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ABSTRACT

The signaling capacity of endogenous cannabinoids (“endo-
cannabinoids”) is tightly regulated by degradative enzymes.
This Perspective highlights a research article in this issue (p.
996) in which the authors show that genetic disruption of mono-
acylglycerol lipase (MAGL), the principal degradative enzyme
for the endocannabinoid 2-arachidonoylglycerol (2-AG), causes

marked elevations in 2-AG levels that lead to desensitization of
brain cannabinoid receptors. These findings highlight the cen-
tral role that MAGL plays in endocannabinoid metabolism in
vivo and reveal that excessive 2-AG signaling can lead to
functional antagonism of the brain cannabinoid system.

Introduction

The endogenous cannabinoid (endocannabinoid) system
modulates a wide range of physiological processes in mam-
mals, including pain and inflammation, feeding and energy
regulation, learning and memory, and emotionality (Fowler,
2006; Pacher et al., 2006). Components of this system include
the cannabinoid receptors CB; and CB,, the endocannabi-
noids N-arachidonylethanolamine (anandamide; AEA) and
2-arachidonylglycerol (2-AG), and the enzymes responsible
for endocannabinoid biosynthesis and degradation (Di Marzo
et al., 2007; Ahn et al., 2008). Although direct agonists for
cannabinoid receptors, such as A°-tetrahydrocannabinol, the
primary psychoactive constituent of Cannabis sativa, pro-
duce well known medicinal effects such as analgesia, they
also possess dependence liability and cause detrimental ef-
fects on fine motor control and cognition that limit their
broad therapeutic potential. Amplifying the actions of endo-
cannabinoids by inhibiting their enzymatic degradation has
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emerged as an alternative strategy to exploit the endocan-
nabinoid system for possible clinical benefit. Still, much re-
mains unknown about the pharmacological and behavioral
impact of disrupting endocannabinoid metabolism. Termina-
tion of endocannabinoid signaling is carried out primarily by
two hydrolytic enzymes in the nervous system, fatty acid
amide hydrolase (FAAH) (Cravatt et al., 1996), which de-
grades AEA, and monoacylglycerol lipase (MAGL) (Dinh et
al., 2002; Blankman et al., 2007), which breaks down 2-AG. A
considerable body of research has demonstrated that FAAH
inhibitors reduce pain in a wide range of acute, inflamma-
tory, and neuropathic pain models (Lichtman et al., 2004,
Chang et al., 2006; Russo et al., 2007). More recently, a
MAGL inhibitor has been demonstrated to reduce acute and
neuropathic pain (Kinsey et al., 2009; Long et al., 2009).

In this issue of Molecular Pharmacology, Chanda et al.
(2010) reveal that targeted disruption of the MAGL (or
MGLL) gene leads to severe disturbances in the ability of
mice to metabolize the endogenous cannabinoid 2-AG, result-
ing in dramatic increases of brain 2-AG and compensatory
dampening of CB; receptor function. Although short-term
pharmacological inhibition of MAGL produces antinocicep-
tion (Kinsey et al., 2009; Long et al., 2009), MAGL(—/—) mice
displayed normal pain responses in complete Freund’s adju-
vant, spinal nerve ligation, and acute thermal models of pain.

ABBREVIATIONS: AEA, N-arachidonylethanolamine (anandamide); 2-AG, 2-arachidonylglycerol; FAAH, fatty acid amide hydrolase; MAGL,
monoacylglycerol lipase; WIN55,212-2, (R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo-[1,2,3-d,e]-1,4-benzoxazin-6-yl]-1-naph-
thalenyl-methanone; JZL184, 4-nitrophenyl-4-(dibenzo[d][1,3]dioxol-5-yl(hydroxy)methyl)piperidine-1-carboxylate.
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Moreover, these mice did not show any apparent behavioral
alterations indicative of cannabinoid activity, such as hypo-
thermia, hypomotility, or catalepsy. Although (R)-(+)-[2,3-
dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo-[1,2,3-d,e]-
1,4-benzoxazin-6-yl]-1-naphthalenyl-methanone (WIN55,212-2),
a full CB; receptor agonist, produces analgesia, locomotor depres-
sion, catalepsy, and hypothermia in wild-type animals, its actions
were greatly curtailed in MAGL(—/—) mice. MAGL(—/—) mice also
exhibited a phenotypic decrease in body weight that bears a strik-
ing resemblance of the lean phenotype in CB;(—/—) mice or ani-
mals treated with a CB; receptor antagonist (Di Marzo et al.,
2001). Consistent with these results that indicate genetic deletion
of MAGL causes functional antagonism of CB; receptors,
MAGL(—/-) mice displayed significant decreases in the number of
CB; receptors and functional CB; receptor activity in brain com-
pared with wild-type mice.

Corroborating the provocative findings of Chanda et al.
(2010), we recently reported that MAGL(—/—) mice display
normal nociceptive responses to acute thermal stimuli, de-
creased sensitivity to the antinociceptive and hypothermic
effects of WIN55,212-2) and CB; receptor desensitization
(Schlosburg et al., 2010). These effects were phenocopied by
long-term treatment with the selective MAGL inhibitor 4-ni-
trophenyl-4-(dibenzold][1,3]dioxol-5-yl(hydroxy)methyl)pip-
eridine-1-carboxylate (JZ1.184), which also caused tolerance
to the antiallodynic effects of short-term MAGL inhibition,
cross-tolerance to the antiallodynic effects of FAAH inhibi-
tion, and profound deficits in endocannabinoid-mediated
short-term synaptic plasticity. In marked contrast to the
consequences of long-term elevation of 2-AG, the analgesic
effects of a FAAH inhibitor persisted after long-term admin-
istration, despite the fact that equi-effective analgesic doses
of JZL184 and the FAAH inhibitor were used. As has been
observed previously in FAAH(—/—) mice (Cravatt et al., 2001;
Lichtman et al., 2002), CB; receptor function remained nor-
mal after long-term pharmacological inhibition of FAAH
(Schlosburg et al., 2010).

Collectively, the studies by Chanda et al. (2010) and
Schlosburg et al. (2010) point to a model in which long-term
disruption of MAGL leads to heightened 2-AG levels that
cause tonic activation and eventual desensitization of the
brain CB; system (Fig. 1). As an interesting contrast, CB,
receptors in spleen remain unperturbed in MAGL(—/—) mice
(Chanda et al., 2010). The underlying mechanisms for the
differential down-regulation between CB; and CB, receptors
in MAGL(—/-) mice remain an open question. However, one
can speculate that a difference between brain and spleen

2-AG levels may be a driving force for the distinct adapta-
tions in the two cannabinoid receptors. Spleen 2-AG levels
are, for instance, elevated by “only” 2- to 3-fold in
MAGL(—/-) mice (in contrast to the >10-fold elevations in
brain 2-AG levels in these animals) (Chanda et al., 2010;
Schlosburg et al., 2010). Under this hypothesis, one might
expect that after long-term elevations of 2-AG, both CB; and
CB,, receptors would be down-regulated in the CNS, whereas
neither receptor would be altered in peripheral tissues. Al-
ternatively, CB; receptors may be more likely to undergo
internalization and down-regulation in response to 2-AG
than CB, receptors. Based on these differential effects, one
might expect that long-term administration of MAGL inhib-
itors would have minimal effects on CB, receptor-mediated
actions.

We have learned from the results of Chanda et al. (2010)
and Schlosburg et al. (2010) not only that MAGL is the
primary catabolic enzyme responsible for terminating 2-AG
function in the nervous system but also that maximal eleva-
tions in 2-AG signaling overload CB; receptor pathways,
leading to their down-regulation and dampened responses to
endogenous and exogenous cannabinoids. Do these results
negate the possibility of using MAGL inhibitors for chronic
pain conditions? Perhaps, but another consideration is that
partial MAGL blockade will retain analgesic efficacy without
resulting in CB; down-regulation. Other interesting ques-
tions include: why does disrupting FAAH activity lead to
robust analgesic effects that do not induce tolerance? Might
this reflect different modes of CB; receptor activation by AEA
and 2-AG? Finally, might certain neural circuits maintain an
intact CB; receptor system even in the presence of tonically
elevated 2-AG signaling, and, if so, what neurophysiological
processes will these circuits regulate? Answers to these ex-
citing questions are likely to keep endocannabinoid research-
ers busy for many years to come.
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