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BACKGROUND AND PURPOSE

The endocannabinoid 2-arachidonoylglycerol (2-AG) is degraded primarily by monoacylglycerol lipase (MGL). We compared
peripheral antinociceptive effects of JZL184, a novel irreversible MGL inhibitor, with the reversible MGL-preferring inhibitor
URB602 and exogenous 2-AG in rats.

EXPERIMENTAL APPROACH

Nociception in the formalin test was assessed in groups receiving dorsal paw injections of vehicle, JZL184 (0.001-300 ng),
URB602 (0.001-600 pg), 2-AG (EDso), 2-AG + JZL184 (at their EDsp), 2-AG + URB602 (at their EDso), AM251 (80 ng), AM251
+JZL184 (10 pg), AM630 (25 nug) or AM630 + JZL184 (10 ug). Effects of MGL inhibitors on endocannabinoid accumulation
and on activities of endocannabinoid-metabolizing enzymes were assessed.

KEY RESULTS

Intra-paw administration of JZL184, URB602 and 2-AG suppressed early and late phases of formalin pain. |ZL184 and URB602
acted through a common mechanism. JZL184 (EDso, Phase 1: 0.06 = 0.028; Phase 2: 0.03 = 0.011 ug) produced greater
antinociception than URB602 (EDso Phase 1: 120 = 51.3; Phase 2: 66 + 23.9 ug) or 2-AG. Both MGL inhibitors produced
additive antinociceptive effects when combined with 2-AG. Antinociceptive effects of JZL184, like those of URB602, were
blocked by cannabinoid receptor 1 (CB;) and cannabinoid receptor 2 (CB,) antagonists. JZL184 suppressed MGL but not
fatty-acid amide hydrolase or N-arachidonoyl-phosphatidylethanolamine phospholipase D activities ex vivo. URB602 increased
hind paw 2-AG without altering anandamide levels.

CONCLUSIONS AND IMPLICATIONS
MGL inhibitors suppressed formalin-induced pain through peripheral CB; and CB; receptor mechanisms. MGL inhibition increased
paw skin 2-AG accumulation to mediate these effects. MGL represents a target for the treatment of inflammatory pain.

LINKED ARTICLES

This article is part of a themed issue on Cannabinoids in Biology and Medicine. To view the other articles in this issue visit
http://dx.doi.org/10.1111/bph.2011.163.issue-7

Abbreviations

A°-THC, A’-tetrahydrocannabinol; 2-AG, 2-arachidonoyl glycerol; AA-5-HT, N-arachidonoyl 5-HT; AEA, anandamide;
AUC, area under the curve; CB, cannabinoid; CNS, central nervous system; CPS-WSTy;,, composite pain score-weighted
scores technique; DMSO, dimethylsulfoxide; FAAH, fatty-acid amide hydrolase; LC/MS, liquid chromatography-mass
spectrometry; m/z, mass-to-charge ratio; MGL, monoacylglycerol lipase; NAPE-PLD, N-arachidonoyl-
phosphatidylethanolamine phospholipase D; PEG 300, polyethylene glycol 300
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Peripheral antinociceptive effects of MGL inhibitors

Introduction

The endocannabinoid system represents an emerging target
for pharmacotherapies aimed at alleviating pathological pain.
Endocannabinoids are endogenous lipid-signalling molecules
that mimic the pharmacological actions of the principal psy-
choactive component of marijuana, A’-tetrahydrocannabinol
(A°-THC) (Gaoni and Mechoulam, 1964). The two best-
studied endocannabinoids are arachidonoylethanolamide
(AEA; anandamide) (Devane et al., 1992) and 2-arachidonoyl
glycerol (2-AG) (Mechoulam et al., 1995). Endocannabinoids
are produced in the cell membrane from phospholipid pre-
cursors and possess cannabimimetic properties because they
bind to and activate cannabinoid receptor 1 (CB;) (Devane
etal., 1988) and/or cannabinoid receptor 2 (CB,) (Munro
et al., 1993) subtypes (receptor nomenclature follows Alex-
ander et al., 2009). AEA is an agonist with a fourfold selectiv-
ity for CB; (Ki = 89 nM) over CB, (K; = 371 nM) receptors
(Pertwee et al., 1995). 2-AG is an agonist with a threefold
selectivity for CB; (Ki = 472 nM) over CB, (K; = 1400 nM)
receptors (Mechoulam et al., 1995). The existence of addi-
tional endocannabinoids (Di Marzo, 2006) as well as cannab-
inoid receptor subtypes (Begg et al., 2005; Kreitzer and Stella,
2009) is also supported. AEA is mainly hydrolysed by the
enzyme fatty-acid amide hydrolase (FAAH) (Cravatt efal.,
1996), whereas 2-AG is mainly, although not exclusively,
hydrolysed by the enzyme monoacylglycerol lipase (MGL)
(Goparaju et al., 1999; Wang and Ueda, 2009).

Peripheral antinociceptive actions of cannabinoids have
been demonstrated in many animal models of persistent pain
(see Guindon and Hohmann, 2009). Peripheral mechanisms
of analgesic action offer the potential to separate the thera-
peutic effects of cannabinoids from the unwanted CNS side
effects. Local administration of exogenous AEA in the paw
reduces pain behaviour produced by formalin injection
(Calignano et al., 1998; Russo et al., 2007). However, one limi-
tation of studies evaluating antinociceptive effects of exog-
enous endocannabinoids is their failure to demonstrate that
their endogenously derived counterparts produce similar
effects under physiologically relevant doses and conditions.
The development of pharmacological agents that inhibit the
enzymatic degradation of endocannabinoids (i.e. through
inhibition of FAAH or MGL) provides means for increasing
endocannabinoid levels at sites where they are mobilized and
degraded under physiological conditions. This strategy offers
the potential to improve current understanding of the func-
tional roles of endogenous AEA and 2-AG in modulating pain
under different physiological and pathological conditions.

Suppressing the enzymatic degradation of AEA or 2-AG
reduces pain behaviour in inflammatory pain models (see
Jhaveri et al., 2007; Guindon and Hohmann, 2009). Antinoci-
ception produced by pharmacological inhibitors of FAAH,
including URB937, URB597, PF-3845, N-arachidonoyl 5-HT
(AA-5-HT) and ibuprofen (see Guindon and Hohmann,
2009), in models of inflammatory pain are well characterized
(Maione et al., 2007; Jhaveri et al., 2008; Ahn et al., 2009;
Clapper et al., 2010; Costa et al., 2010). Fewer studies have
evaluated the effect of inhibiting the degradation of 2-AG
(Hohmann et al., 2005; Guindon et al., 2007a; Bisogno et al.,
2009; Long et al., 2009a), possibly due to the relative lack of
selective pharmacological tools. A first generation of MGL
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Figure 1

Chemical structures of the monoacylglycerol lipase inhibitors
URB602 and JZL184, the endocannabinoid 2-arachidonoyl glycerol
(2-AG), the CB; receptor antagonist AM251 and the CB, receptor
antagonist AM630.

inhibitors included the reversible N-biphenyl carbamate
URB602 (Hohmann et al., 2005) (Figure 1). Following site-
specific injection in the brain, this MGL-preferring inhibitor
elevated 2-AG accumulation, without altering levels of
AEA, under conditions that were biochemically validated
(Hohmann et al., 2005). However, URB602 cannot be used
systemically as a selective MGL inhibitor and can suppress
FAAH in vitro (Hohmann et al., 2005 in peri-aqueductal gray;
King et al., 2007 in intact brain slices; but see Saario et al.
2005 and Vandevoorde et al., 2007). More recently, a new
generation of MGL inhibitors have been described that
includes OMDM169 (Bisogno et al., 2009) and JZL184 (Long
etal., 2009a). JZL184 is a piperidine carbamate and an irre-
versible MGL inhibitor that suppresses formalin-induced pain
behaviour following systemic administration in mice (Long
et al., 2009a) (Figure 1). URB602 and JZL184 have recently
been examined for peripheral antinociceptive effects in rats
(Guindon et al., 2007a; Spradley et al., 2010).

However, it remains unclear whether the effects of
URB602 or JZ1.184 in these latter studies can be attributed
solely to inhibition of MGL. Consequently, the role of 2-AG in
controlling peripheral nociception remains poorly under-
stood. The present study was designed to evaluate the role of
MGL inhibition in regulating peripheral antinociception
in rats. First, structurally distinct compounds (JZL184 and
URB602) were used to investigate the peripheral antinocicep-
tive effects of MGL inhibition in an animal model of tonic
pain, the formalin test. Second, we confirmed that JZL184 and
URB602, administered to the dorsal hind paw surface, acted
through alocal site of action. Third, we examined whether the
combination of JZ1.184 or URB602, at their EDs, doses, with
exogenous 2-AG would produce an additive antinociceptive
effect. Fourth, we examined the receptor mechanism by
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which JZL184 produces peripheral antinociceptive effects,
using selective antagonists for cannabinoid CB; (AM251)
and CB, (AM630) receptors. Fifth, we measured the impact
of intra-paw injection of the irreversible MGL inhibitor
JZ1L184 on the activity of enzymes implicated in hydro-
lysis (MGL, FAAH) and synthesis [N-arachidonoyl-
phosphatidylethanolamine phospholipase D (NAPE-PLD)] of
endocannabinoids in paw skin. Finally, we measured levels of
AEA and 2-AG in hind paw skin of rats that received JZL184
and URB602 prior to formalin administration. Our studies
suggest that pharmacological inhibitors of MGL produce
peripheral antinociception through MGL inhibition-induced
increases in 2-AG accumulation, and subsequent activation of
CB, and CB; receptors. These studies further validate JZL184
and URB602 as research tools for studying antinociceptive
effects produced by inhibition of 2-AG hydrolysis in rats.

Methods

Animals

All animal care and experimental protocols were approved by
the University of Georgia Animal Care and Use Committee,
and followed the guidelines for the treatment of animals
conformed to the International Association for the Study of
Pain (Zimmermann, 1983). Three hundred and seven adult
male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA)
weighing 275-350 g, at the time of testing, were used in these
experiments. Animals were housed two per cage in standard
plastic cages with sawdust bedding in a climate-controlled
room, under a 12 h light/dark cycle. The rats received free
access to standard rodent chow and water.

Formalin test

The formalin test is a well-established model of persistent
pain characterized by a transient, biphasic pattern of pain
behaviour. The early phase is characterized by acute activa-
tion of C and A$ fibres. The late phase involves an inflam-
matory reaction in peripheral tissue (Tjolsen et al., 1992), the
development of CNS sensitization (Coderre and Melzack,
1992) and additionally involves activation of primary affer-
ent nociceptors (Puig and Sorkin, 1996). Rats were acclima-
tized to the testing environment (clear Plexiglass box
20 x 40 x 20 cm) for 15 min or until cessation of exploratory
behaviour. Rats were injected subcutaneously in the dorsal
surface of the right hind paw (i.paw) with either JZL184
(0.001, 0.01, 0.03, 0.1, 1, 3, 10, 30, 100 or 300 ug), URB602
(0.001, 0.1, 1, 10, 30, 66, 100, 300 or 600 ug), 2-AG (1 pug),
AM251 (80 pg) or AM630 (25 pg). Drug or vehicle was admin-
istered, in a 50 uL volume, 15 min before a dorsal paw injec-
tion of 2.5% formalin (50 uL), delivered to the same site.
Following each injection, the rat was immediately placed
back in the observation chamber. Nociceptive behaviour was
observed with the help of a mirror angled at 45° below the
observation chamber. Observation of the animal’s behaviour
was performed in consecutive 5-min periods for 60 min, fol-
lowing formalin administration. In each 5-min bin, the total
time the animal spent in three different behavioural catego-
ries was recorded: (0) the injected paw has little or no weight
placed on it; (1) the injected paw is raised; (2) the injected
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paw is licked, shaken or bitten. Nociceptive behaviour was
quantified using the composite pain score-weighted scores
technique (CPS-WSTy:,) (Watson et al., 1997), where each
pain behaviour is weighted by the amount of time spent in
each category (0,1,2). The area under the curve (AUC), which
corresponds to CPS-WST,;, x time (min), was calculated for
the acute phase (0-15 min; Phase 1) and the inflammatory
phase (15-60 min; Phase 2) using the trapezoidal rule.

Protocol

All experiments were conducted in a randomized manner
and without knowledge of the treatments by the same experi-
menter. In a first study, the dose-response curves for JZL184
and URB602 were determined using the AUC of Phase 1 or
Phase 2 pain behaviour. In a second study, the antinocicep-
tive effects of JZL184 (300 pg) and URB602 (600 pg) were
evaluated following injection in the paw, ipsilateral or con-
tralateral to formalin, to exclude the possibility that systemic
leakage contributed to the pattern of results obtained. In a
third study, antinociceptive effects of EDs, doses of JZL184
(0.03 pgi.paw) or URB602 (66 pgi.paw), in combination with
2-AG [EDs, dose of 1 ug i.paw (Guindon et al., 2007a)], were
quantified to evaluate the presence of additive or synergic
effects of these drugs. In a fourth study, antinociceptive
effects of JZL184 (at 10 ug i.paw, an analgesic dose) were
studied in the presence or absence of either AM251 or AM630
to determine whether these effects were mediated through
CB; and/or CB, receptors. The CB; receptor antagonist
AM251 exhibits 306-fold selectivity for CB; over CB, recep-
tors (Gatley et al., 1996), whereas the CB, receptor antagonist
AM630 exhibits 70-165-fold selectivity for CB, over CB,
receptors (Pertwee et al., 1995; Ross ef al., 1999). The doses
employed (AM251 at 80 pg i.paw and AM630 at 25 ug i.paw)
were those which blocked peripheral antinociceptive effects
of URB602 in Wistar rats (Guindon et al., 2007a). For the first
study (n = 4-6 per group for URB602 and n = 6-8 per group for
JZ1.184) and for all the other behavioural studies (n = 6 per
group), drugs, administered either alone or in combination,
were dissolved in the same total volume (50 pL) and injected
into the right hind paw. Preliminary experiments (n = 8 per
group; data not shown) confirmed that formalin-induced
pain behaviour did not change following intra-paw adminis-
tration of either vehicle [polyethylene glycol 300 (PEG 300):
Tween 80 in a 4:1 ratio or dimethylsulfoxide (DMSO):
ethanol: cremophor: 0.9% saline in a 1:1:1:17 ratio were all
purchased from Fisher (Pittsburgh, PA, USA)].

Peripheral oedema

At the end of the formalin test, maximal paw thickness was
measured at the base of the right hind paw using a digital
micrometer (Mitutoyo Corporation, Aurora, IL, USA) with a
resolution of 0.001 mm (Petricevic etal., 1978; Guindon
etal., 2007a).

Sample generation for biochemical studies

Formalin-injected rats receiving either JZL184 (100 ug,
n = 10), URB602 (300ug, n = 10) or their respective
vehicles [4:1 of PEG 300: Tween 80, n=6 and 1:1:1:17 DMSO:
ethanol: cremophor: normal saline (0.9% NaCl in water),
n = 6, respectively] were killed at the peak of Phase 1 (5 min
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post-formalin) or Phase 2 (35 min post-formalin) pain behav-
iour. Paw skin was dissected from the entire dorsal paw
surface (excluding the toes) (Figure 91) and used for evalua-
tion of endocannabinoid content. Different groups of rats
receiving these same drug treatments were killed at the peak
of Phase 2 pain behaviour. The irreversible MGL inhibitor
JZ1L184 was used to determine whether enzyme activity
(MGL, FAAH and NAPE-PLD) was suppressed ex vivo in the
entire dorsal paw skin surface (excluding the toes). The
reversible MGL inhibitor URB602 was used to determine
whether regional differences in endocannabinoid accumula-
tion could be unmasked when tissue was further dissected
into distal, middle and proximal zones of paw skin
(Figure 10G). Paw skin was fast frozen in isopentane, pre-
cooled on dry ice. The frozen sample was subsequently dis-
sected into distal, middle and proximal zones of skin on dry
ice. Dissection was performed on an inverted glass Petri dish
filled with dry ice, surrounded by a container of dry ice. The
paw skin was cut in three pieces (distal, middle and proximal;
see Figure 10G) of similar length. Each segment was weighed
separately and then further dissected into two or three
smaller pieces to facilitate homogenization. All pieces from
the same zone were homogenized together. The tissue
remained frozen until it was placed in cold methanol con-
taining the standards. The weight range for these samples
were as follows: 78.60 = 7.78 mg (proximal), 122.46 =
11.43 mg (middle) and 75.33 = 9.08 mg (distal) for vehicle-
treated groups and 73.0 * 8.44 mg (proximal), 103.15 =
5.70 mg (middle), 68.56 *= 6.16 mg (distal) for URB602-
treated groups respectively. Distal, middle and proximal skin
segments were dissected into zones of qualitatively similar
lengths. Thus, it is probable that differences in the degree of
skin inflammation within each zone contributed to observed
differences in tissue weights between the zones. The middle
zone of skin weighed more than the distal or proximal zones,
consistent with a greater inflammatory response in the skin
corresponding to the centre of the injection site. All samples
exceeded 50 mg and, consequently, limitations in assay sen-
sitivity associated with proximity to detection thresholds or
small pieces of tissue could not contribute to the pattern of
results obtained.

Drugs were dissolved in the same total volume (50 pL) of
their respective vehicles and injected into the right hind paw
for evaluation of enzyme activity (n = 4-9 per group) and
endocannabinoid content (n = 5-10 per group).

Lipid extraction

Dissected frozen paw tissues were weighed and homogenized
in methanol (1 mL/100 mg of tissue) containing [*Hs]-2-AG
and [*H,]-AEA (prepared as described previously in Fu et al.,
2007; Schwartz et al., 2008) as internal standards. Lipids were
extracted using two volumes of chloroform and washed with
one volume of water. The organic extract obtained after cen-
trifugation at 2400x g for 15 min at 4°C was fractionated by
open-bed silica gel column chromatography, as described
(Cadas et al., 1997). Briefly, the extract was dissolved in 2 mL
of chloroform and loaded onto small glass columns packed
with Silica Gel G (60-A 230-400 Mesh ASTM; Whatman,
Clifton, NJ, USA). 2-AG and AEA were eluted with 2 mL of
chloroform/methanol (9:1, v/v). The lipids were collected

and dried under nitrogen, and the lipid pellet was reconsti-
tuted in 60 uL of methanol.

Liquid chromatography/mass spectrometry
(LC/MS)

Tissue levels of 2-AG and AEA were quantified by LC/MS
(Giuffrida et al., 2000; Fu et al., 2007; Schwartz et al., 2008).
An 1100-LC system coupled with a 1946A-MS detector
(Agilent Technologies, Inc., Palo Alto, CA, USA) equipped
with an electrospray ionization interface was used. 2-AG and
AEA were eluted on a XDB Eclipse C18 column (50 x 4.6 mm
inner diameter, 1.8 um, Zorbax, Agilent Technologies, Inc.)
using a linear gradient of methanol in water (from 85% to
90% methanol in 2.5 min), at a flow rate of 1 mL-min™.
Column temperature was kept at 40°C. MS detection was in
the positive ionization mode, capillary voltage was set at
3000V and fragmentor voltage varied from 120 to 140 V.
Nitrogen was used as drying gas at a flow rate of 13 L-min™
and a temperature of 350°C. Nebulizer pressure was set at
60 psig. For quantification purposes, we monitored, in the
selective ion-monitoring mode, the Na* adducts ([M + Na']) of
[*Hg]-2-AG (mass-to-charge ratio, m/z, 409), 2-AG (m/z, 401),
[?H4]-AEA (m/z, 374) and AEA (m/z, 370).

MGL activity

Tissues were homogenized in ice-cold Tris-HCI (50 mM, pH
7.5, 10 vol) containing 0.32 M sucrose. Homogenates were
centrifuged at 1000x g for 10 min. Supernatants were incu-
bated at 37°C for 30 min in Tris-HCI buffer (50 mM, pH 8,
0.5 mL) containing fatty acid-free bovine serum albumin
(0.05%), protein (50 ug) and 2-mono-oleoyl glycerol, rac
[*H-glycerol] (10 000 dpm, specific activity 20-40 Ci-mmol™).
The reactions were stopped by adding chloroform/methanol
(2/1, v/v, 1 mL). Radioactivity was measured in the aqueous
layers by liquid scintillation counting.

FAAH activity

Tissues were homogenized in ice-cold Tris-HCI (50 mM, pH
7.5, 10 vol) containing 0.32 M sucrose. Homogenates were
centrifuged at 1000x g for 10 min, and the supernatants were
kept. Reactions were conducted at 37°C for 30 min in Tris-
HCI buffer (50 mM, pH 7.5, 0.5 mL) containing fatty acid-
free bovine serum albumin (0.05%), protein (50 pg) and
[*H-ethanolamine]anandamide (10 000 dpm, specific activity
20 Ci-mmol™). After stopping the reactions with chloroform/
methanol (2/1, v/v, 1 mL), radioactivity was measured in the
aqueous layers by liquid scintillation counting.

NAPE-PLD activity

Tissues were homogenized in ice-cold Tris-HCI (50 mM, pH
7.4, 10vol) containing 0.32M sucrose. Homogenates
were centrifuged at 1000x g for 10 min. NAPE-PLD
activity was measured at 37°C for 30 min in Tris-HCI buffer
(50 mM, pH 7.4, 0.2mL) containing 0.1% Triton X-100,
phenylmethylsulphonylfluoride (1 mM), protein (100 ug)
and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
heptadecenoyl (100 uM) as substrate. The reactions
were stopped by adding chloroform/methanol (2/1, v/v)
containing  [*Hi]-heptadecenoylethanolamide as inter-
nal standard. After centrifugation at 1500x g at 4°C
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for 15min, the organic layers were collected and
dried under nitrogen. The pellets were suspended in
50 uL of methanol and analysed by LC/MS. For NAPE-
PLD assay, ?*[Hi]-heptadecenoylethanolamide and N-
heptadecenoylethanolamide were eluted on a XDB Eclipse
C18 column (50 x 4.6 mm inner diameter, 1.8 um, Zorbax,
Agilent Technologies, Inc.) using a linear gradient of
85-90% of A in B over 5 min at a flow rate of 1.5 mL-min".
Mobile phase A consisted of methanol and mobile phase B
consisted of water. Column temperature was kept at 40°C.
MS detection was in the positive ionization mode, capillary
voltage was set at 4000 V and fragmentor voltage varied
from 120 to 140 V. Nitrogen was used as drying gas at a
flow rate of 13 L-min™' and a temperature of 350°C. Nebu-
lizer pressure was set at 60 psig. For quantification purposes,
we monitored the ions of *[H4]-heptadecenoylethanolamide
(m/z, 338) and N-heptadecenoylethanolamide (m/z, 334).

Statistical analysis

Pain behaviour for each treatment group was expressed as
mean * SEM. The dose-response curve for JZL184 and
URB602 were determined using ALLFIT software (Montreal,
QC, Canada) (De Léan etal., 1978). A repeated-measures
analysis of variance (ANOVA) was performed to evaluate the
time course of drug effects on the formalin-induced compos-
ite pain score. The Greenhouse-Geisser correction was
applied to all repeated factors; degrees of freedom reported for
significant interactions are the uncorrected values. Significant
interactions were further explained by performing separate
one-way ANOVAs on each individual time point, followed by
Bonferroni post hoc tests. ANOVA adapted for factorial experi-
mental design (Winer, 1971) was used to examine differences
in the AUC of pain behaviour between groups. The different
components of the total variation were settled a priori using
multiple regression analysis (Draper and Smith, 1998). Effects
of MGL inhibitors on enzyme activity and endocannabinoid
content were evaluated using independent samples f-tests
(one or two tailed, as appropriate). Analyses were performed
using SPSS statistical software (version 17.0; SPSS Incorpo-
rated, Chicago, IL, USA). P < 0.05 was considered significant.

A Phase 1
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Figure 2

Materials

JZ1.184 and URB602 were purchased from Cayman Chemical
(Ann Arbor, MI, USA) (King et al., 2007; Long et al., 2009a).
JZ1.184 was dissolved in a vehicle of 4:1 PEG 300 (PEG 300:
Tween 80) (Long etal., 2009a). URB602 was dissolved in
1:1:1:17 mixture of DMSO: ethanol: cremophor: normal
saline (0.9% NacCl in water). For higher doses of URB602
(300 ug and 600 pg), the vehicle contained 15 and 30%
DMSO, respectively, as described previously (Guindon et al.,
2007a). 2-AG was purchased from Tocris (Ellisville, MO, USA)
and further dissolved in a 1:1:1:17 ratio of DMSO: ethanol:
cremophor: normal saline (0.9% NaCl in water) (Guindon
etal., 2007a). AM251 and AM630 were purchased from
Cayman Chemical and dissolved in a vehicle of 1:1:1:17
DMSO: ethanol: cremophor: normal saline (0.9% NaCl in
water) (Guindon et al., 2007b). JZL184, 2-AG and URB602
were stored at —20°C. Care was taken to protect 2-AG and
URB602 from light. [*Hs]-2-AG was purchased from Cayman
Chemical. [*H,]-AEA, [*H,]-heptadecenoyl acid and [*H,]-
heptadecenoylethanolamide were prepared as described pre-
viously (Fu etal.,, 2007; Schwartz etal.,, 2008) using the
appropriate fatty acid chlorides purchased from Nu-Chek
Prep (Elysian, MN, USA). Anandamide [ethanolamine 1-3H],
2-mono-oleoyl glycerol rac [1,2,3H-glycerol] were from
American Radiolabeled Chemicals, Inc. (St. Louis, MO, USA).

Results

Antinociceptive effects of JZL184 and
URB602 and their comparison

JZ1.184 and URB602 decreased the AUC of pain behaviour
during the early phase of the formalin test with an EDs, of
0.06 = 0.028 pg for JZL184 and 120 = 51.3 ug for URB602.
Both MGL inhibitors also suppressed pain behaviour during
the late phase of formalin pain, with an EDs, of 0.03 =
0.011 pg for JZL184 and 66 = 23.9ug for URB602
(Figure 2A,B). The dose-response curves had the same slope,
suggesting that JZL184 and URB602 acted through a common
mechanism; the slope was 1.00 = 0.057 for JZL184 and

Phase 2
20 n J71184
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@)
-]
< 104
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©
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Dose-response curve for JZL184 and URB602 in (A) Phase 1 (0-15 min) and (B) Phase 2 (15-60 min) of the formalin test. Area under the curve
(AUC) of pain behaviour for each phase. Data are expressed as mean = SEM (n = 6-8 per group for JZL184 and n = 4-6 per group for URB602).
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1.00 = 0.301 for URB602. The dose-response curve for JZL184
was shifted to the left of the dose-response curve for URB602
(Figure 2A,B).

Peripheral antinociceptive effects of ]ZL184
and URB602

Both JZL184 and URB602 produced time-dependent suppres-
sions of the composite pain score relative to vehicle [Fzz 165 =
9.19, P = 0.001; Figure 3A]; this suppression was observed at
5 min and from 25 to 50 min post-formalin injection (P <
0.05). Analysis of the AUC of pain behaviour revealed that
both JZL184 (300 pg i.paw) and URB602 (600 pg i.paw) pro-
duced antinociception relative to vehicle in both Phase 1
(F115=123.37, P<0.001) (Figure 3B) and Phase 2 (F; 5= 67.06,
P < 0.001) (Figure 3C) of the formalin test. JZL184 produced
a greater antinociceptive effect relative to URB602 during
the late phase of the formalin test (Fi;s = 8.83, P < 0.01)
(Figure 3A-C). Composite pain scores were also lower in
groups receiving JZL184 relative to URB602 from 35 to
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The MGL inhibitors JZL184 and URB602 suppressed formalin-
induced pain behaviour. (A) JZL184 (300 pg i.paw) and URB602
(600 pg i.paw) suppressed the time course of formalin-induced pain
behaviour. Both |ZL184 and URB602 suppressed the area under the
curve (AUC) of (B) Phase 1 and (C) Phase 2 pain behaviour. Data are
expressed as mean = SEM (n = 6 per group). *P < 0.05 versus all
groups; *P < 0.05 versus vehicle group; “P < 0.05 versus URB602.

50 min post-formalin injection (P < 0.05), suggesting that
JZ1.184-induced antinociception outlasted that of URB602.

Formalin-induced pain behaviour was assessed following
injection of the compounds (JZL184, 300 pg and URB602,
600 pg) into the contralateral hind paw to confirm that drug
effects observed were mediated by a local site of action. Ipsi-
lateral (formalin-injected) paw administration of JZL184
[F22,165 = 1025, P < 0001, Figure 4A] and URB602 [Fzz/lés =
4.69, P <0.001; Figure 4D] produced time-dependent suppres-
sions of composite pain scores, and thereby showed lower
composite pain scores than those from groups receiving the
same doses of MGL inhibitors in the contralateral paw. For
each phase, the AUC of pain behaviour was lower following
administration of either JZL184 [F; 5= 74.76, P <0.001 (Phase
1); F115 = 162.83, P <0.001 (Phase 2)] or URB602 [F; 15 = 49.56,
P <0.001 (Phase 1); F115=74.71, P < 0.001 (Phase 2)] into the
ipsilateral relative to contralateral paw (Figure 4A-F). Phase 1
and Phase 2 pain behaviour was also similar between groups
receiving vehicle and either JZL184 (300 pg i.paw) [P = 0.16
(Phase 1); P = 0.62 (Phase 2)] or URB602 (600 ug i.paw) [P =
0.78 (Phase 1); P = 0.84 (Phase 2)] in the contralateral paw
(Figure 4A-F).

Antinociceptive effects of JZL184, URB602
and 2-AG

The MGL inhibitors (JZL184 and URB602) or the endocan-
nabinoid 2-AG, injected at their EDs, doses for Phase 2, pro-
duced time-dependent suppressions in the composite pain
scores [Fi32:0 = 3.16, P < 0.007]. This suppression was maximal
at 5 and 30-50 min post-formalin (P < 0.05) compared with
the vehicle group (Figure 5A). At 30 min post-formalin, the
peak of the Phase 2 pain response, JZL184 (EDs, dose) lowered
the composite pain score relative to either 2-AG or URB602
(P <0.05). Local administration of JZL.184, URB602 and 2-AG
at their EDso doses produced antinociception relative to
vehicle during both Phase 1 (F;» = 38.92, P < 0.001) and
Phase 2 (Fi = 53.31, P < 0.001) of the formalin test
(Figure 5B,C). The antinociceptive effect of JZL184 was
greater than that of either URB602 or 2-AG for both phases
[Fi20=7.68, P <0.025 (Phase 1); Fy,=29.22, P <0.001 (Phase
2)] (Figure 5B,C). Furthermore, antinociceptive effects of
URB602 did not differ from that of 2-AG for either phase of
the formalin test [P = 0.74 (Phase 1); P = 0.89 (Phase 2)]
(Figure 5B,C).

Antinociceptive effects of JZL184, URB602,

2-AG and their combination at EDs, doses

JZ1.184, 2-AG and their combination (at EDsy doses for Phase
2) produced time-dependent suppressions of the composite
pain score in the formalin test [F33.0 = 5.32, P < 0.001;
Figure 6A]. The combination of JZL184 and 2-AG lowered
composite pain scores relative to 2-AG (P < 0.05 at 5 and
25-45 min post-formalin). Moreover, at 30 min post-
formalin, JZ1.184 produced a greater suppression of the com-
posite pain score than 2-AG (P < 0.05). Analysis of the AUC of
pain behaviour revealed that JZL184, 2-AG and their combi-
nation, at their EDs, doses, produced antinociception relative
to vehicle [Fiz = 69.80 P < 0.001 (Phase 1); Fi = 115.76
(Phase 2), P < 0.001] for both phases of the formalin test
(Figure 6B,C). Moreover, the combination of JZL184 with
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The MGL inhibitors |ZL184 and URB602 suppressed formalin-induced pain behaviour through a peripheral mechanism. (A-C) JZL184 (300 pg
i.paw) and (D-F) URB602 (600 ng i.paw) suppressed the time-course and AUC of formalin-induced pain behaviour following local administration
to the ipsilateral but not the contralateral paw. Data are expressed as mean = SEM (n = 6 per group). *P < 0.05 versus contralateral groups.

2-AG (at EDs, doses) produced greater antinociception than
either drug given alone for both the acute and inflammatory
phases [Fi = 26.94, P < 0.001 (Phase 1); Fi, = 42.56, P <
0.001 (Phase 2)], thereby revealing an additive antinocicep-
tive effect of the combination of the MGL inhibitor with
2-AG (Figure 6B,C). Finally, the antinociceptive effect of
JZ1.184 was greater than that of 2-AG for both phases [F;z =
4.53 (Phase 1), P < 0.05; Fi 2 = 23.94 (Phase 2), P < 0.001].
URB602, 2-AG and their combination (at EDs, doses for
Phase 2) also produced time-dependent suppressions of the
composite pain score in the formalin test [F(33, 220) = 2.31,
P < 0.04; Figure 6D]. The drugs decreased the composite pain
scores (P < 0.05, at 5 and 30-45 min post-formalin) compared
with the vehicle group. At 30 min post-formalin, the combi-
nation of URB602 with 2-AG (at their EDs, doses) produced a
lower composite pain score compared with 2-AG alone (P <
0.05). URB602, 2-AG and their combination, at their EDs,
doses, also reduced the AUC of pain behaviour, relative to the
vehicle group [Fi 0 = 34.59, P < 0.001 (Phase 1); F,0 = 38.55,
P < 0.001 (Phase 2)] for each phase of the formalin test
(Figure 6FE,F). For each phase, the combination of URB602
with 2-AG (at EDs, doses) produced greater antinociception
than either drug given alone [F;, = 5.91, P < 0.025 (Phase 1);
Fi,0=6.46, P <0.025 (Phase 2)], thereby revealing an additive
antinociceptive effect of the combination of URB602 with
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2-AG (Figure 6E,F). The antinociceptive effects of URB602
were similar to that of 2-AG alone for either phase [P = 0.76
(Phase 1); P = 0.89 (Phase 2)].

Antinociceptive effects of JZL184 and its
involvement with the cannabinoid

receptor antagonists

Neither the CB; antagonist AM251 nor the CB, antagonist
AM630, administered locally in the paw, altered the time
course of formalin-induced pain behaviour relative to vehicle
[P =0.34 (Figure 7A)]. The AUC of pain behaviour was similar
between antagonists and vehicle groups for both phases [P =
0.81 (Phase 1); P = 0.51 (Phase 2); Figure 7B,C].

Both AM251 and AM630 blocked the suppression of
formalin-induced pain scores produced by JZL184 (10 ug
i.paw) [F33220 = 6.54, P < 0.001; P < 0.05 at 5 and 30-60 min
post-formalin; Figure 8D]. The antinociceptive effects of
JZL184 were blocked by either AM251 or AM630 (Figure 7D-
F); for each phase, the AUC of pain behaviour was lower in
groups receiving JZL184 compared with either vehicle or
JZ1.184 co-administered with either the CB; or CB, antagonist
[Fio = 66.61, P < 0.001 (Phase 1); Fiz = 154.16,
P < 0.001 (Phase 2); Figure 7E,F]. Formalin-induced pain
behaviour was similar in groups receiving either vehicle or
either antagonist combined with JZL184 [P = 0.97 (Phase 1);
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Comparison of peripheral antinociceptive effects of |]ZL184, URB602
and exogenous 2-arachidonoylglycerol (2-AG) in the formalin test.
(A-C) Antinociceptive effects of EDs, doses for Phase 2 of JZL184
(0.03 pg i.paw), URB602 (66 ng i.paw) and 2-AG (1 pg i.paw). Data
are expressed as mean = SEM (n = 6 per group). *P < 0.05 versus all
groups; *P < 0.05 versus vehicle group; *P < 0.05 versus URB602 or
2-AG.

P = 0.92 (Phase 2); Figure 7E,F]. Moreover, the AUC of pain
behaviour did not differ between antagonist co-
administration groups [P = 0.96 (Phase 1); P =0.51 (Phase 2)].

Paw oedema
Oedema of the injected paw did not differ between any of the
experimental groups (Table 1).

MGL, FAAH and NAPE-PLD activities

Both MGL inhibitors exhibited identical mechanisms of
peripheral antinociception (see slopes of dose-response
curves in Figure 2). However, the irreversible nature of MGL
inhibition produced by JZL184 enabled us to use this com-
pound to evaluate ex vivo whether MGL activity in rat paw
skin was selectively altered by intra-paw injection of JZL184.
JZ1.184 (100 ng) inhibited MGL activity (t;o = 6.92, P < 0.001,
one-tailed t-test) relative to the vehicle (Figure 8A) in the
inflammatory phase (35 min) of the formalin test. By con-
trast, JZL184 did not alter FAAH (ty =0.73, P =0.49, two-tailed
t-test) or NAPE-PLD (t;o = 1.56, P = 0.15, two-tailed t-test)
activity (Figure 8B,C).

Table 1

Oedema in the formalin-injected paw for the different treatment
groups

Paw Oedema (thickness in mm) Mean + SEM

Vehicle (PEG 300:Tween 80) 1.28 = 0.02
2-AG 1 ug 1.30 + 0.03
JZL184 0.03 pg 1.31 £ 0.02
URB602 66 g 1.29 + 0.02
JZL184 + 2-AG 1.35 + 0.01
URB602 + 2-AG 1.30 + 0.03
Vehicle (1:1:1:17) 1.34 = 0.03
JZL184 0.03 pg 1.33 £ 0.01
AM251 80 ug 1.28 + 0.03
AM630 25 ug 1.29 + 0.02
AM251 + |ZL184 1.34 + 0.02
AMG630 + |ZL184 1.35 + 0.01

PEG 300, polyethylene glycol 300.

Endocannabinoid levels in the ‘whole’

hind paw skin

Neither URB602 (300 pug) nor JZL184 (100 pg) increased
either 2-AG or AEA levels during Phase 1 or Phase 2 of the
formalin test when endocannabinoid content was measured
in the entire dorsal hind paw tissue (P = 0.05; Figure 9A-I). In
fact, a decrease in AEA accumulation was observed following
JZ1.184 but not URB602 administration, and this effect was
restricted to Phase 1 (t;3 = 3.58, P < 0.003, two-tailed t-test)
(Figure 9D). The vehicle for JZL184 was associated with
10-fold higher levels of Phase 1 AEA levels compared with the
vehicle for URB602 (Figure 9B,D).

AEA and 2-AG levels in the ‘divided’

hind paws

The impact of dorsal paw injection of URB602 (300 pg) on
endocannabinoid accumulation was subsequently measured
in proximal, middle and distal hind paw skin segments
during Phase 2 (35 min) (Figure 10A-G). This study was per-
formed using the less potent and presumably less selective
MGL inhibitor that was also dissolved in a vehicle that did
not alter AEA accumulation during Phase 1 (Figure 10A-G).
URB602 selectively increased 2-AG accumulation in the
middle (t;o =2.77, P < 0.01, one-tailed t-test) and distal (t;; =
3.17, P < 0.004, one-tailed t-test) hind paw skin
(Figure 10A,C) without altering AEA levels (Figure 10B,D).
URB602 did not alter 2-AG or AEA levels in proximal hind
paw skin (P > 0.66) (Figure 10E,F).

Discussion

Two structurally distinct inhibitors of MGL were employed to
validate a role for 2-AG degradation inhibitors as possible
analgesics. JZL184 and URB602 produced dose-dependent
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Effects of local injection of JZL184, URB602, 2-arachidonoylglycerol (2-AG) at their EDso doses and their combination in the formalin test (A-F).
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for (A,D) the composite pain score and area under the curve (AUC) of (B,E) Phase 1 and (C,F) Phase 2 pain behaviour. Data are expressed as mean
+ SEM (n = 6 per group). *P < 0.05 versus all groups; *P < 0.05 versus vehicle group; *P < 0.05 versus 2-AG; *P < 0.05 for |ZL184 versus 2-AG;
P < 0.025 versus MGL inhibitors (URB602 or JZL184) and 2-AG given alone.

peripheral antinociception during both the early and late
phases of the formalin test. These effects were mediated by a
local site of action, and involved both cannabinoid CB; and
CB, receptors (see also Guindon et al., 2007a). Either MGL
inhibitor also produced additive antinociceptive effects in
combination with 2-AG, suggesting that inhibition of MGL
enhanced 2-AG antinociceptive actions by preventing 2-AG
hydrolysis. JZL184 was more potent than the MGL-preferring
inhibitor URB602 in producing peripheral antinociception;
the dose-response curve for JZL184 was shifted to the left of
that for URB602 for each phase of the formalin test. This
greater potency may be influenced by the irreversible nature
of JZL184-induced MGL inhibition in comparison to that of
URB602 (Hohmann et al., 2005; Long et al., 2009a). Off-target
effects of URB602 have also been demonstrated in vitro (Muc-
cioli et al., 2007; Vandevoorde et al., 2007). However, studies
employing intact brain slices (King et al., 2007) and local
injections of URB602 (Hohmann et al., 2005) have demon-
strated that URB602 suppressed MGL and selectively
increased 2-AG accumulation under biochemically validated
conditions.

In whole dorsal hind paw skin, JZL184 suppressed MGL
activity without altering FAAH or NAPE-PLD activity, illus-
trating the selectivity of JZL184 for inhibiting MGL. Analo-
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gous experiments could not be performed ex vivo with
URB602 due to the reversible nature of URB602-induced MGL
inhibition. Nonetheless, dorsal paw injection of either
JZ1.184 or URB602 failed to increase 2-AG levels in whole
dorsal hind paw skin during either phase of the formalin test.
The mismatch between the ability of JZL184 to inhibit MGL
activity in the entire paw skin, but its failure to alter endocan-
nabinoid content in identically dissected samples, is note-
worthy. Due to the irreversible nature of JZL184-induced
MGL inhibition, assays of MGL activity may be more sensi-
tive than assays of endocannabinoid content, at least in
peripheral paw skin. Moreover, assays of endocannabinoid
content do not differentiate between bulk and signalling
competent pools of endocannabinoids. Thus, regionally spe-
cific increases in paw skin 2-AG levels produced by JZL184
may be masked by the high lipid content in paw skin, espe-
cially when the entire dorsal paw skin was used for LC/MS
analysis.

The JZL184 vehicle was associated with 10-fold higher
levels of AEA (but not 2-AG) in hind paw skin relative to the
URB602 vehicle during Phase 1 (5 min post-formalin).
Vehicle-induced increases in AEA, but not 2-AG levels, were
also observed using a propofol vehicle (Guindon et al., 2007c¢)
and larger volumes (100 pL) of saline (Jhaveri et al., 2008).
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The MGL inhibitor JZL184 suppressed formalin-induced pain behaviour through peripheral CB; and CB, receptor mechanisms. (A-C) The CB;,
antagonist AM251 (80 ug i.paw) and the CB, antagonist AM630 (25 ug i.paw) do not alter formalin-induced pain behaviour relative to vehicle
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as mean = SEM (n = 6 per group). *P < 0.05 versus all groups.

The JZL184 wvehicle could have interfered with lipid
extraction and/or the LC/MS detection threshold. In
fact, polyethylene glycol, a component of the JZL184
vehicle, administered intraperitoneally, can confound certain
metabolomic measurements, especially in peripheral tissues
where it can accumulate and reside for extended periods
(Long et al., 2009b). However, Phase 2 AEA and 2-AG levels
were not altered by either JZL184 or URB602, suggesting that
vehicle effects were transient.

The regional distribution of endocannabinoid accumu-
lation in rat hind paw skin was subsequently measured in
proximal, middle and distal hind paw skin during Phase 2
(35 min post-formalin). This study was performed using a
single MGL inhibitor (URB602) that was dissolved in the
vehicle that did not alter Phase 1 AEA accumulation. The
use of the less potent and presumably less selective MGL
inhibitor thus provides a more conservative test of the
hypothesis that MGL inhibitors produce peripheral anti-
nociception by selectively increasing levels of 2-AG. In our
studies, URB602 selectively increased 2-AG accumulation in
distal and middle hind paw skin, while leaving AEA levels
unchanged. Moreover, endocannabinoid levels in proximal
hind paw skin were not altered by URB602. Thus, larger

samples of tissue may mask detection of regionally
restricted changes in endocannabinoid accumulation pro-
duced by MGL inhibition. The regionally restricted changes
in 2-AG accumulation produced by URB602 in our study
may correspond to the injection spread of the MGL inhibi-
tor in the paw, and/or the localization of the inflammatory
response produced by formalin. This interpretation is also
consistent with the greater observed weight of the middle
zone of paw skin relative to distal and proximal segments,
despite the fact that paw skin was dissected into zones of
similar lengths.

The development of MGL”~ mice (Schlosburg et al., 2010)
provides new opportunities to uncover the role of 2-AG in
pain modulation. MGL inhibitors with different selectivity
have been developed: URB602 (Hohmann etal., 2005),
OMDM169 (Bisogno etal., 2009) and JZL184 (Long etal.,
2009a). Antinociceptive effects of these compounds in differ-
ent animal pain models have been reported (see Guindon and
Hohmann, 2009). In our study, local administration of
URB602 and JZL184 produced dose-dependent antinocicep-
tive effects in both phases of the formalin test. By contrast,
OMDM169, administered systemically, affected the late phase
only (Bisogno etal.,, 2009). OMDM169 and URB602 can
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The MGL inhibitor JZL184 (100 pg i.paw) suppressed the MGL activ-
ity in ‘whole’ dorsal hind paw skin without affecting fatty-acid amide
hydrolase (FAAH) and N-arachidonoyl-phosphatidylethanolamine
phospholipase D (NAPE-PLD) activities. JZL184 inhibited (A) MGL
activity but not (B) FAAH or (C) NAPE-PLD activity relative to vehicle.
Enzyme activities were measured in animals killed at the peak of
Phase 2 (35 min) of the formalin test. Data are expressed as mean *
SEM (n = 4-9 per group). *P < 0.001 versus vehicle group.
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Figure 9
(A-l) Endocannabinoid levels in ‘whole’ dorsal hind paw skin follow-
ing administration of JZL184 (100 ug i.paw) and URB602 (300 ug
i.paw) in (A-D) Phase 1 (5 min) and (E-H) Phase 2 (35 min)
of the formalin test. URB602 did not alter either (AE) 2-
arachidonoylglycerol (2-AG) or (B,F) anandamide (AEA) during either
(A,B) Phase 1 or (E,F) Phase 2 of the formalin test. |ZL184 decreased
(D) AEA levels during Phase 1 but not (H) Phase 2 of the formalin test.
JZL184 did not alter 2-AG levels during either (C) Phase 1 or (G)
Phase 2 of the formalin test. The vehicle for |ZL184 was associated
with 10-fold higher levels of Phase 1 AEA levels compared with the
vehicle for URB602 (B,D). Data are expressed as mean = SEM
(n = 6-10 per group). *P < 0.003 versus vehicle group.
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also inhibit FAAH at higher concentrations which should
translate to a weaker selectivity of these compounds follow-
ing systemic injection. By contrast, JZL184 shows high
selectivity in inhibiting MGL over FAAH in mouse brain
membranes following systemic administration, producing an
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(A-G) Effects of URB602 on 2-arachidonoylglycerol (2-AG) and anan-
damide (AEA) levels in proximal, middle and distal hind paw skin
segments during Phase 2 (35 min) of the formalin test. URB602
selectively increased 2-AG levels in the middle and distal hind paw
skin (A,C) without altering AEA levels (B,D). URB602 did not alter
2-AG or AEA levels in the proximal hind paw skin (E,F). Data are
expressed as mean = SEM (n = 5-9 per group). *P < 0.01 versus
vehicle group.

eightfold increase in brain 2-AG levels without altering AEA
levels (Long et al., 2009a). The piperidine carbamate scaffold
of JZL.184 irreversibly inactivates MGL in mice (Long et al.,
2009b). Recent in vitro studies have nonetheless questioned
whether JZL184 may be used as effectively as an MGL inhibi-
tor in rats (Pan et al., 2009). Our findings demonstrate that
JZ1.184 suppresses MGL activity in rat hind paw skin and is
more potent than URB602 in producing peripheral antinoci-
ception. Our lab has recently demonstrated that JZL184 pro-
duces modality-specific peripheral antinociception in the
capsaicin model that did not overlap with a FAAH inhibitor
(URB597) administered via the same route (Spradley et al.,
2010). These observations further argue for selectivity of
JZ1.184 in suppressing MGL in vivo.

The presence of cannabinoid receptors on primary affer-
ent neurons is supported by many experiments (Hohmann
and Herkenham, 1999b; Stinder et al., 2005). Cannabinoid
receptors are synthesized in dorsal root ganglion cells, which
are the source of primary afferent input to the spinal cord
(Hohmann and Herkenham, 1999a,b; Stander et al., 2005;
Walczak et al., 2005). Both cannabinoid receptor subtypes
have been found in skin and in adnexal structures which may
also contribute to peripheral antinociception (Ibrahim et al.,
2005; Stander et al., 2005).

Cannabinoids act locally through distinct CB; and CB,
receptors to suppress both the development (Clayton et al.,
2002; Nackley et al., 2003) and maintenance (Gutierrez et al.,
2007) of inflammatory nociception (see Jhaveri et al., 2007).
However, it remains to be determined whether antinocicep-
tive effects of 2-AG are mediated through peripheral CB,
receptors. Antinociceptive effects of MGL inhibitors may be
influenced by the compound employed, the route of admin-
istration, the animal model used and the level of endocan-
nabinoid tone produced by the injury. Thus, involvement of
either CB, and/or CB, receptors may differ based upon these
factors. Antihyperalgesic effects of JZL184 were purely CB;
receptor-mediated in the chronic constriction injury model
(Kinsey et al., 2009, systemic). JZL184 also produced CB,;
receptor-mediated antinociception in the formalin test, but
mediation by CB, receptors was not assessed (Long etal.,
2009a, systemic). In our study, JZL184 produced both CB;-
and CB,-mediated peripheral antinociception in rats, as
observed recently in the capsaicin model (Spradley et al.,
2010), thereby revealing a CB, receptor component in
JZ1.184-induced antinociception. CB,/CB, receptors are impli-
cated in antinociceptive effects of URB602 (Guindon et al.,
2007a, local) and OMDM169 (Bisogno et al., 2009, systemic)
in formalin and partial sciatic nerve ligation models (Desro-
ches et al., 2008, local). URB602 also produces CB, receptor-
mediated antinociception in the carrageenan model (Comelli
et al., 2007, systemic). It remains to be determined whether
cannabinoid receptor-independent mechanisms also contrib-
ute to the in vivo pharmacological profile of MGL inhibitors.

JZL184 inactivates MGL with good efficacy and selectivity
in different peripheral tissues in mice (Long et al., 2009b)
when given intraperitoneally. Our findings demonstrate that
local administration of JZL184 inhibits MGL activity without
affecting FAAH and NAPE-PLD activities in hind paw skin of
rats. Nonetheless, antinociceptive doses of ]JZL184 and
URBG602 failed to increase levels of 2-AG in the whole hind
paw skin during either phase of the formalin test. However,
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when the hind paw skin was further subdivided, URB602, the
less potent MGL inhibitor, nonetheless increased 2-AG but
not AFA levels in the middle and distal paw skin segments.
Systemic OMDM169 also increased levels of 2-AG, but not
AEA, in the formalin-injected paw (Bisogno efal., 2009).
Moreover, FAAH inhibitors increase both AEA and 2-AG
(Jhaveri etal., 2008) or AEA only (Costa etal., 2010) in
carrageenan-inflamed paws. A peripherally restricted FAAH
inhibitor URB937 also produces CB;-mediated antinocicep-
tion in the formalin model by elevating levels of AEA and
other fatty-acid amides with no change in 2-AG (Clapper
et al., 2010). Differences in the mechanism of action (FAAH
vs. MGL), route of administration and duration of inflamma-
tion limit the ability to make comparisons between studies.
These studies nonetheless demonstrate that inhibition of
endocannabinoid hydrolysis in the periphery suppresses the
development of inflammatory pain.

In conclusion, MGL inhibition in the periphery produces
antinociception and increases 2-AG accumulation in rat hind
paw skin. The MGL inhibitors JZL184 and URB602, adminis-
tered locally in the paw, acted through a common mecha-
nism to suppress formalin-induced pain behaviour with
identical patterns of pharmacological specificity, although
with different potencies. The combination of JZL184 or
URB602 with exogenous 2-AG also produce additive antinoci-
ceptive effects. Furthermore, JZL184 inhibited MGL activity
without affecting activity of enzymes catalysing AEA hydroly-
sis (FAAH) or synthesis (NAPE-PLD). Finally, we showed that
URB602 produced regionally restricted increases in 2-AG
levels in rat hind paw skin without altering AEA levels. Our
findings provide evidence that inhibition of MGL in the
periphery modulates the endocannabinoid system to block
the development of inflammatory pain. More work is neces-
sary to determine whether MGL inhibitors are effective for
the treatment of pathological pain in humans.
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