.p.) also produced anxiolytic-like
effects in rats in the elevated plus maze under high
levels of environmental aversiveness, effects that were
reversed by the CB1 antagonist rimonabant (Accom-
plia) and maintained after chronic administration (8
mg/kg day for 6 days) (Sciolino et al., 2011).
In the marble burying assay, a model of obsessive-

compulsive behaviors, FAAH inhibition by URB597
(0.1–1 mg/kg i.p.) or PF-3845 (10 mg/kg i.p.) and MAGL
inhibition by JZL184 (16 and 40 mg/kg i.p.) decreased
marble burying behavior in mice through a CB1-
dependent mechanism (Gomes et al., 2011; Kinsey
et al., 2011). Importantly, the anxiolytic-like effects of
JZL184 could be decoupled from its locomotor effects,
because low doses of JZL184 (16 mg/kg i.p.) reduced
marble burying without causing hypomotility (Kinsey
et al., 2011).

D. Nausea and Emesis

Purified THC (dronabinol, Marinol [Abbott Labora-
tories, Abbott Park, IL]) and the synthetic cannabinoid
nabilone (Cesemet; Meda Pharmaceuticals, Somerset,
NJ) are licensed medicines approved for treating
nausea and vomiting caused by chemotherapy and loss
of appetite and weight loss in AIDS patients (Pertwee,
2009). Although effective as antiemetic agents, these
direct CB1 agonists can also produce undesirable side
effects, including dizziness, dysphoria, paranoia, and
hallucinations, which limit their widespread use
(Tramèr et al., 2001). FAAH and MAGL inhibitors
exhibit antinausea/antiemetic effects in preclinical
models, and enhancement of endocannabinoid signal-
ing may also prove to be an effective method for
treating nausea and vomiting in humans (Parker et al.,
2011).
Both FAAH and MAGL inhibition suppress vomiting

in house musk shrews (Suncus murinus) to various
emetic stimuli. URB597 (0.9 mg/kg) treatment reduced
cisplatin and nicotine-induced emetic episodes, and the
effects on nicotine vomiting were CB1-dependent and
reversed by rimonabant (Parker et al., 2009). JZL184
(16 and 40 mg/kg i.p.) treatment suppressed lithium
chloride-induced vomiting, which was reversed by the
CB1 antagonist AM251 (Sticht et al., 2011).

In rats, which do not have an emetic reflex, URB597
(0.3 mg/kg i.p.) treatment suppressed conditioned
gaping, a model of nausea, in response to odors (Rock
et al., 2008) or tastes (Cross-Mellor et al., 2007) that
had been previously paired with the emetic stimulant
lithium chloride (LiCl) by CB1-dependent mechanisms.
In contrast, JZL184 treatment (40 mg/kg i.p.) did not
affect LiCl-induced conditional gaping on its own, but
did potentiate the antinausea-like effects of exoge-
nously administered 2-AG partially through CB1
activation (Sticht et al., 2011).

E. Addiction and Withdrawal

Activation of the endocannabinoid system has been
implicated in many aspects of addiction. Marijuana
possesses mild addictive qualities, and its chronic use
can lead to physical dependence (Haney et al., 1999;
Budney et al., 2003; Maldonado et al., 2011). CB1
activation can also influence the addictive potential of
other drugs of abuse, including opioids, cocaine, alcohol,
and nicotine (Kogan and Mechoulam, 2007). Addition-
ally, CB1 agonists can alleviate the severe physical
symptoms induced by withdrawal from opioid drugs
in preclinical models (Frederickson et al., 1976). For
therapeutic purposes, modulation of the endocannabi-
noid system to harness the palliative effects of can-
nabinoids without concomitant abuse potential would
be ideal.

1. Opioid Withdrawal. THC is known to reduce the
severity of opioid withdrawal in humans and rodents,
and recently endocannabinoid hydrolase inhibitors
were also found to alleviate symptoms of precipitated
and spontaneous withdrawal in opioid-dependent
mice (Ramesh et al., 2011). Treatment of morphine-
dependent mice with the mu opioid receptor antagonist
nalaxone induces a profound withdrawal phenotype
consisting of jumping, paw tremors, diarrhea, and
weight loss. Acute MAGL inhibition (JZL184, 4–40
mg/kg i.p.) dose-dependently reduced all of these
effects through a CB1-dependent mechanism and,
at the highest dose, nearly completely blocked all
nalaxone-induced behaviors. Although FAAH(–/–) mice
displayed partial protection from all four withdrawal
behaviors, acute FAAH inhibition (PF-3845, 10 mg/kg
i.p.) attenuated nalaxone-induced jumps and paw
flutters, without effecting diarrhea or weight loss,
effects also mediated by CB1 activation. JZL184 (40
mg/kg i.p.) also reduced opioid withdrawal signs in
a model of spontaneous withdrawal where the mor-
phine pellet was removed from morphine-dependent
mice.

2. Precipitated THC Withdrawal. Compared with
other drugs of abuse, marijuana is generally consid-
ered to possess a reduced risk of dependency in part
because cessation of chronic marijuana use in humans
is not accompanied by a dramatic physical withdrawal
syndrome like that of highly addictive drugs such as
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opioids, cocaine, and methamphetamine. Nevertheless,
heavy cannabis use has been show to provoke a distinct
abstinence syndrome consisting of disruptions in mood,
appetite, sleep, and physical comfort (Haney et al.,
1999; Budney et al., 2003). Mice treated chronically
with THC also exhibit physical withdrawal symptoms,
most commonly paw tremors and head twitches, when
withdrawal is precipitated by treatment with a CB1
antagonist such as rimonabant (Lichtman and Martin,
2002). The severity of rimonabant-induced withdrawal
symptoms in THC-dependent mice was attenuated by
acute inhibition of FAAH (URB597, 10 mg/kg i.p.) or
MAGL (JZL184, 16 mg/kg i.p.), suggesting that endo-
cannabinoid hydrolases might represent a novel ther-
apeutic strategy to treat cannabis dependence in
humans (Schlosburg et al., 2009a).
3. Abuse Potential of FAAH and MAGL Inhibitors.

Although the findings presented in this review suggest
that modulating FAAH and MAGL activity might have
therapeutic potential, there is concern that FAAH,
MAGL, or dual FAAH/MAGL inhibitors might exhibit
abuse potential. FAAH inhibition did not produce
rewarding effects in rats as assessed by conditioned
place preference (URB597, 0.03-0.3 mg/kg i.p.) or THC-
like psychotropic effects as determined by the drug-
discrimination test (URB597, 0.1–3 mg/kg i.p.) (Gobbi
et al., 2005). Similarly, URB597 (0.3 mg/kg i.v.) did not
produce reinforcing effects in monkeys (Justinova
et al., 2008). A high dose of JZL184 (40 mg/kg i.p.)
produced partial generalization in the drug discrimi-
nation paradigm in mice, where it substituted for THC
;50% of the time (Long et al., 2009c). In contrast, the
dual FAAH/MAGL inhibitor JZL195 fully substituted
for THC, producing .80% THC-appropriate responses.
As the drug discrimination test serves as a model of
THC intoxication in the rodent (Balster and Prescott,
1992), these results suggest that dual MAGL/FAAH
blockers and perhaps high doses of MAGL inhibitors
might produce THC-like psychotropic effects and abuse
potential in humans.
Rimonabant-precipitated withdrawal has been used

to assess whether FAAH or MAGL inhibition produces
physical dependence. Mice treated chronically with
URB597 (2 doses of 10 mg/kg for 5.5 days) (Schlosburg
et al., 2009a) or PF-3845 (10 mg/kg i.p., 6 days)
(Schlosburg et al., 2010) did not display any withdrawal-
like symptoms when challenged with rimonabant. How-
ever, rimonabant did precipitate paw flutters in mice
treated chronically with a high dose of JZL184 (40 mg/kg
i.p., 6 days) (Schlosburg et al., 2010).
Although FAAH inhibitors have been found to lack

abuse potential in preclinical models, a missense poly-
morphism in human FAAH, P129T, has been linked to
problem drug use (Sipe et al., 2002) and obesity (Sipe
et al., 2005). FAAH expression and activity are reduced
in T-lymphocytes derived from patients homozygous
for the P129T mutation versus control lymphocytes

(Chiang et al., 2004). Although the factors that influence
vulnerability to drug addiction and dependence are
complex, these findings suggest that lifelong alterations
in FAAH in humans may enhance the addictive
properties of drugs or food in certain contexts.

V. Non-CB-Mediated Effects

Our discussion of pharmacological modulation of the
anandamide/FAAH and 2-AG/MAGL pathways has
focused on effects on endocannabinoid signaling. Im-
portantly, however, anandamide and 2-AG interact
with targets outside of the cannabinoid system, and
both FAAH and MAGL regulate nonendocannabinoid
metabolites in vivo. Chemical inhibition of FAAH and
MAGL can therefore exert CB1/2-independent effects,
which can be identified by their insensitivity to CB1/2
antagonists.

A. Additional FAAH-Regulated Metabolites

FAAH exhibits a broad substrate selectivity in vitro
and regulates multiple classes of bioactive fatty acid
amide species in vivo, including anandamide and its
NAE congeners andN-acyl taurines (Saghatelian et al.,
2004; Long et al., 2011). N-Acyl taurines are TRPV1
agonists in vitro (Saghatelian et al., 2006) and the
NAEs palmitoylethanolamide and oleoylethanolamide
have been found to display, among other effects, anti-
inflammatory and anorexic properties, respectively
(Hansen, 2010). Although many of the therapeutic
effects of FAAH blockade are reversed by CB1/2
antagonists and can therefore be attributed to en-
hanced endocannabinoid signaling, noncannabinoid
effects observed in FAAH-disrupted mice [e.g., anti-
inflammatory phenotypes (Cravatt et al., 2004; Sagar
et al., 2008)] might be due to elevations in additional
FAAH substrates or to anandamide activity at non-
CB1/2 targets, as discussed below.

B. Additional MAGL-Regulated Metabolites

In addition to elevating brain 2-AG, MAGL in-
hibition also stoichiometrically decreased brain arach-
idonic acid (AA) (Nomura et al., 2008a,b; Long et al.,
2009a). This result indicated that 2-AG is a major
source for AA in the brain and implicated MAGL as
a potential regulator of AA derivatives such as
prostaglandins. Subsequent studies confirmed that
MAGL controls basal and neuroinflammatory prosta-
glandin levels in the brain and demonstrated that
MAGL inactivation is neuroprotective in mouse models
of Parkinson’s (Nomura et al., 2011b) and Alzheimer’s
(Chen et al., 2012; Piro et al., 2012) diseases.

MAGL also influences energy metabolism by cata-
lyzing the final step of triglyceride metabolism.
Pharmacological (Long et al., 2009a,b) or genetic
(Chanda et al., 2010; Schlosburg et al., 2010; Taschler
et al., 2011) MAGL disruption elevated MAG levels in

Endocannabinoid Hydrolase Inhibitors 865



multiple peripheral tissues including adipose and liver.
MAGL(–/–) mice displayed partial protection from
high-fat diet-induced insulin resistance, although
whether these effects were due to impaired lipolysis
or CB1 downregulation is unclear (Taschler et al.,
2011).
In aggressive ovarian, breast, and melanoma cancer

cells, increased MAGL expression promoted pathogen-
esis by cleaving MAGs and liberating a free fatty acid
pool that was converted by other enzymes into onco-
genic lipid signals (Nomura et al., 2010). In these
cancer cell types, pharmacological or RNA-interference
disruption of MAGL impaired pathogenicity indepen-
dent of CB1/2 activation; however, in prostate cancer
cells, MAGL blockade impaired aggressiveness through
both endocannabinoid and fatty acid-dependent mech-
anisms (Nomura et al., 2011a).

C. Additional Endocannabinoid Targets

Anandamide and 2-AG interact with protein targets
outside of the endocannabinoid system. These targets
include receptors such as the TRPV1, the G protein-
coupled receptor 55, and peroxisome proliferator-
activated receptors (De Petrocellis and Di Marzo, 2010;
Pertwee et al., 2010), as well as oxidative cyclooxygenase
and lipoxygenase enzymes (Kozak and Marnett, 2002;
Woodward et al., 2008). FAAH and MAGL inhibitors
may elicit CB1/2-independent effects by increasing the
flux of endocannabinoids through these alternative
pathways, which, depending on the specific targets
involved, could potentiate or dampen CB receptor-
mediated effects.

VI. Conclusions, Clinical Implications, and
Future Directions

The generation of chemical probes that selectively
disrupt the endocannabinoid hydrolases FAAH and
MAGL in vivo is a vital first step to dissect the
different functional roles of anandamide and 2-AG
signaling and assess the potential therapeutic value of
endocannabinoid hydrolase inhibitors in human pa-
thologies. Mounting evidence supports the notion that
2-AG and anandamide have distinct functions in vivo
and point to ligand diversification as a major mecha-
nism by which the endocannabinoid system regulates
physiology and behavior.
Pharmacological inhibition of FAAH and MAGL has

demonstrated that heightened anandamide and 2-AG
produce discrete, but overlapping, subsets of cannabinoid-
mediated behaviors. For instance, although acute
elevation of brain 2-AG or anandamide produces
analgesic, anxiolytic, and antiemetic effects, only
increases in 2-AG elicit motility defects and hyper-
reflexia. Additionally, FAAH inhibitors have been
repeatedly shown to lack abuse potential or physical
dependence in preclinical models, whereas high doses

of the MAGL inhibitor JZL184 partially substitute for
THC and elicit a mild precipitated withdrawal pheno-
type in mice.

The mechanisms by which FAAH and/or MAGL
disruption induce distinct subsets of CB1-mediated
phenotypes remain unknown. One hypothesis is that
each endocannabinoid interacts with physically dis-
tinct receptor pools in separate cells and circuits—in
this model, the unique distribution of anandamide and
2-AG would be controlled by differential expression of
endocannabinoid metabolic and catabolic enzymes.
Another theory is that anandamide and 2-AG differ-
entially activate shared receptor pools, a concept
known as “biased agonism.” Regardless of their re-
spective signaling mechanisms, the fact that simulta-
neous elevation of anandamide and 2-AG by dual
FAAH/MAGL inhibition produces novel and synergis-
tic CB1-mediated effects compared with elevation of
either endocannabinoid alone strongly suggests that
these two pathways cross-talk in the nervous system to
regulate mammalian behavior.

Comparing the consequences of chronic FAAH or
MAGL inhibition revealed that sustained maximal
elevations in anandamide or 2-AG result in agonism or
functional antagonism of CB1, respectively. Again,
mechanistic explanations for why chronic elevations in
2-AG, but not anandamide, disrupt CB1 expression
and function are lacking. One hypothesis is that
anandamide and 2-AG may possess intrinsic differ-
ences in their ability to promote CB1 desensitization
and/or downregulation, which has been previously
demonstrated in Xenopus laevis oocytes, where anan-
damide was found to desensitize CB1 more slowly than
2-AG (Luk et al., 2004). In FAAH(–/–) mice, chronic
exogenous anandamide administration, despite induc-
ing full cannabimimetic behaviors, was found to cause
less behavioral tolerance and cellular adaptations than
chronic THC in these animals (Falenski et al., 2010).
Minimal propensity to desensitize CB1 may be critical
to the function of anandamide under physiologic con-
ditions. Anandamide was recently proposed to act in
the hippocampus as a tonic messenger at CB1 as a
mechanism to maintain its responsiveness to activity-
dependent 2-AG flux (Kim and Alger, 2010).

Future investigation into the effects of chronic, dual
inhibition of MAGL and FAAH could potentially be
informative here. Sustained elevations in both endo-
cannabinoids might induce equivalent or greater CB1
downregulation than 2-AG alone, suggesting that
endogenous 2-AG can uniquely disrupt CB1 function
or that CB1 desensitization/downregulation is another
example of a process regulated by endocannabinoid
cross-talk, respectively. Alternatively, chronic increases
in both endocannabinoids might induce less CB1 down-
regulation than elevations of 2-AG alone, which would
suggest that anandamide can act to “protect” CB1 from
2-AG-induced downregulation.
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That complete, systemic MAGL inhibition has been
shown to induce hypomotility and hyper-reflexia, carry
some abuse liability, and eventually disrupt the
integrity of the central endocannabinoid system could
suggest that FAAH inhibitors, which lack these
negative properties, may be more suitable as human
therapeutics. However, several studies have reported
that lower doses of JZL184 that partially inhibit brain
MAGL and cause submaximal elevations in brain 2-AG
(Long et al., 2009b) retain efficacy in rodent models of
pain (Busquets-Garcia et al., 2011; Ghosh et al., 2012),
anxiety (Busquets-Garcia et al., 2011; Kinsey et al.,
2011; Sciolino et al., 2011), emesis (Sticht et al., 2011),
and opioid withdrawal (Ramesh et al., 2011). Impor-
tantly, the antinociceptive and anxiolytic-like effects
elicited by a low dose of JZL184 (8 mg/kg i.p.) that
elevated brain 2-AG levels ;5-fold were maintained
following chronic administration (8 mg/kg per day for 6
days) without evidence of CB1 impairment (Busquets-
Garcia et al., 2011). Similarly, repeated administration
of a low dose of JZL184 (4 mg/kg per day for 6 days i.p.)
maintained efficacy in the carrageenan model of
inflammatory pain (Ghosh et al., 2012). Anxiolytic-
like effects were also preserved in rats treated chron-
ically with a low dose of JZL184 (8 mg/kg per day for 6
days i.p.) (Sciolino et al., 2011). Significantly, multiple
groups have reported doses of JZL184 that reduced
anxiety-like behavior in rodents without affecting
locomotor activity (Kinsey et al., 2011; Sciolino et al.,
2011), demonstrating that the anxiolytic and motility
effects of MAGL blockade can be pharmacologically
separated. These findings indicate that partial MAGL
inhibition may serve as a general strategy to dissociate
the therapeutic and undesirable effects of enhanced 2-
AG signaling.
The generation of selective chemical probes for the

endocannabinoid hydrolases FAAH and MAGL has
facilitated investigation into the function of endocan-
nabinoid signaling in mammalian biology and dissec-
tion of the unique activities regulated by anandamide
versus 2-AG in the nervous system. From a trans-
lational perspective, these same tools have demon-
strated the potential therapeutic value of FAAH and
MAGL inhibitors for a wide host of human pathologies.
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