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A®-Tetrahydrocannabinol (THC), the psychoactive component of mar-
ijjuana, and other direct cannabinoid receptor (CB1) agonists produce
anumber of neurobehavioral effects in mammals that range from the
beneficial (analgesia) to the untoward (abuse potential). Why, how-
ever, this full spectrum of activities is not observed upon pharmaco-
logical inhibition or genetic deletion of either fatty acid amide
hydrolase (FAAH) or monoacylglycerol lipase (MAGL), enzymes that
regulate the two major endocannabinoids anandamide (AEA) and
2-arachidonoylglycerol (2-AG), respectively, has remained unclear.
Here, we describe a selective and efficacious dual FAAH/MAGL in-
hibitor, JZL195, and show that this agent exhibits broad activity in the
tetrad test for CB1 agonism, causing analgesia, hypomotilty, and
catalepsy. Comparison of JZL195 to specific FAAH and MAGL inhibi-
tors identified behavioral processes that were regulated by a single
endocannabinoid pathway (e.g., hypomotility by the 2-AG/MAGL
pathway) and, interestingly, those where disruption of both FAAH
and MAGL produced additive effects that were reversed by a CB1
antagonist. Falling into this latter category was drug discrimination
behavior, where dual FAAH/MAGL blockade, but not disruption of
either FAAH or MAGL alone, produced THC-like responses that were
reversed by a CB1 antagonist. These data indicate that AEA and 2-AG
signaling pathways interact to regulate specific behavioral processes
in vivo, including those relevant to drug abuse, thus providing a
potential mechanistic basis for the distinct pharmacological profiles of
direct CB1 agonists and inhibitors of individual endocannabinoid
degradative enzymes.

hydrolase | inhibitor | metabolism

-arachidonoyl ethanolamine (anandamide or AEA) (1) and

2-arachidonoylglycerol (2-AG) (2, 3) are lipid transmitters
that serve as endogenous ligands for the cannabinoid G-protein-
coupled receptors CB1 and CB2. These lipids and receptors,
along with the enzymes that biosynthesize and degrade AEA and
2-AG, form the endogenous cannabinoid (endocannabinoid)
system, which regulates a diverse number of physiological pro-
cesses in mammals, including pain, cognition, emotionality,
neurodegeneration, feeding, and inflammation (4).

CB1 and CB2 receptors are also activated by A%-tetrahydrocan-
nabinol (THC), the psychoactive component of marijuana (4).
Most of the neurobehavioral effects of THC and other direct
cannabinoid receptor agonists are mediated by the CB1 receptor (5,
6), likely reflecting its widespread and abundant expression in the
nervous system (7, 8). CB1 agonism produces medicinally useful
activities, such as analgesia, but also a number of undesirable side
effects, including locomotor and cognitive impairments, as well as
abuse liability. To date, it has proved difficult to uncouple these
beneficial and untoward properties, thus limiting the therapeutic
utility of direct CB1 agonists.

Inhibitors of AEA and 2-AG degradation offer a potentially
attractive alternative strategy to stimulate the endocannabinoid
system (9-12). Indeed, despite the structural similarity shared by
AEA and 2-AG, distinct enzymes inactivate these lipids and thus
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serve as key points of control over specific endocannabinoid
signaling events in vivo (13). Fatty acid amide hydrolase (FAAH)
is the major degradative enzyme for AEA (14-16). In contrast,
although several enzymes can hydrolyze 2-AG, this reaction ap-
pears to be primarily catalyzed by monoacylglycerol lipase (MAGL)
in the nervous system (17). The designation of FAAH and MAGL
as principal AEA and 2-AG degradative enzymes, respectively, is
supported by a combination of genetic and pharmacological stud-
ies. For instance, FAAH(—/—) mice or animals treated with
selective FAAH inhibitors possess >10-fold elevations in brain
levels of AEA and other N-acyl ethanolamines (18-20) but no
alterations in 2-AG (20-22). Conversely, mice treated with the
selective MAGL inhibitor JZL184 show 8- to 10-fold increases in
brain 2-AG levels without changes in AEA content (23, 24).

Pharmacological studies have revealed that selective FAAH and
MAGL inhibitors produce an intriguing subset of the behavioral
effects observed with direct CB1 agonists, including analgesia in
multiple acute and chronic pain models (23, 25-27). Inhibition of
MAGL, but not FAAH, also causes CB1-dependent hypomotility
(23). However, neither FAAH nor MAGL inhibitors induce the
cataleptic behavioral responses observed with direct CB1 agonists.
Moreover, FAAH inhibitors have proved inactive in models of drug
abuse, including drug discrimination assays (28). Collectively, these
findings indicate that selective blockade of FAAH or MAGL can
disassociate some of the beneficial and undesirable effects of CB1
activation.

Although the different pharmacological profiles of CB1 agonists
and endocannabinoid hydrolase inhibitors are potentially exciting
from a therapeutic perspective, they also present a frustrating
mechanistic conundrum. Simply put, why do selective FAAH and
MAGL inhibitors differ in their actions, and why do they produce
only a subset of the behavioral effects observed with direct CB1
agonists? One possibility is that AEA and 2-AG signaling pathways
interact in the nervous system to affect behavioral processes beyond
those regulated by either endocannabinoid alone. To test this idea,
we describe herein an inhibitor, JZIL195, that inactivates both
FAAH and MAGL with high efficacy and selectivity in vivo. Using
JZIL195, we discover behavioral processes in which elevations in
AEA and 2-AG combine to give additive effects. These behaviors
include catalepsy and THC-like drug discrimination responses,
indicating that some of the untoward effects of direct CB1 agonists
constitute points of crosstalk between endogenous AEA and 2-AG
signaling pathways.
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Fig. 1. Development of a dual FAAH and MAGL inhibitor, JZL195. (A) Structures of the FAAH-selective inhibitors PF-622 and PF-3845, the MAGL-selective
inhibitor JZL184, and dual FAAH-MAGL inhibitors. (B) Serine hydrolase activity profiles of brain membranes after incubation with dual FAAH-MAGL inhibitors
(1 uM) as determined by competitive ABPP using the serine hydrolase-directed probe fluorophosphonate-rhodamine (FP-Rh). (C) Concentration-dependent
effects of JZL195 on mouse brain membrane serine hydrolases. (D and E) Blockade of AEA (D) and 2-AG (E) hydrolysis activity for MAGL and FAAH, respectively,
recombinantly expressed in COS7 cells (black traces), or from mouse brain membranes (blue traces). For B-E, samples were treated with inhibitor for 30 min at
37 °C before addition of FP-Rh (1 uM) (B and C), 100 uM AEA (D), or 100 uM 2-AG (E). For D and E, data are presented as means + SEM of three independent

experiments.

Results

Development of JZL195, a Selective Dual Inhibitor of AEA and 2-AG
Hydrolysis. Previous attempts to characterize dual inhibition of
FAAH and MAGL have used fluorophosphonate reagents, such as
isopropyldodecylfluorophosphonate (IDFP) (29). However, inter-
preting the pharmacology of IDFP is difficult for several reasons.
First, IDFP inhibits many serine hydrolases, including not only
FAAH and MAGL but also the alternative 2-AG hydrolase
ABHDG6, hormone sensitive lipase (HSL), neuropathy target es-
terase (NTE), and the ether-lipid metabolic enzyme KIAA1363
(29). Second, IDFP displaces CB1 receptor agonist binding with an
ICsp of 2 nM and stimulates GTP binding at CB1 with an ICs of
3 uM (30). Third, mice acutely treated with IDFP die within 48 h
after treatment by a non-CB1 mechanism (29). Because of these
shortcomings, it has been difficult to evaluate the pharmacological
impact of concurrently elevating both 2-AG and AEA in vivo. With
this goal in mind, we sought to create a more selective dual
FAAH/MAGL inhibitor.

We designed dual FAAH/MAGL inhibitors based on an elec-
trophilic N-carbonyl piperidine/piperazine structural motif com-
mon to both the MAGL-selective inhibitor JZL184 (23, 24) and the
FA AH-selective inhibitors PF-622 (31) and PF-3845 (19) (Fig. 14).
We then performed iterative cycles of medicinal chemistry around
an N-substituted piperazine carbamate scaffold, using the serine
hydrolase-directed probe fluorophosphonate rhodamine (FP-Rh)
(32) in competitive activity-based protein profiling (ABPP) screens
(33) to concurrently optimize inhibitor potency and selectivity in
mouse brain proteomes. These competitive ABPP studies identified
neuropathy target esterase (NTE) as a common “off-target” for
many N-carbonyl piperidine carbamates [Fig. 1B and Supporting
Information (SI) Table S1]. Because NTE is required for mouse
viability (34) and is responsible for the delayed onset toxicity of
nerve agents (35), we sought to minimize the activity of dual
FAAH/MAGL inhibitors toward this additional brain enzyme. This

Long et al.

effort culminated in the generation of JZL195, an N-(3-
phenoxybenzyl) piperazine carbamate (Fig. 14 and Fig. S1), that
produced near-complete blockade of FP-Rh labeling of both mouse
brain FAAH and MAGL at concentrations as low as 100 nM (ICs
values of 13 and 19 nM, respectively; Fig. 1C and Fig. S2), while
showing only modest and incomplete inhibitory activity against
NTE (ICso > 5 uM, ~50% maximal inhibition; Fig. 1C, Fig. S2).
At higher concentrations, JZL195 inhibited ABHDG6 (Fig. 1C and
Fig. S2), but not any of the other brain serine hydrolases detected
in our competitive ABPP assays (Fig. 1C). We furthermore con-
firmed that JZL195 (100 uwM) does not inhibit mouse brain
acetylcholinesterase activity (Fig. S3). Substrate hydrolysis assays
using recombinant enzymes expressed in COS7 cells or brain
membrane preparations confirmed that JZL195 inhibited both
FAAH and MAGL with high potency, affording ICs, values of 2
and 4 nM, respectively (Fig. 1 D and E). At the highest concen-
trations tested, JZL195 blocked ~95% of the brain 2-AG hydrolysis
activity (Fig. 1E), which was a slightly greater effect than has been
observed with the MAGL-selective inhibitor JZIL.184, which
showed 85% maximal blockade of brain 2-AG hydrolysis activity
(23). This finding is consistent with previous work indicating that
ABHDG6 (and possibly FAAH) also contributes to total brain 2-AG
hydrolysis activity (17). JZL195 did not show appreciable binding to
either the CB1 or CB2 receptor (ICso values >20 uM) and did not
increase [*>S]GTP+S binding over basal at any concentration tested
(Fig. S4). Finally, JZL195 also inhibited rat and human FAAH and
MAGL enzymes with ICsy values in the range of ~10-100 nM
based on competitive ABPP assays (Fig. S2).

This initial characterization suggested that JZL195 was a potent
and selective inhibitor of MAGL and FAAH in brain proteomes,
with additional potential to block ABHD®6, an enzyme that has also
been shown to hydrolyze 2-AG (17). To test whether these features
of JZI1.195 were maintained in vivo, we treated mice with JZL195
(20 mgkg™!, ip., 2 h), killed them, and analyzed their brain
proteomes using a shotgun liquid chromatography-mass spectrom-
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Fig.2. JZL195 dose-responsively inhibits FAAH and MAGL in vivo and raises
brain AEA and 2-AG levels. (A and B) Serine hydrolase activity profiles (A) and
2-AG and AEA hydrolytic activities (B) of brain membranes prepared from mice
treated with JZL195 at the indicated doses (3-20 mg-kg~", i.p.) for 4 h. (Cand
D) Brain levels of AEA (C) and 2-AG (D) from mice treated with JZL195 at the
indicated doses (3-20 mg-kg~', i.p.) for 4 h. For Cand D, data from mice treated
with selective MAGL (JZL184, 40 mg-kg~', i.p.) and FAAH (PF-3845, 10 mg-kg~',
i.p.) inhibitors are also shown, respectively. For B-D, *, P < 0.05; **, P < 0.01;
*x% P < 0.001 for inhibitor-treated versus vehicle-treated animals. Data are
presented as means = SEM. n = 3-5 mice per group.

etry (LC-MS) platform, termed ABPP-MudPIT (36), that displays
enhanced resolution and sensitivity compared with gel-based
ABPP methods. ABPP-MudPIT confirmed that JZL195 caused
near-complete inhibition of MAGL, FAAH, and ABHDG6 but did
not inhibit any of the other ~40 serine hydrolases identified in the
mouse brain proteome (Fig. S5 and Table S2), including NTE,
which was also confirmed by gel-based ABPP (Fig. S6).

We observed time-dependent inhibition of MAGL and FAAH
by JZL195, consistent with a covalent mechanism of inactivation,
and therefore measured ko [I] ! values for JZ1195 against endo-
cannabinoid hydrolases in the mouse brain membrane proteome.
JZ1.195 showing slightly higher kops [I]~! values for FAAH (8000 =

A 0a 0”1 0P Tmen) B

500 M~1s71) and MAGL (5700 = 600 M~1s~!) compared to
ABHD6 (3600 = 500 M~'s™!), in good agreement with our
previously determined ICsy values (Fig. S2). This analysis also
revealed that the FAAH and MAGL inhibitory values exhibited by
JZI1.195 were similar to those of the selective inhibitors PF-3845 and
JZ1.184, respectively (Table S3).

JZL195 Inhibits Endocannabinoid Hydrolysis and Elevates 2-AG and
AEA Levels in Vivo. We next evaluated the hydrolysis rates and
endogenous levels of AEA and 2-AG in brains from mice treated
with varying doses of JZL195. Male C57BL/6 mice administered
JZ1.195 (3-20 mg'kg ™!, i.p., 4 h) showed dose-dependent reductions
in brain FAAH, MAGL, and ABHD®6 activities as judged by
gel-based ABPP (Fig. 24) that correlated with near-complete
inhibition of both AEA and 2-AG hydrolysis (Fig. 2B). These
effects were accompanied by dramatic elevations in brain levels of
AEA (Fig. 2C) and 2-AG (Fig. 2D) that approximated the increases
observed with selective FAAH (PF-3845, 10 mgkg™!, i.p.) or
MAGL (JZL184, 40 mg-kg ™!, i.p.) inhibitors. We observed a trend
of increased endocannabinoid levels at 20 mg-kg~! compared with
8 mg'kg~! JZL.195, which may reflect a more rapid rate of FAAH
and MAGL inhibition at the higher dose of JZL195, providing a
longer time period for endocannabinoid accumulation.

A time course analysis of mice given one administration of
JZ1.195 (20 mgkg™, i.p.) revealed that blockade of FAAH and
MAGL lasted at least 10 h as judged by gel-based ABPP or AEA
and 2-AG hydrolysis assays (Fig. 3. 4-C). Brain AEA (Fig. 3D) and
2-AG (Fig. 3E) levels were also sustained over this time course to
a degree that corresponded well with extent of FAAH and MAGL
inhibition. It has been previously shown that only partial (=15-
30%) recovery of these enzyme activities is required to fully restore
brain levels of their endocannabinoid substrates (23, 37). JZL195
treatment also decreased brain arachidonic acid to a level that was,
in stoichiometry, equivalent to the elevations in brain 2-AG (Fig.
3F). This result is consistent with previous findings indicating that
2-AG is a physiologic precursor for arachidonic acid in the brain
(23). Similar data were obtained after oral administration of
JZ1.195 (Fig. S7), indicating that this compound can be adminis-
tered by multiple routes to inactivate both FAAH and MAGL in
vivo. Importantly, unlike animals treated with the general hydrolase
inhibitor IDFP, which die within 2 days after a single administration
(29), mice could be chronically treated with JZL195 for several days
(once per day for 6 days) without any lethality or overt signs of
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Fig. 3. Time course analysis of inhibitory activity of JZL195 in vivo. (A-C) Serine hydrolase activity profiles (A) and AEA (B) and 2-AG (C) hydrolytic activities of
brain membranes prepared from mice treated with JZL195 (20 mg-kg ', i.p.) for the indicated times. (D—F) Brain levels of AEA (D), 2-AG (E), and arachidonic acid
(F) from mice treated with JZL195 (20 mg-kg~", i.p.) for the indicated times. For B-F, *, P < 0.05; **, P < 0.01, ***, P < 0.001 for inhibitor-treated versus
vehicle-treated control animals. Data are presented as means = SEM. n = 3-5 mice per group.
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tinociceptive effect in this assay. Average baseline latency was 0.56 + 0.04 s
and did not differ among treatment groups. (B) JZL195, or JZL184 + PF-3845,
but not PF-3845 or JZL184 alone, produces robust catalepsy in the bar test. (C)
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FAAH/MAGL inhibitor effects were blocked by pretreatment with the CB1
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vehicle-JZL195, vehicle-JZL184, or JZL184/PF-3845 versus rimonabant-JZL195,
rimonabant-JZL184, or rimonabant-JZL184-PF 3845-treated respectively.
Data are presented as means = SEM. n = 6-14 mice per group.

toxicity. Together, these data indicate that JZL195 is a highly
efficacious polypharmacology tool to simultaneously augment
brain levels of AEA and 2-AG in vivo.

Behavioral Effects of JZL195—Evidence for Endocannabinoid Crosstalk
in Vivo. To assess whether concurrent elevations in AEA and 2-AG
produced CB1-dependent behavioral effects, we screened JZL195-
treated mice in the “tetrad test” for cannabinoid behavior, consist-
ing of assays for antinociception, catalepsy, hypomotility, and
hypothermia (38). For these studies, we also treated groups of mice
with the specific FAAH and MAGL inhibitors PF-3845 (10
mgkg™!, i.p.) and JZL184 (40 mgkg™!, i.p.), respectively. As has
been reported previously (20, 23, 26), mice treated with selective
FAAH or MAGL inhibitors showed a small, but significant an-
tinociceptive response in the tail-immersion assay of thermal pain
sensation (Fig. 44). Interestingly, JZL.195 (20 mgkg™!, i.p.) pro-
duced a much greater antinociceptive response in this assay com-
pared with inhibitors of either FAAH or MAGL alone (Fig. 44).
A similar profile was observed in the acetic acid writhing test of
visceral pain sensation, where JZL195 produced a more pro-
nounced antinociceptive effect than either JZL.184 or PF-3845 (Fig.
S8). In the bar test, JZL195-treated animals displayed marked
catalepsy, whereas neither PF-3845 nor JZ1.184 were active in this
assay (Fig. 4B). We also observed hyperreflexia for several of the
JZ1.184- and JZL195-treated animals when assayed on the bar test
(Table S4). This behavior, which has been described as “popcorn-
ing” and has been observed for direct CB1 agonists (39), is
exemplified by a reluctance to grasp the bar and accompanied
instead by biting at the bar, urination, and/or extreme jumping
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Fig.5. Comparison of the behavioral effects of single versus dual inhibitors
of FAAH and MAGL in a THC-appropriate drug discrimination assay. (A) JZL195
(40 mg-kg~', i.p.) produces THC-appropriate nose pokes at a magnitude
similar to THC (5.6 mg-kg ', s.c.), which is reversed by rimonabant (3 mg-kg~',
i.p.). (B) JZL184 (40 mg-kg~', i.p.) also shows full substitution for THC in
FAAH(—/—) mice, but only incomplete (partial) substitution in FAAH(+/+)
mice. For both A and B, an 80% cut-off was used to assign THC-appropriate
responses. *, P< 0.05; ***, P < 0.001 for vehicle-vehicle versus vehicle-JZL195
or vehicle-JZL184 treated mice; #,P < 0.05; ###,P < 0.001; for vehicle-JZL195
or vehicle-JZL184 versus rimonabant-JZL195 or rimonabant-JZL184 treated
mice, respectively. Data are presented as means += SEM. n = 6-14 mice per
group.

(Movie S1). Both JZL195 and JZ1.184, but not PF-3845, also caused
hypomotility in an open field test (Fig. 4C), suggesting that this
phenotype, like hyperreflexia, is primarily driven by the 2-AG/
MAGL pathway. In contrast, none of the inhibitors produced
hypothermic effects (Fig. 4D). Finally, all of the behavioral effects
observed with JZL195 were completely blocked by pretreatment
with the CB1 antagonist rimonabant (3 mgkg™!, i.p.) (Fig. 4 4-D).

The marked CB1-dependent antinociception and catalepsy ob-
served in JZL195-treated animals suggested that dual inhibition of
FAAH and MAGL coordinately stimulates AEA and 2-AG sig-
naling pathways in vivo to regulate specific behavioral processes. To
fortify this premise and test whether inhibition of ABHD6 also
contributes to these effects, we evaluated two additional cohorts of
mice in the tetrad test: (/) mice treated with both PF-3845 and
JZ1.184, and (if) FAAH(—/—) mice treated with JZ1.184. Both of
these groups of dual FAAH/MAGL-inhibited animals showed the
same pattern of behavioral responses in the tetrad test that was
observed for JZL195-treated animals (Fig. 4 A-D and Fig. S9). As
neither PF-3845 nor JZL184 show substantial activity against
ABHDG6 (19, 23), we conclude that selective blockade of both
FAAH and MAGL is sufficient to produces additive endocannabi-
noid activity in pain and catalepsy assays.

Dual Inhibition of MAGL and FAAH Produces THC-Like Effects in Drug
Discrimination. The outcome of our pharmacological studies in
the tetrad test suggested that dual inhibition of FAAH and
MAGL more closely mimics the effects of direct CB1 agonists
compared to selective blockade of either enzyme alone. To
directly address whether animals perceive dual FAAH/MAGL
inhibition as similar to direct CB1 agonism, we used a drug
discrimination paradigm. Drug discrimination serves as an an-
imal model for marijuana intoxication, and drugs that substitute
for THC in this assay are predicted to have marijuana-like
subjective effects in humans (40). In this model, mice are trained
to distinguish between THC (5.6 mgkg™!, s.c.) and vehicle
treatment by administration of the appropriate drug to animals
upon inserting their snout for food reward into a THC- or
vehicle-associated nose poke aperture. After a training period of
34 weeks (representing 170 trials), mice were given a single dose
of vehicle, THC (5.6 mgkg™1, i.p.), or JZL195 (40 mg-kg~!, i.p.)
and were asked to discriminate the drugs as THC- or vehicle-like
over a time period of 15 min. Vehicle- and THC-treated animals
responded appropriately by inserting their snout into the nose
poke associated with vehicle or THC administration, respec-
tively, for food reward (Fig. 54). Remarkably, mice treated with
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JZ1.195 showed THC-appropriate responses >80% of the time,
and this behavioral pattern was completely blocked by pretreat-
ment with rimonabant (3 mg-kg ™!, i.p.) (Fig. 54). A similar level
of THC-appropriate responding was observed for FAAH(—/—)
mice treated with JZL184 (Fig. 5B). In contrast, neither
FAAH(—/—) mice nor JZL184-treated FAAH(+/+) mice
showed strong THC-appropriate responding, although the latter
animals showed partial generalization to THC (Fig. 5B), possibly
reflecting a larger contribution of the MAGL/2-AG pathway to
this behavior. These data, along with previous studies using
selective FAAH inhibitors (28, 41), indicate that blockade of
individual endocannabinoid degradation pathways is insufficient
to promote full THC-like discriminative stimulus effects. In
contrast, dual blockade of both FAAH and MAGL mimicked
treatment with a direct CB1 agonist, providing evidence that
AEA and 2-AG pathways can crosstalk in vivo to promote the
discriminative stimulus effects of an illicit drug.

Discussion

Neurotransmitter systems commonly show diversity in their recep-
tor composition (42). For instance, acetylcholine, glutamate,
GABA, and monoamines each activate multiple GPCRs and
ligand-gated ion channels. Beyond obvious differences in signaling
mechanism (e.g., metabotropic versus ionotropic), these receptors
also show distinct cellular and subcellular distributions throughout
the brain that contribute to their unique roles in neurophysiology
and behavior. Pharmacological dissection of the specific functions
of such neurotransmitter systems has been achieved in large part
through the development of subtype selective receptor agonists and
antagonists. The endocannabinoid system presents a strikingly
different case, in which multiple ligands (AEA, 2-AG) interact with
a single, abundantly expressed receptor (CB1) throughout the
nervous system. As such, the physiologic regulation and functions
of specific endocannabinoid pathways in the brain is dictated in
large part by the respective enzymes that control AEA and 2-AG
metabolism.

The recent advent of selective and efficacious inhibitors for each
of the two major endocannabinoid degradative enzymes, FAAH
and MAGL, has facilitated the functional investigation of AEA and
2-AG signaling pathways, respectively. Despite these advances, our
understanding of the unique, and possibly overlapping activities
performed by AEA and 2-AG in vivo remains quite limited. Here,
we have introduced a complementary “polypharmacology” probe,
the dual FAAH/MAGL inhibitor JZL195, for studying simulta-
neous elevations in both AEA and 2-AG signaling in vivo. Using
functional proteomic methods, we show that JZL195 displays high
selectivity for FAAH and MAGL in the nervous system, inhibiting
only a single additional serine hydrolase target, the alternative
2-AG hydrolase ABHD6. Mice treated with JZIL.195 show dramatic
and sustained inhibition of brain FAAH and MAGL that corre-
lated with ~10-fold elevations in endogenous AEA and 2-AG
levels. These effects on the AEA/FAAH and 2-AG/MAGL systems
were similar in magnitude and duration to those observed with
selective inhibitors of each individual endocannabinoid pathway
(PF-3845 and JZL184, respectively). We could thus directly com-
pare the behavioral effects of single versus dual augmentation of
AEA and 2-AG signaling pathways.

Our in vivo pharmacology studies have provided compelling
insights into the roles that each endocannabinoid pathway plays in
specific behavioral processes. Certain behaviors, such as hypomo-
tility and hyperreflexia, were similarly affected by JZL184 and
JZ1.195 and were not affected by PF-3845, indicating that they are
exclusively modulated by the 2-AG/MAGL pathway. Conversely,
antinociception was observed in mice treated with either JZL.184 or
PF-3845, and this effect was dramatically enhanced in mice treated
with JZL195 (or mice treated with both JZL.184 and PF-3845). This
finding is consistent with previous literature indicating that both
AEA and 2-AG can independently regulate pain sensation (19, 20,
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23, 26), and suggests further that their individual activities are
profoundly augmented upon simultaneous blockade of their re-
spective degradative enzymes. An even more striking effect of dual
FAAH/MAGL inhibition was observed in the catalepsy test, in
which neither JZ1L.184 nor PF-3845 had an effect, but JZL195 (and
JZ1.184 + PF-3845) showed robust activity. The cataleptic effect
produced by dual blockade of FAAH and MAGL was intriguing in
that it differed qualitatively from the catalepsy caused by direct CB1
agonists. Unlike mice treated with direct CB1 agonists, which
typically show a flattened posture, awkward gait, and profound
immobility in their home cage environment (Movie S2), dual
FAAH/MAGL-disrupted mice exhibited a normal, hunched pos-
ture and periodic bouts of movement (without noticeable alter-
ations in gait) in their home cages (Movie S3). However, once
placed on the bar apparatus, these mice adopted a CB1 agonist-like
cataleptic response, as judged by complete immobility on the bar
that was occasionally accompanied by one raised hind limb (Movie
S3). These data suggest that dual FAAH/MAGL inhibition pro-
duces a “context-dependent” cataleptic response that results in
treated animals failing to remove themselves after placement in an
awkward position. More generally, the heightened responses of dual
FA AH/MAGL-inhibited animals in both pain and catalepsy assays
point to specific behavioral processes that are regulated by endo-
cannabinoid crosstalk in vivo.

Having uncovered evidence of CB1-dependent interactions be-
tween AEA and 2-AG pathways in multiple components of the
tetrad test, we wondered whether such endocannabinoid crosstalk
might also influence processes related to drug abuse. We examined
this possibility using a drug discrimination paradigm (43), where
mice were first trained to distinguish between the CB1 agonist THC
and vehicle and then administered individual or dual inhibitors of
FAAH and MAGL to determine whether these inhibitors produce
“marijuana-like” effects. Dual FAAH/MAGL blockade, but not
selective FAAH or MAGL inhibition, was found to cause profound
THC-like discriminative stimulus effects that were reversed by the
CB1 antagonist rimonabant. Thus, as was observed for pain and
catalepsy, AEA and 2-AG pathways interact in a drug discrimina-
tion paradigm to produce effects more similar to THC than
elevation of either endocannabinoid alone. Future work is required
to determine whether endocannabinoid crosstalk will also influence
drug discrimination in higher mammals (e.g., primates); however, it
seems appropriate to briefly speculate here on some of the potential
basic and translational research implications of our findings. First,
our findings suggest that endocannabinoid crosstalk may play a role
in drug dependence and addiction, which points to the possible
clinical liabilities of dual inhibitors of FAAH and MAGL. Con-
versely, these data provide a mechanistic basis for understanding
the lack of abuse potential observed to date with selective FAAH
inhibitors. Unlike direct CB1 agonists, FAAH inhibitors have not
exhibited activity in models of drug abuse (28) and, on the contrary,
have even shown beneficial effects in reducing THC-precipitated
withdrawal (44) and the reinforcing effects of nicotine in rats (45),
although FAAH blockade has been shown to worsen nicotine
withdrawal in mice (46). We hypothesize that the limited abuse
potential of selective FAAH inhibitors compared to direct CB1
agonists may reflect a requirement for dual stimulation of AEA and
2-AG pathways to produce the subjective effects of marijuana.
Finally, we should also mention that endocannabinoids can interact
with protein targets outside of the classical cannabinoid system, for
example, TRPV1 (41), and these interactions may also be affected
by selective or dual inhibitors of MAGL and FAAH.

In summary, we have shown that the dual FAAH/MAGL
inhibitor JZL195 serves as a powerful pharmacological probe to
evaluate the behavioral impact of simultaneous elevations in the
two principal endocannabinoids AEA and 2-AG. That several
instances of enhanced activity were found for JZL.195 compared to
selective FAAH or MAGL inhibitors argues that AEA and 2-AG
signaling pathways engage in extensive interactions in the mamma-
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lian nervous system. Whether these interactions occur intrasynap-
tically (i.e., co-signaling at the same CB1 receptors), intersynapti-
cally (i.e., via crosstalk between distinct AEA- and 2-AG-regulated
neuronal circuits), or by a combination of both mechanisms,
remains unknown. Regardless of the precise mode of endocannabi-
noid crosstalk, our data illuminate a provocative and unusual
feature of this neurotransmitter system, where ligand (rather than
receptor) diversification is exploited to regulate specific mamma-
lian behaviors.

Materials and Methods

Chemical Synthesis of JZL195. See S/ Methods for details on the synthesis of
JZL195 and related compounds.

Competitive ABPP Experiments. Inhibitor selectivity using mouse or rat mem-
brane proteomes was examined using a competitive ABPP method as de-
scribed previously (33). See SI Methods for details.

Enzyme Activity Assays. MAGL and FAAH substrate hydrolysis assays were
performed using previously described LC-MS assays (17). See S/ Methods for
details.

In Vitro studies with Inhibitors. Standard assays were performed by preincu-
bating protein samples with JZL195 for 30 min at 37 °C before the addition of
substrate or ABPP probe. Concentration-dependent inhibition curves were
obtained from substrate assays or integrated gel band intensities (ImageJ) and
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were fit using Prism software (GraphPad) to obtain effector concentration for
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previously described procedure (23). See SI Methods for details.
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administered to mice as described previously (24). See S/ Methods for details.

Measurement of Brain Lipids. Brain lipid measurements were determined using
a previously described procedure (24). See S/ Methods for details.
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MudPIT studies were performed following previously described methods (36).
See S/ Methods for details.

Behavioral Studies. Mice were evaluated in the tetrad test for cannabinoid
effects and in drug discrimination assays as detailed in the S/ Methods. Animal
experiments were conducted in accordance with the guidelines of the Insti-
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