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ABSTRACT: The present experiments employed in vivo
microdialysis to characterize the effects of commonly used
endocannabinoid clearance inhibitors on basal and depolariza-
tion-induced alterations in interstitial endocannabinoid levels in
the nucleus accumbens of rat brain. Compounds targeting the
putative endocannabinoid transporter and hydrolytic enzymes
(FAAH and MAGL) were compared. The transporter inhibitor
AM404 modestly enhanced depolarization-induced increases in
2-arachidonoyl glycerol (2-AG) levels but did not alter levels of
N-arachidonoyl-ethanolamide (anandamide, AEA). The trans-
port inhibitor UCM707 did not alter dialysate levels of either endocannabinoid. The FAAH inhibitors URB597 and PF-3845
robustly increased AEA levels during depolarization without altering 2-AG levels. The MAGL inhibitor URB602 significantly
enhanced depolarization-induced increases in 2-AG, but did not alter AEA levels. In contrast, the MAGL inhibitor JZL184 did
not alter 2-AG or AEA levels under any condition tested. Finally, the dual FAAH/MAGL inhibitor JZL195 significantly enhanced
depolarization-induced increases in both AEA and 2-AG levels. In contrast to the present observations in rats, prior work in mice
has demonstrated a robust JZL184-induced enhancement of depolarization-induced increases in dialysate 2-AG. Thus, to further
investigate species differences, additional tests with JZL184, PF-3845, and JZL195 were performed in mice. Consistent with prior
reports, JZL184 significantly enhanced depolarization-induced increases in 2-AG without altering AEA levels. PF-3845 and
JZL195 produced profiles in mouse dialysates comparable to those observed in rats. These findings confirm that interstitial
endocannabinoid levels in the brain can be selectively manipulated by endocannabinoid clearance inhibitors. While PF-3845 and
JZL195 produce similar effects in both rats and mice, substantial species differences in JZL184 efficacy are evident, which is
consistent with previous studies.
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The endocannabinoid (eCB) system is a relatively novel
neurotransmitter system that is important in the

regulation of a range of physiological and behavioral processes
such as pain sensation,1 inflammation,2 memory and learning,3

metabolism and energy homeostasis,4 executive functioning,5

stress and anxiety,6 and reward and motivational processes.7

The eCB system consists of at least two G-protein coupled
receptors, denoted CB1 and CB2 receptors, and several
endogenous ligands including N-arachidonoyl-ethanolamide
(anandamide, AEA) and 2-arachidonoyl glycerol (2-AG).8−11

AEA and 2-AG levels in the brain are strictly regulated by
synthesis and degradation. As opposed to classical neuro-
transmitters, eCBs are thought to be primarily synthesized “on
demand” following a rise in intracellular calcium and/or
activation of Gq/11-coupled receptors such as group I

metabotropic glutamate receptors.12−14 Because AEA and 2-
AG may each be generated via multiple synthetic pathways, the
development of biosynthetic inhibitors has been challenging
and at present no reasonably selective inhibitors are available.
Although some compounds such as tetrahydrolipstatin (THL)
can inhibit DAGLα activity and effectively reduce 2-AG
synthesis in cell culture systems,15 these compounds also
inhibit a number of other serine hydrolases16 and therefore do
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not exhibit sufficient selectivity for studies employing systemic
administration. Accordingly, it is presently not viable to
manipulate in vivo brain eCB levels through modulation of
biosynthetic mechanisms. After synthesis and release, eCB
signaling is terminated by reuptake into both neurons and glia
followed by intracellular hydrolysis. The existence of an active
transporter that facilitates reuptake of AEA and/or 2-AG from
the synaptic cleft continues to be vigorously debated (refs 17
and 18, but see ref 19). In contrast, the hydrolytic enzymes that
provide the primary clearance routes for AEA (fatty acid amide
hydrolase, FAAH) and 2-AG (monoacylglycerol lipase, MAGL)
have been cloned and are well characterized.20−23 The
development of pharmacological tools to manipulate eCB
levels through inhibition of eCB transport or FAAH/MAGL
activity has allowed initial elucidation of the distinctions and
similarities in the influence of AEA and 2-AG on various
behavioral and physiologicial functions.10,24−26

Characterization of the efficacy and pharmacologic profile of
eCB clearance inhibitors has primarily been performed using ex
vivo models, often combining data showing inhibitor-induced
changes in brain tissue eCB content with behavioral
observations.1,26−31 Relatively little in vivo data has been
gathered characterizing the temporal profile and magnitude of
eCB accumulation in the brain extracellular space following
clearance inhibition. The available in vivo data are generally
consistent with the pharmacologic profiles observed using ex
vivo models,29,32,33 though the relative magnitude of the
observed eCB changes often differs substantially between ex
vivo and in vivo approaches.29,34 This may result from several
factors that uniquely influence these distinct approaches for
brain eCB quantification (for review, see ref 34), and for this
reason there is value in gathering comparative data in each
experimental construct. In addition, the majority of studies
characterizing eCB clearance inhibitor effects have been
conducted in mice and it is possible that species differences
in compound efficacy exist.35

Therefore, our aim in the current experiments was to
characterize the effects of several commonly used eCB reuptake
and hydrolysis inhibitors on interstitial eCB levels using in vivo
brain microdialysis in rats. The experiments were conducted in
the nucleus accumbens (NAc), a brain region where we have
previously measured chemically induced changes in extrac-
ellular eCB levels.29,34,36−38 For comparative reference, addi-
tional experiments with selected FAAH, MAGL, and dual
FAAH/MAGL inhibitors were performed in mice. The intent
of these evaluations was to provide qualitative cross-species
comparison of inhibitor efficacy rather than quantitative
comparisons of dose efficacy.

■ RESULTS AND DISCUSSION
A variety of compounds with varying degrees of selectivity and
efficacy have been developed for the inhibition of eCB uptake
and/or hydrolysis. In general, compounds were selected for the
present study based on the number and variety of published
reports employing each inhibitor in an effort to provide a
behavioral and/or physiological context for the observed effects
on interstitial eCB levels. We examined the effects of systemic
administration of the putative eCB transporter inhibitors
UCM707 and AM404, the FAAH inhibitors URB597 and
PF-3845, the MAGL inhibitors URB602 and JZL184, and the
dual FAAH/MAGL inhibitor JZL195 on interstitial eCB levels
in the NAc of rats and mice using in vivo microdialysis. Because
eCB synthesis and/or release are dependent on neuronal

activation,39−41 we evaluated inhibitor effects on both
unperturbed baseline eCB levels and stimulated levels induced
by neuronal depolarization (produced by delivery of a high K+/
Ca2+ perfusate). The effects of this manipulation on dialysate
eCB content are blocked by coperfusion with the Na+ channel
blocker tetrodotoxin,29,33,34,39 confirming that high K+/Ca2+

perfusates increase dialysate eCB levels in an impulse-
dependent manner.
In total, nine groups of rats were used to test the in vivo

effects of eCB clearance inhibition. For each drug treatment
group, mean dialysate concentrations for AEA and 2-AG prior
to drug administration are depicted in Table 1. Statistical

analyses showed no significant differences between the different
treatment groups for either eCB (AEA: F8,47 = 1.95, NS; 2-AG:
F8,47 = 1.45, NS). Subsequently, all data were expressed as a
percentage of the average baseline concentration to facilitate
evaluation of drug treatment effects and depolarization.

Delivery of a High K+/Ca2+ Perfusate Does Not Induce
Substantial Changes in NAc Dialysate eCB Levels in
Vehicle-Treated Rats. Initial studies characterized the effects
of neuronal depolarization (probe perfusion with aCSF
containing a high concentration of KCl (90 mM) and CaCl2
(10 mM) for 45 min) on eCB release in the NAc of vehicle-
treated rats. As shown in Figure 1a, applying an ionic pulse did
not significantly affect dialysate eCB levels in vehicle-treated
rats (AEA: F14,70 = 0.92, NS; 2-AG: F14,70 = 1.04, NS). These
findings stand in contrast with previous rat microdialysis studies
that observed significant increases in dialysate eCB levels after
perfusion with similar ionic solutions.33,39 This distinction may
reflect regional differences in depolarization-induced stimula-
tion of eCB production as each of these experiments was
performed in different brain regions [NAc (present study),
dorsal striatum,39 and hypothalamus33]. However, a more likely
cause of these differential observations relates to procedural
issues. The prior studies employed microdialysis probes with
larger areas of active membrane along with much higher
perfusate flow rates, likely resulting in delivery of greater
amounts of K+ and Ca2+ than achieved in the present
experiment. In addition, factors related to the lipid nature of
eCBs may affect their sampling by microdialysis in a manner
that counters the efficacy of this method for indexing rapid
and/or small changes in eCB formation. For example, several
“chaperone” mechanisms have been theorized for eCB
transport through the aqueous synaptic space including
associations with exosomes and fatty acid binding proteins.
These putative eCB−chaperone complexes may be sufficiently
large so as to impede their diffusion across the dialysis

Table 1. Mean Baseline Nucleus Accumbens Dialysate
Concentrations (nM ± SEM) of AEA and 2-AG in Rats Per
Drug Treatment Group

drug treatment n AEA (nM) 2-AG (nM)

vehicle 6 3.34 ± 1.32 8.14 ± 1.55
UCM707 10 mg/kg 6 1.94 ± 0.35 7.80 ± 1.29
AM404 1 mg/kg 7 2.10 ± 0.14 9.44 ± 1.08
URB597 0.3 mg/kg 6 2.16 ± 0.37 11.02 ± 1.36
PF-3845 0.3 mg/kg 6 1.63 ± 0.25 7.78 ± 1.71
PF-3845 10 mg/kg 6 1.25 ± 0.19 10.51 ± 2.49
URB602 10 mg/kg 7 3.31 ± 1.38 7.05 ± 1.24
JZL184 10 mg/kg 6 0.73 ± 0.13 6.10 ± 0.67
JZL195 10 mg/kg 6 1.18 ± 0.29 8.21 ± 0.95
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membrane, thereby diminishing eCB sampling efficiency and
blunting the perceived magnitude of depolarization-induced
increases in interstitial eCB levels. The differential magnitude of
depolarization-induced increases dialysate eCB versus mono-
amine or acetylcholine levels (up to 160% of baseline versus
300−1000% of baseline, respectively; see ref 34 for discussion)
is consistent with this possibility. However, it is also possible
that dialysis measures of depolarization-induced increases in
eCB formation are countered by avid eCB clearance
mechanisms that effectively mask stimulation-induced increases
in eCB formation.
eCB Transporter Inhibitors Modestly Enhance Depo-

larization-Induced Increases in 2-AG without Affecting
AEA Levels in Rat NAc Dialysates. Cellular eCB uptake may
occur through various mechanisms, including simple rate-
limited diffusion across membranes, lipid raft-mediated
endocytosis and through a putative membrane transport-
er.18,42,43 Although the existence of an eCB transporter is still
vigorously debated,17,18 systemic administration of putative
eCB transporter-inhibitors such as AM404 and UCM707
increases AEA and to a lesser degree 2-AG levels in bulk brain
tissue40,44 and produces a variety of behavioral effects.30,31,45,46

The present data demonstrate that AM404 (1 mg/kg; Figure
1b) produces more robust effects on depolarization-induced
increases in dialysate eCB levels than does UCM707 (10 mg/
kg; Figure 1c). Specifically, in AM404-pretreated rats,
depolarization significantly increased dialysate levels of both
AEA and 2-AG (AEA: F18,108 = 2.16, p < 0.01; 2-AG: F18,108 =
4.14, p < 0.001), though post hoc analyses confirmed significant
enhancement of only 2-AG levels from between t = 45 and 150
min. Importantly, we have observed similarly selective AM404
effects on 2-AG versus AEA with higher inhibitor doses (3 mg/
kg; data not shown). In contrast, no significant effect of
depolarization was evident on AEA or 2-AG levels in UCM707-
pretreated rats (AEA: F14,70 = 1.67, NS; 2-AG: F14,70 = 1.49,
NS), and neither AM404 nor UCM707 significantly altered
dialysate eCB levels prior to depolarization. Thus, AM404 and
UCM707 doses that significantly enhance brain tissue eCB
content in post-mortem analyses40,44 produce nonsignificant
effects on baseline interstitial eCB levels, and AM404 (but not
UCM707) only modestly enhances depolarization-induced
increases in interstitial 2-AG content as indexed by in vivo
microdialysis. Similar conclusions are drawn from comparisons
of area under the curve (AUC) data for the UCM707 and
AM404 groups versus vehicle controls (Figure 6), as no
significant differences were found for either compound, despite
a trend toward AM404-related enhancement of depolarization-

induced increases in 2-AG (UCM707: AEA: t10 = −0.83, NS; 2-
AG: t10 = −0.90, NS; AM404: AEA: t11 = −0.04, NS; 2-AG: t11
= −1.50, p = 0.08).
The modest effects of these uptake inhibitors on dialysate

eCB levels are somewhat surprising in light of the robust effects
of these compounds on post-mortem brain tissue eCB content.
Although the modest changes in dialysate eCB content may
result in part from inefficient lipid recovery by microdialysis
(see discussion in prior section), far more pronounced changes
in in vivo dialysate eCB levels have been observed following
other manipulations including FAAH/MAGL inhibition (see
below and refs 29, 33, and 39) and other pharmacological
challenges,32,36 indicating that the subtle effects of AM404 and
UCM707 in the present studies do not result from a limited
“dynamic range” of microdialysis eCB sampling. It is possible
that more robust effects would be evident with higher doses of
each transporter inhibitor, though administration of a 3-fold
higher dose of AM404 has been found to produce comparable
effects as reported here (ref 32 and unpublished observations).
In addition to inhibiting the putative eCB transporter, AM404
and UCM707 also interact with various other targets including
TRPV1 and CB2 (for discussion, see ref 47). The influence of
these off-target actions on eCB biosynthesis and/or clearance is
not well characterized, though it is possible these interactions
influence the overall effects of these compounds on interstitial
eCB levels. Prior studies suggest that, by occluding the putative
eCB transporter AM404, UCM707 and related compounds
attenuate eCB release.48,49 While this action would be expected
to diminish interstitial eCB levels, no evidence of this effect was
found in the present or prior microdialysis experiments
evaluating the effects of eCB transport inhibitors.32 The
relatively greater effects of AM404 on 2-AG versus AEA is
surprising in light of evidence that this compound inhibits
FAAH activity (see ref 43 for discussion) and the function of a
recently described catalytically silent FAAH-1 variant that
facilitates AEA (but not 2-AG) translocation into cells in in
vitro assays.50 Because selective FAAH inhibition by URB597
and PF-3845 potently enhances dialysate AEA levels (see
below), the present observations suggest that at the tested dose
AM404 does not induce sufficient FAAH inhibition to influence
interstitial AEA levels. These findings are consistent with prior
microdialysis studies demonstrating that AM404 selectively
potentiates alcohol-induced increases in NAc 2-AG without
affecting alcohol-induced alterations in NAc AEA.32

FAAH Inhibition Selectively Potentiates Depolariza-
tion-Induced Increases in Dialysate AEA levels from Rat
NAc. FAAH has been identified as the enzyme primarily

Figure 1. Effects of eCB transporter inhibition on depolarization-induced increases in rat dialysate eCB levels. Effects of systemic administration of
vehicle (1 mL/kg; a) or the eCB transport inhibitors UCM707 (10 mg/kg; b) and AM404 (1 mg/kg; c) on extracellular AEA and 2-AG levels prior
to, during, and following application of an ionic pulse. Arrows indicate time of drug administration, while the shaded area from t = 0−45 min
indicates that time that the ionic pulse was locally applied to the tissue. Data depict mean ± SEM per time point. Per treatment group n = 6−7 rats
were included in the analyses. #p < 0.05 versus mean baseline 2-AG value.
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responsible for the hydrolytic clearance of AEA with minimal
effects on 2-AG clearance.10,20,21 Consistent with this, the
present data demonstrate that the selective FAAH inhibitors
URB597 (0.3 mg/kg; Figure 2a) and PF-3845 (0.3 mg/kg;
Figure 2b) specifically enhance depolarization-induced in-
creases in dialysate AEA but not 2-AG levels (URB597: AEA:
F14,70 = 7.17, p < 0.001; 2-AG: F14,70 = 0.61, NS; PF-3845: AEA:
F18,90 = 6.31, p < 0.001; 2-AG: F18,90 = 1.41, NS). Post hoc
analyses showed significant elevations in AEA levels relative to
baseline evident from t = 15 to 90 min and t = 15 to 150 min
for URB597 and PF-3845, respectively (preliminary findings
with URB597 are also found in ref 34). It is noteworthy that
while depolarization-induced increases in dialysate AEA were
sustained beyond the ionic pulse delivery in PF-3845 treated
rats, AEA levels declined back toward baseline following
cessation of the pulse in URB597 treated rats. It is possible this
reflects the shorter duration of FAAH inhibition exhibited by
URB597 versus PF-3845.28 AUC analyses (Figure 6) further
illustrate the selective effects of these compounds on AEA
versus 2-AG as both compounds significantly increased
dialysate AEA but not 2-AG levels relative to those observed
in vehicle-treated controls (URB597: AEA: t10 = −2.80, p <
0.01; 2-AG: t10 = 0.41, NS; PF-3845: AEA: t10 = −2.32, p <
0.05; 2-AG: t10 = −0.13, NS).
A 0.3 mg/kg dose was selected for initial tests, as this is the

most commonly employed URB597 dose for inducing
significant behavioral effects27,46,51−55 and robust enhancement
of brain tissue AEA content in rats.55 However, most in vivo
PF-3845 studies have been conducted in mice and have

typically employed a 10 mg/kg dose. Thus, for comparison with
this literature and subsequent microdialysis tests in mice (see
below), we also characterized the effects of a higher PF-3845
dose. As shown in Figure 2c, 10 mg/kg PF-3845 significantly
potentiated dialysate AEA levels without altering levels of 2-AG
in these same samples (PF-3845: AEA: F18,90 = 6.05, p < 0.001;
2-AG: F18,90 = 1.47, NS). Interestingly, this higher PF-3845
dose increased AEA levels even prior to the administration of
the ionic pulse (F8,40 = 8.22, p < 0.001, significant at t = −60 to
0 min) with significant increases observed from t = −60 to 0
min. Similar increases in nonstimulated AEA levels have been
observed in rat hypothalamic microdialysates following
administration of higher URB597 doses than employed in the
present study.33 While depolarization-induced increases in
dialysate AEA were somewhat greater in animals given 10 mg/
kg versus 0.3 mg/kg PF-3845, the subtlety of the dose
difference is in general agreement with the similar elevations in
bulk tissue AEA content produced by 1 versus 10 mg/kg PF-
3845.28 Collectively, these findings suggest that while
alterations in nonstimulated interstitial AEA levels require
relatively high FAAH inhibitor doses, the impact of FAAH
inhibition on accumulation of stimulated AEA production is
achieved at relatively low doses.

MAGL Inhibition Selectively Augments Depolariza-
tion-Induced Increases in Dialysate 2-AG Levels from
Rat NAc. Whereas FAAH is primarily responsible for the in
vivo hydrolysis of AEA, MAGL is the main enzyme hydrolyzing
2-AG in the brain.22,23 Here, we tested the effects of two
selective MAGL inhibitors, URB602 (10 mg/kg; Figure 3a) and

Figure 2. Effects of systemic administration of the FAAH inhibitors URB597 (0.3 mg/kg; a) and PF-3845 (0.3 and 10 mg/kg depicted in b and c,
respectively) on extracellular AEA and 2-AG levels prior to, during, and following application of an ionic pulse. Arrows indicate time of drug
administration, while the shaded area from t = 0 to 45 min indicates that time that the ionic pulse was locally applied to the tissue. Data depict mean
± SEM per time point. Per treatment group n = 6−7 rats were included in the analyses. *p < 0.05 versus mean baseline AEA values.

Figure 3. Effects of systemic administration of the MAGL inhibitors URB602 (10 mg/kg; a) and JZL184 (10 mg/kg; b) on extracellular AEA and 2-
AG levels prior to, during, and following application of an ionic pulse. Arrows indicate time of drug administration, while the shaded area from t = 0−
45 min indicates that time that the ionic pulse was locally applied to the tissue. Data depict mean ± SEM per time point. Per treatment group n = 6−
7 rats were included in the analyses. #p < 0.05 versus mean baseline 2-AG values.
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JZL184 (10 mg/kg; Figure 3b). Results demonstrate that only
the former compound affects eCB levels following application
of the ionic pulse. Overall analyses indicated that URB602
affected extracellular 2-AG levels (F14,84 = 5.23, p < 0.001), with
post hoc analyses showing significant enhancement (∼2-fold)
of 2-AG levels from baseline between t = 90 min and t = 150
min. These results are somewhat surprising given that URB602
is generally thought to be unsuited for systemic injection due to
low potency.56,57 Further, despite in vitro evidence that
URB602 is not selective for 2-AG versus AEA hydrolysis,58

no significant change in dialysate AEA levels from predrug
baseline were evident despite a significant overall effect of time
(F14,84 = 1.99, p < 0.05). Accordingly, our results are in line with
an initial report demonstrating URB602 selectivity for MAGL
versus FAAH.1 Interestingly, the observed magnitude of
URB602-induced enhancement of stimulated 2-AG levels in
rats is similar to that reported for the more potent MAGL
inhibitor JZL184 in mice.29 However, in contrast to these prior
observations in mice, JZL184 failed to alter dialysate 2-AG
levels in rats. While there was a significant overall effect of time
on dialysate 2-AG levels in JZ184-treated rats (AEA: F18,90 =
1.36, NS; 2-AG: F18,90 = 2.46, p < 0.01), post hoc analyses failed
to reveal any significant deviation from predrug baseline even
under depolarization conditions. The differential efficacies of
URB602 and JZL184 in rats are further underscored by
evaluation of AUC measures (Figure 6; URB602: AEA: t11 =
1.50, NS; 2-AG: t11 = −2.59, p < 0.05; JZL184: AEA: t10 = 1.04,
NS; 2-AG: t10 = 1.51, NS). The distinct effects of JZL184 in rats
(present study) and mice (ref 29 and text below) likely result
from the ∼10-fold lower activity of JZL184 against rat MAGL
as compared with mouse and human MAGL.35 Nonetheless,
recent studies have reported significant behavioral effects of
moderate JZL184 doses in rats (8−10 mg/kg59,60), though
these effects were observed in a different rat strain (Sprague−
Dawley) and with a different drug vehicle59 or administration
route60 than used here. Despite the diminished activity of
JZL184 on rat MAGL, in vitro estimates suggest this compound
should be a substantially more potent MAGL inhibitor than
URB602.35,58 Accordingly, it is possible that URB602-induced
potentiation of depolarization-induced increases in dialysate 2-
AG result from MAGL-independent effects of this compound.
Dual FAAH-/MAGL Inhibition Enhances Depolariza-

tion-Induced Increases in Levels of Both AEA and 2-AG
in Rat NAc Dialysates. Distinct behavioral and physiological
effects have been ascribed to AEA and 2-AG signaling, and
interactive effects of these eCBs on some aspects of behavior
have been reported.26 Recently, JZL195 has been characterized
as a dual inhibitor of FAAH and MAGL activity resulting in
robust elevations in brain tissue levels of both AEA and 2-AG.26

Consistently, JZL195 (10 mg/kg) induced similar effects on
interstitial AEA and 2-AG levels in the present study (Figure 4).
JZL195 significantly enhanced depolarization-induced increases
in dialysate levels of both AEA and 2-AG (AEA: F18,90 = 5.21, p
< 0.001; 2-AG: F18,90 = 3.82, p < 0.001) and post hoc analyses
indicated significant enhancement of AEA levels over baseline
from t = 60−150 min. The effects of JZL195 on dialysate 2-AG
were less pronounced, with significant elevations observed only
at t = 90−120 min and t = 150 min. Differential JZL195 efficacy
on AEA versus 2-AG was also reflected in the AUC data
(Figure 6) with significant inhibitor effects evident on AEA
levels but only a trend toward increased 2-AG levels relative to
vehicle-treated controls (AEA: t10 = −3.31, p < 0.01; 2-AG: t10
= −1.73, p = 0.06). Interestingly, JZL195 significantly increased

AEA (F8,40 = 2.55, p < 0.05, significant at t = 0 min) but not 2-
AG (F8,40 = 1.84, p = 0.10) levels prior to depolarization. This
differential efficacy of JZL195 to increase AEA versus 2-AG
levels in rats is not surprising considering that the chemical
structure of this dual-inhibitor is based on the active modalities
of PF-3845 and JZL184,26 with the latter compound being
ineffective in rats (Figure 3). For this reason, it is notable that
JZL195 produced more robust elevations in rat dialysate 2-AG
levels than JZL184.

Comparative Experiments in Mice Confirm Species
Differences in the Efficacy of JZL184. In light of the
negative effect of JZL184 on dialysate 2-AG in rats and lesser
effects of JZL195 on dialysate 2-AG versus AEA in rats, we
performed a series of comparative studies evaluating the effects
of JZL184 and JZL195 on AEA and 2-AG levels in
microdialysates collected from the NAc of mice. For a full
comparison, the effects of PF-3845 were also evaluated in mice.
The average baseline dialysate AEA and 2-AG concentrations
for each treatment group are shown in Table 2, and there were

no significant between group differences (AEA: F3,26 = 2.72,
NS; 2-AG: F3,26 = 0.72, NS). These experiments in mice
employed a slightly modified ionic pulse protocol (probe
perfusion with aCSF containing a high concentration of KCl
(150 mM) and CaCl2 (10 mM) for 90 min as performed
previously29,34). In contrast to our observations in rats, but
consistent with our prior observations in mice,29 we observed a
significant depolarization-induced increase in dialysate 2-AG
levels in vehicle-treated mice (Figure 5a; AEA: F18,90 = 1.82, p <
0.05; 2-AG: F18,90 = 2.84, p < 0.001). Post hoc analyses revealed
that dialysate 2-AG significantly differed from baseline at t = 60
min, while AEA levels did not differ from baseline at any point
despite indication of significant changes in repeated measures

Figure 4. Effects of systemic administration of the dual FAAH-/
MAGL inhibitor JZL195 (10 mg/kg) on extracellular AEA and 2-AG
levels prior to, during, and following application of an ionic pulse.
Arrows indicate time of drug administration, while the shaded area
from t = 0−45 min indicates that time that the ionic pulse was locally
applied to the tissue. Data depict mean ± SEM per time point. Per
treatment group n = 6−7 rats were included in the analyses. * and # p
< 0.05 versus mean baseline AEA and 2-AG values, respectively.

Table 2. Mean Baseline Nucleus Accumbens Dialysate
Concentrations (nM ± SEM) of AEA and 2-AG in Mice Per
Drug Treatment Group

drug treatment n AEA (nM) 2-AG (nM)

vehicle 6 0.62 ± 0.10 6.34 ± 1.52
PF-3845 10 mg/kg 8 0.55 ± 0.12 7.15 ± 1.37
JZL184 10 mg/kg 6 0.53 ± 0.07 4.86 ± 0.59
JZL195 20 mg/kg 10 0.36 ± 0.04 6.00 ± 0.91
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over time. It is likely that the significant effects of depolarization
in mice, but not rats, result from the more aggressive
depolarization conditions in mice (e.g., more prolonged
delivery of a perfusate containing somewhat higher K+ levels
than employed in rats) that were employed to compensate for
the lesser area of active dialysis membrane in these animals.
Similar to our observations in rats, PF-3845 (10 mg/kg)

induced robust effects on AEA release (Figure 5b; F18,126 = 4.60,
p < 0.001), which increased significantly following depolariza-
tion at t = 15−105 min as well as t = 135 and 150 min.
Depolarization also enhanced dialysate 2-AG levels in PF-3845-
treated mice (F18,126 = 2.57, p < 0.005), though the magnitude
of this effect was not greater than that observed in vehicle-
treated controls. A selective PF-3845-induced enhancement of
dialysate AEA levels was confirmed in AUC analyses that
demonstrate significant enhancement of dialysate AEA but not
2-AG levels as compared with vehicle-treated controls (Figure
6; AEA: t12 = −2.81, p < 0.01; 2-AG: t12 = −0.39, NS). Similar
to the observations in rats, PF-3845 also significantly increased
AEA levels prior to the delivery of the ionic pulse (F8,56 = 5.97,
p < 0.001, significant at t = −75−0 min) without altering
dialysate 2-AG.
In contrast to our observations in rats, but consistent with

our prior observations in mice,29,34 pretreatment with JZL184
(10 mg/kg) induced a significant enhancement of depolariza-
tion-induced increases in dialysate 2-AG levels (Figure 5c; F18,90
= 6.89, p < 0.001) with dialysate 2-AG levels returning toward
baseline following the ionic pulse. This postdepolarization
reduction in dialysate 2-AG is surprising given the long half-life
of JZL184-induced MAGL inhibition (>12 h; ref 29) and the
fact that similar postdepolarization reductions in dialysate 2-AG
were not evident in rats following URB602 pretreatment. It is
possible that the postdepolarization reduction in interstitial 2-
AG levels in JZL184-treated mice is mediated by 2-AG

clearance through ABHD6 and/or ABHD12,23 which hydrolyze
2-AG but are not robustly inhibited by JZL184 at the presently
employed dose.29 Regardless of mechanism, the present and
prior data29,34 suggest that while the effects of stimulated 2-AG
production on interstitial 2-AG levels are enhanced in JZL184-
treated mice, the persistence of increased interstitial 2-AG may
be more short-lived than predicted by measures of 2-AG
content in bulk tissue extracts.29,34 Although significant
fluctuations in AEA levels were also observed over time in
JZL184-treated mice (F18,90 = 2.27, p < 0.01), post hoc tests
failed to identify any significant changes in AEA levels from
baseline. Selective JZL184-induced effects on dialysate 2-AG
levels were confirmed by AUC analyses that demonstrated
significant enhancement of dialysate 2-AG but not AEA levels
as compared with those in vehicle-treated controls (Figure 6;
AEA: t10 = −1.14, NS; 2-AG: t10 = −3.84, p < 0.005). In
contrast to the effects of PF-3845 on nonstimulated levels of
AEA, there was no significant effect of JZL184 on baseline
dialysate 2-AG levels prior to depolarization either in the
present or prior studies.29

Finally, as expected based on the similar IC50 values of
JZL195 for inhibiting mouse FAAH and MAGL,26 admin-
istration of this dual FAAH/MAGL inhibitor (20 mg/kg)
significantly enhanced depolarization-induced increases in
dialysate levels of both AEA and 2-AG in mice (Figure 5d;
AEA: F18,162 = 4.72, p < 0.001; 2-AG: F18,162 = 3.10, p < 0.001).
AUC measures confirmed a significant enhancement of
dialysate AEA levels relative to vehicle-treated controls (Figure
6; t14 = −4.56, p < 0.001), and while augmentation of dialysate
2-AG was also evident this effect did not quite reach
significance (t14 = −1.42, p = 0.09). Interestingly, JZL195
significantly increased dialysate levels of both AEA and 2-AG
prior to neuronal depolarization (AEA: F8,72 = 3.26, p < 0.005,
significant at t = −45 min and t = 0 min; 2-AG: F8,72 = 4.02, p <

Figure 5. Effects of systemic administration of vehicle (0.1 mL/kg; a), the FAAH inhibitor PF-3845 (10 mg/kg; b), the MAGL inhibitor JZL184 (10
mg/kg; c), and the dual FAAH/MAGL inhibitor JZL195 (20 mg/kg; d) on extracellular AEA and 2-AG levels prior, during, and following
application of an ionic pulse. Arrows indicate time of drug administration, while the shaded area from t = 0 to 90 min indicates that time that the
ionic pulse was locally applied to the tissue. Data depict mean ± SEM per time point. Per treatment group n = 6−10 mice were included in the
analyses. * and # p < 0.05 versus mean baseline AEA and 2-AG values, respectively.
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0.001, significant at t = −30−0 min). Because the JZL195 dose
employed was somewhat higher than that for JZL184, this
observation suggests that, as with AEA, nonstimulated 2-AG
levels may be enhanced by sufficiently high MAGL inhibitor
doses. However, while statistically significant, this predepolari-
zation effect of JZL195 was modest in comparison to PF-3845-
induced increases in baseline AEA. More complete dose
evaluations will be required in future studies to elucidate
possible differences in the effect of hydrolytic clearance
inhibition on nonstimulated AEA and 2-AG in the brain
interstitial space.
While quantitative comparison of pharmacological efficacy

across species is not possible with the present data, our findings
are indicative of species-specific efficacy of JZL184 but not PF-
3845 or JZL195 for augmenting interstitial eCB levels in brain.
Given the frequent use of rats as an experimental model,
particularly for studying higher-order behaviors, the current
findings strongly advocate for the development of selective
MAGL inhibitors with similar efficacy across species.61,62

■ CONCLUDING REMARKS
The present results demonstrate that extracellular levels of AEA
and 2-AG can be independently manipulated using selective
FAAH and MAGL inhibitors, or in concert using a dual FAAH
and MAGL inhibitor. By comparison, inhibitors of the putative
eCB transporter produce only modest enhancement of
interstitial eCB levels in the rat NAc. In addition to uptake

through a membrane-associated transporter, eCB uptake may
occur via lipid raft-mediated endocytosis and simple diffusion
through membranes.18,42,43 Accordingly, the subtle effects
produced by the transporter inhibitors AM404 and UCM707
suggest that this route of cellular uptake does not exert
dominant control in the maintenance of interstitial eCB levels
under basal conditions or the presently employed conditions
for neuronal depolarization. In contrast, the relatively greater
effects produced by FAAH and MAGL inhibition underscore
the primary influence of these hydrolytic clearance routes for
AEA and 2-AG in the control of interstitial eCB levels in vivo. It
should be noted, however, that tests with more selective uptake
transporter inhibitors and thorough evaluations of dose-
dependency are necessary to confirm the relative influence of
these various clearance mechanisms in the in vivo regulation of
brain eCB levels.
The present results add to previous observations demon-

strating more robust effects of eCB clearance inhibition on
brain eCB levels indexed by post-mortem measures of brain
tissue lipid content versus in vivo microdialysis measures of
interstitial lipid levels.1,26,29,32−34,40,44,55 Several distinctions
between these eCB sampling techniques may contribute to
these dissimilar profiles, including but not limited to regional
sampling specificity, increased eCB production associated with
animal sacrifice and post-mortem tissue handling, and the
potential for multiple eCB pools in tissue.34 With particular
regard to regional specificity, it is worth noting that most
evaluations of eCB clearance inhibition on post-mortem brain
tissue eCB content have analyzed whole-brain extracts, while
the present data reflect specific effects in the nucleus
accumbens. While somewhat distinct effects of FAAH
inhibition on interstitial eCB levels are evident in samples
collected from the nucleus accumbens (present study), dorsal
striatum,39 and hypothalamus,33 parametric studies on regional
differences in the effects of eCB clearance inhibitors have not
been performed. Although caveats are associated with lipid
collection by brain microdialysis (for discussion, see ref 34) it is
likely this approach indexes signaling-relevant changes in eCB
levels in a manner that is temporally aligned with behavioral
and/or physiological challenges. Although differences in effect
magnitude exist between brain tissue extracts and microdialysis
eCB measures, both methods have demonstrated higher levels
of 2-AG versus AEA in various brain regions and both
approaches have been used to demonstrate the selective
influence of MAGL and FAAH activity on brain 2-AG and
AEA content, respectively. However, because of the large
number of factors influencing eCB measures made by both
approaches, conservatism is warranted when interpreting
quantitative eCB measures by either approach.
The limited cross-species comparison performed here

highlights possible species differences in the effects produced
by pharmacological agents targeting eCB clearance mechanisms
(e.g., JZL184). However, in view of reported significant
behavioral effects produced by JZL184 and eCB transport
inhibitors in rats,30,31,45,46,59,60 it may be argued that even
increases in brain 2-AG signaling that are not indexed by
microdialysis sampling are sufficient for inducing meaningful
alterations in behavior. Finally, the present findings suggest that
while eCB clearance inhibition potently augments the effects of
stimulated eCB production (e.g., neuronal depolarization or
other stimulus), unperturbed interstitial eCB levels are not
robustly altered by modest attenuation of clearance mecha-
nisms. Accordingly, the behavioral effects of moderate eCB

Figure 6. Comparison of the effects of eCB clearance inhibition on
depolarization-induced alterations in rat and mouse dialysate eCB
levels. Shown are the AUC data summarizing the effects of systemic
administration of various eCB clearance inhibitors on extracellular
AEA and 2-AG levels in rats (a) and mice (b) during and following
application of an ionic pulse (t = 0−150 min). Compounds evaluated
in both species included vehicle, PF-3845 (FAAH inhibitor; 0.3 mg/
kg), JZL184 (MAGL inhibitor; 10 mg/kg), and JZL195 (dual FAAH/
MAGL inhibitor; 10 and 20 mg/kg in rats and mice, respectively).
Additional compounds evaluated in rats only include URB597 (FAAH
inhibitor; 0.3 mg/kg), URB602 (MAGL inhibitor; 10 mg/kg), and the
eCB transporter inhibitors UCM707 (10 mg/kg) and AM404 (1 mg/
kg). Data depict mean ± SEM for each treatment (n = 6−10 each). *p
< 0.05 and **p < 0.005 versus data from vehicle-treated controls.
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clearance inhibition may be preferentially evident in limited
circumstances in which eCB production is stimulated. This may
allow eCB clearance inhibitors to facilitate region-specific
increases in brain eCB signaling as a result of distinct stimulus-
induced eCB production. Accordingly, as therapeutic agents
eCB clearance inhibitors may induce fewer unwanted
behavioral effects than exogenous CB1 receptor agonists that
induce widespread CB1 receptor activation.

■ METHODS
Subjects. Male Wistar rats (Charles River, Wilmington, MA)

weighing 250−300 g at the beginning of the experiment were housed
three/cage in the temperature (22 ± 2 °C) and humidity (60 ± 15%)
controlled vivarium on a 12 h light/dark cycle (lights off at 10am).
Male C57Bl/6J mice at 6−10 weeks old (TSRI colony, San Diego,
CA), weighing 20−30 g at the beginning of the experiment were
housed five per cage in the temperature (22 ± 2 °C) and humidity (60
± 15%) controlled vivarium on a 12 h light/dark cycle (lights off at
9am). All animals were given 1 week to acclimatize to the conditions
of the vivarium. Throughout the experiments, animals had ad libitum
access to food and water. All procedures were conducted in
accordance with the guidelines of the Institutional Animal Care and
Use Committee of The Scripps Research Institute.
Drugs. 4-Nitrophenyl-4-(dibenzo[d][1,3]dioxol-5-yl(hydroxy)-

methyl)piperidine-1-carboxylate (JZL184), 4-nitrophenyl-4-(3-
phenoxybenzyl)piperazine-1-carboxylate (JZL195), and N-(pyridin-3-
yl)-4(3-(5-(trifluoromethyl)pyridin-2-yloxy)benzyl)piperdine-1-car-
boxamide (PF-3845) were synthesized as previously described.26,28,29

N-(3-Furanylmethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide (UCM707),
N-(4-hydroxyphenyl)-arachidonoyl amide 4-HPA (AM404), (3′-
(aminocarbonyl)[1,1 ′ -biphenyl]-3-yl)-cyclohexylcarbamate
(URB597), [1,1′-biphenyl]-3-yl-carbamic acid, cyclohexyl ester
(URB602), as well as the chromatographic standards anandamide
(AEA), 1(3)-arachidonoylglycerol (1-AG), 2-arachidonoyl glycerol (2-
AG), and (S)-(+)-arachidonyl-2′-hydroxy-1′-propylamide (S-2 meth-
anandamide) were purchased from Cayman Chemical (Ann Arbor,
MI). All drugs were dissolved in vehicle (ethanol/emulphor/aline,
1:1:18). Drugs were freshly prepared on the test day and administered
intraperitoneally (i.p.) in a volume of 1 mL/kg for rats and 0.1 mL/kg
for mice. Drug doses were based on literature.26,28,31,46,55,57,59

Surgery. For rat studies, animals were anesthetized with 1.5−2.0%
isoflurane vapors and mounted on a stereotaxic apparatus for
implantation of a unilateral microdialysis guide cannula (14 mm,
MAB 6.14.IC, SciPro, Sanborn, NY) aimed at the nucleus accumbens
shell (NAc) using the following coordinates from bregma:63

anteroposterior (AP) + 1.60; mediolateral (ML) ± 0.8 mm; and
dorsoventral (DV) −5.70 mm. The guide cannula was secured using
skull screws and cranioplastic cement. Animals had at least 7 days to
recover after the surgery. At 12−15 h prior to the initiation of sample
collection (described below), animals were briefly anesthetized with
isoflurane. A microdialysis probe with 2 mm active length polyethyl
sulfone dialysis membrane and 15 kDa MW cutoff (MAB 6.14.2) was
inserted and secured to the previously implanted guide cannula.
For mice studies, as previously published,29 the animals were

anesthetized with 1.5−2.0% isoflurane vapors and mounted on a
stereotaxic apparatus for implantation of a unilateral microdialysis
probe (1 mm active membrane, 15 kDa MW cutoff MAB 6.14.1, also
see below). The probe was implanted 12−15 h before sample
collection and did not require the use of a guide cannula. The probe
was aimed at the NAc using the following coordinates from mouse
bregma:64 AP + 1.50; ML ± 0.8 mm; and DV −5.00 mm. The probe
was secured using skull screws and Den-Mat cement (Den-Mat, Santa
Maria, CA).
In Vivo Microdialysis. Experimental in vivo microdialysis was

performed as previously described.32,36 Briefly, following implantation,
the microdialysis probe was perfused overnight with freshly prepared
artificial CSF (aCSF) composed of 145 mM NaCl, 2.8 mM KCl, 1.2
mM MgCl2, 1.2 mM CaCl2, 5.4 mM D-glucose, 0.25 mM ascorbic acid
(pH 7.2 − 7.4) at a low flow rate (0.1 μL/min) to allow for the re-

equilibration of neurotransmitter levels. Animals were single housed
following implantation of the microdialysis probe for the remainder of
the experiment.

Two hours prior to baseline sampling, the aCSF solution was
replaced with an aCSF solution containing 30% (w/v) hydroxypropyl-
β-cyclodextrin, and the flow rate was increased to 0.6 μL/min. As
previously described,36 inclusion of hydroxypropyl-β-cyclodextrin
substantially increases the recovery of endocannabinoids (eCBs) by
microdialysis. Dialysis samples were collected every 15 min and stored
on dry ice during the experiment, and then at −70 °C until analysis for
eCB content using liquid chromatography coupled with mass
spectrometry. For all experiments, four samples were used as a
preinjection baseline. The rats and mice were then injected with a
specific drug or vehicle. For rats injected with vehicle, URB597,
URB602, and UCM707, postinjection baseline sample collection
continued for 1 h, whereas for vehicle-injected mice and rats as well as
mice injected with PF-3845, JZL184, JZL195, and AM404 sample
collection continued for 2 h. Following the postinjection baseline
sample collection period, the aCSF solution was switched to an ionic
pulse aCSF solution with a high concentration of KCl (90 mM) and
CaCl2 (10 mM). The ionic pulse aCSF solution was designed to mimic
depolarization conditions that are thought to stimulate endocannabi-
noid synthesis and/or release.33,39 For rats, after 45 min, the perfusate
was switched back to regular aCSF, and sample collection continued
for another 105 min (postpulse baseline). In mice, as previously
described,29,34 probes were instead perfused with an ionic pulse
solution (150 mM KCl and CaCl2 10 mM) for 90 min to compensate
for the smaller probe size. Consequently, in mice, after switching back
the perfusate to regular ACSF postpulse baseline sampling continued
only for 1 h.

Liquid Chromatography/Mass Spectrometry Analysis of
Dialysate Endocannabinoid Content. Sample analysis of AEA, 2-
AG, and 1-AG was performed as previously described32,36 using liquid
chromatography coupled with mass spectrometry. Briefly, 6 μL of
microdialysate was mixed with 6 μL of 50 mM S-2 methanandamide
internal standard and subsequently loaded onto a precolumn (1 × 10
mm, Haisil HL C18 5 μm, Higgins Analytical Inc., Mountain View,
CA). The loaded precolumn was washed for 4 min using 10% MeOH
(v/v) mobile phase delivered at 47 μL/min to remove hydrophilic
species and especially the hydroxypropyl-β-cyclodextrin from the
sample. Next, mobile phase flow through the precolumn was reversed
using a switch valve, and analytes were washed off the precolumn and
delivered to the analytical column (0.5 × 150 mm, Haisil HL C18 3
μm; Higgins Analytical Inc.) using an 80% MeOH (v/v) isocratic
mobile phase delivered at 9 μL/min. The analytical column was
connected to an 1100MSD mass spectrometer (Agilent Technologies,
Santa Clara, CA) that was run in positive selected ion monitoring
mode to enhance detection of low-abundance eCB, and hence, mass/
charge ratios used were as follows: AEA (370.3 (M + 1Na), 2-AG and
1-AG (401.3 (M + 1Na), and S-2 methanandamide (384.3 (M + 1Na).
Quantification was achieved using daily generated external calibration
curves constructed from three standard concentrations (each in
duplicate). Under these conditions, the limit of detection was ∼0.1 nM
for AEA and 2-AG.

Histology. After all the microdialysis samples were collected, the
animals were disconnected from the microdialysis perfusion system,
deeply anesthetized with CO2, and subsequently sacrificed. The brains
were then collected, frozen, and cut in 50 μm coronal sections to verify
probe placement. Only animals with correct cannula placement were
included in the analyses.

Statistics. All data were analyzed using NCSS2007 version 07.1.18
(NCSS, LLC., Kaysville, UT). Group differences in baseline dialysate
AEA and 2-AG concentrations were evaluated using one-way
ANOVAs with drug treatment as between-subjects factor. Sub-
sequently, per treatment dialysate AEA and 2-AG levels were
transformed to percentages of mean baseline dialysate concentration
(set at 100%) for evaluation of changes in dialysate eCB content
following drug injection as performed by ANOVA with repeated
measures over time. In case of significant overall effects, a Bonferroni
multiple comparison test was used for post hoc comparisons. In
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addition, AUC measures for AEA and 2-AG were calculated for each
animal by subtracting 100 from each percentage of baseline data point
and summing all data points collected from the onset of the ionic pulse
on (t = 0−150 min). AUC data was analyzed using Student’s t tests.
The level of probability for statistically significant effects was set at
0.05. All graphs were produced using GraphPad Prism version 5.02 for
Windows (GraphPad Software, San Diego).
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