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BACKGROUND AND PURPOSE

JZL184 is a selective inhibitor of monoacylglycerol lipase (MAGL), the enzyme that preferentially catabolizes the
endocannabinoid 2-arachidonoyl glycerol (2-AG). Here, we have studied the effects of JZL184 on inflammatory cytokines in
the brain and plasma following an acute immune challenge and the underlying receptor and molecular mechanisms involved.

EXPERIMENTAL APPROACH

JZL184 and/or the CB; receptor antagonist, AM251 or the CB,receptor antagonist, AM630 were administered to rats 30 min
before lipopolysaccharide (LPS). 2 h later cytokine expression and levels, MAGL activity, 2-AG, arachidonic acid and
prostaglandin levels were measured in the frontal cortex, plasma and spleen.

KEY RESULTS

JZL184 attenuated LPS-induced increases in IL-1f, IL-6, TNF-a. and IL-10 but not the expression of the inhibitor of NFkB (IxBox)
in rat frontal cortex. AM251 attenuated |ZL184-induced decreases in frontal cortical IL-13 expression. Although arachidonic
acid levels in the frontal cortex were reduced in |ZL184-treated rats, MAGL activity, 2-AG, PGE, and PGD, were unchanged. In
comparison, MAGL activity was inhibited and 2-AG levels enhanced in the spleen following JZL184. In plasma, LPS-induced
increases in TNF-o. and IL-10 levels were attenuated by |ZL184, an effect partially blocked by AM251. In addition, AM630
blocked LPS-induced increases in plasma IL-18 in the presence, but not absence, of |ZL184.

CONCLUSION AND IMPLICATIONS

Inhibition of peripheral MAGL in rats by JZL184 suppressed LPS-induced circulating cytokines that in turn may modulate
central cytokine expression. The data provide further evidence for the endocannabinoid system as a therapeutic target in
treatment of central and peripheral inflammatory disorders.
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Abbreviations
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2-AG, 2-arachidonyl glycerol; AM251, 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-
carboxamide; AM630, [6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)-methanone; FAAH,
fatty acid amide hydrolase; IxBo, inhibitor of NF-xB; JZL184, 4-nitrophenyl-4-(dibenzo[d][1,3]dioxol-5-yl(hydroxy)
methyl)piperidine-1-carboxylate; MAGL, monoacylglycerol lipase; NF-kB, nuclear factor kappa B; OEA,

N-oleoylethanolamide; PEA, N-palmitoylethanolamide

Introduction

Neuroinflammation is a key component of various neurologi-
cal diseases including Alzheimer’s disease, Parkinson’s disease,
multiple sclerosis and psychiatric disorders such as depression.
As such, the need to develop a greater understanding of the
neurobiological mechanisms mediating neuroinflammation
is critical at a fundamental physiological level and for the
development of novel, more efficacious treatments. Accumu-
lating evidence indicates that the endogenous cannabinoid
(endocannabinoid) system plays a significant role in modulat-
ing the immune system, representing an important therapeu-
tic target in the treatment of both central and peripheral
inflammatory disorders (see Ullrich ef al., 2007; Nagarkatti
et al., 2009; Stella, 2009; Finn, 2010; Jean-Gilles et al., 2010;
Molina-Holgado and Molina-Holgado, 2010).

The endocannabinoid system is comprised of the two
cannabinoid G protein-coupled receptors (CB, and CB,; recep-
tor nomenclature follows Alexander et al. (2011) the endocan-
nabinoids anandamide (N-arachidonoylethanolamide) and
2-arachidonoyl glycerol (2-AG) and the enzymes responsible
for their synthesis and degradation. 2-AG, the most abundant
endocannabinoid in the CNS and full agonist at both CB;
and CB, receptors, is synthesized primarily via hydrolysis
of cell membrane phospholipid precursors by diacylglycerol
lipase-a. (Mechoulam et al., 1995; Gao et al., 2010). Monoa-
cylglycerol lipase (MAGL) is the enzyme primarily responsible
for the metabolism of 2-AG to arachidonic acid and glycerol
(Dinh et al., 2002), accounting for up to 85% of 2-AG hydroly-
sis in the brain (Blankman etal., 2007). Other enzymes
involved in 2-AG hydrolysis include the serine hydrolyses
ABHD6 and ABHDI12, fatty acid amide hydrolase (FAAH),
cyclooxygenase-2 (COX-2) and carboxylesterases (Di Marzo
et al., 1998; Blankman et al., 2007; Xie et al., 2010; Savinainen
etal., 2012). 2-AG levels are enhanced in animal models of
ischaemia, Alzheimer’s disease, Parkinson’s disease and mul-
tiple sclerosis (Baker et al., 2001; Ferrer et al., 2003; Panikash-
vili et al., 2001; van der Stelt et al., 2005; 2006), and it is
possible that this endocannabinoid may play a protective role
in these conditions, all of which have a neuroinflammatory/
neuroimmune component. Indeed, evidence from in vitro
studies indicates that 2-AG suppresses immune function by
reducing inflammatory cytokines such as IL-6, IL-2 and
TNF-a and mediators such as nitric oxide and prostaglandins
(Gallily etal., 2000; Chang etal., 2001; Facchinetti etal.,
2003; Rockwell et al., 2006; Raman et al., 2011). In addition to
being a substrate for COX-2, 2-AG also inhibited the increase
in COX-2 expression in neurons and T cells, but not endothe-
lial cells or macrophages, in response to inflammatory stimuli
(Changet al., 2001; Mestre et al., 2006; Zhang and Chen 2008;
Raman et al., 2011). Recent studies have demonstrated that
enhancing 2-AG tone protects hippocampal neurons in
culture from excitotoxic- and inflammation-induced degen-

eration and apoptosis, an effect mediated by CB, receptor-
induced suppression of extracellular signal-regulated kinases,
NEF-xB phosphorlyation and COX-2 expression (Zhang and
Chen 2008; Chen et al., 2011). Although, in vitro data suggest
potent anti-inflammatory and neuroprotective effects of
2-AG, there has been a paucity of studies in vivo, primarily due
to the lack of pharmacological agents that selectively target
2-AG metabolism. Panikashvili et al. demonstrated that 2-AG
activation of CB; receptors reduced infarct volume following
closed head injury via inhibition of NF-kB signalling (Pani-
kashvili et al., 2001; 2005). Subsequent studies from these
researchers revealed that 2-AG reduced the expression of the
pro-inflammatory cytokines TNF-o, IL-18 and IL-6, reactive
oxygen species and blood-brain barrier permeability in this
model of traumatic brain injury (McCarron et al., 2003; Pani-
kashvili et al., 2006). Recent studies have also shown a neu-
roprotective effect of 2-AG in acute and chronic mouse
models of multiple sclerosis, an effect accompanied by
modulation of macrophage activity (Lourbopoulos et al.,
2011). URB602, a MAGL inhibitor, has been shown to elicit
anti-inflammatory effects in several animal models (Comelli
et al., 2007; Guindon et al., 2011). However, the low potency
(Hohmann et al., 2005) and lack of selectivity of URB602
for MAGL over FAAH (Vandevoorde et al., 2007) has limited
the usefulness of this compound. The recent development
of a novel potent MAGL inhibitor 4-nitrophenyl-4-
(dibenzo[d][1,3]dioxol-5-yl(hydroxy)methyl)piperidine-1-
carboxylate (JZL184) (Long et al., 2009a,b) has been a major
advance, enabling detailed studies on the role of 2-AG in a
number of physiological and pathophysiological processes
including tumour cell growth, anxiety, nausea and pain
(Kinsey et al., 2009; 2010; Sciolino et al., 2011; Sticht et al.,
2011; Ye etal., 2011). In terms of inflammatory processes,
JZ1.184 selectively increased gastric levels of 2-AG in mice and
inhibited NSAID-induced gastric haemorrhage and associated
increases in expression of the pro-inflammatory cytokines
IL-1, IL-6 and TNF-o (Kinsey ef al., 2011). Similarly, in a mouse
model of colitis, JZLL184-induced increases in 2-AG were asso-
ciated with reduced macroscopic and histological colon
alterations and pro-inflammatory cytokine expression, effects
mediated by CB, and CB, receptors (Alhouayek ef al., 2011). In
the brain, increases in pro-inflammatory cytokine expression
and PGE, levels following an immune challenge were inhib-
ited following genetic or pharmacological MAGL inhibition,
an effect not mediated by cannabinoid receptors but possibly
via modulation of the arachidonic acid cascade (Nomura
etal., 2011). Similar anti-inflammatory and neuroprotective
effects were observed following MAGL inhibition in a mouse
model of Parkinson’s disease (Nomura et al., 2011).

To date, in vivo studies examining 2-AG effects on inflam-
mation have been primarily carried out in mice. A large
proportion of animal models are developed in the rat, and
therefore investigation of effects across rodent species is
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paramount. Although JZL184 has reduced affinity for rat
MAGL compared with the murine enzyme (Long etal.,
2009b), systemic administration of JZL184 exhibited
anxiolytic-like effects at relatively low doses in rats (Sciolino
etal., 2011). However, only one study to date has reported
that systemic administration of JZL184 increased 2-AG levels
in the rat brain (Oleson et al., 2012). The present study dem-
onstrates that JZL184 reduced lipopolysaccharide (LPS)-
induced cytokine expression/levels both in the rat frontal
cortex and plasma, effects partially attenuated by CB; recep-
tor antagonism. MAGL activity was inhibited, and 2-AG
levels were enhanced in the spleen, but not in frontal cortex,
following JZL184 administration, indicating that different
mechanisms may underlie the central and the peripheral
anti-inflammatory effects of JZL184.

Methods

Animals

All animal care and experimental protocols were in accord-
ance with the guidelines of the Animal Care and Research
Ethics Committee, National University of Ireland, Galway
under licence from the Irish Department of Health and Chil-
dren and in compliance with the European Communities
Council directive 86/609. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 128 animals were used
in the experiments described here.

Experiments were carried out on male Sprague Dawley
rats (weight 220-260 g; Harlan, UK), housed singly in plastic
bottomed cages (45 x 25 x 20 cm) containing wood shavings
as bedding. The animals were maintained at a constant tem-
perature (21 + 2°C) under standard lighting conditions
(12:12 h light-dark, lights on from 08:00 to 20:00 h). All
experiments were carried out during the light phase between
08:30 h and 15:00 h. Food and water were available ad
libitum. Animals were habituated to handling and received
an intraperitoneal (i.p.) injection of sterile saline (0.89%
NaCl) for 3-4 days before experimentation in order to mini-
mize the influence of the injection procedure on biological
endpoints.

Experimental design

Experiment 1: Effects of JZL184 on LPS-induced
cytokine expression, 2-AG and arachidonic acid levels in
the rat frontal cortex and plasma, and receptor mecha-
nisms mediating these effects.

Rats were randomly assigned to one of seven groups.
Vehicle-Vehicle-Saline, Vehicle-Vehicle-LPS, AM251-
Vehicle-LPS, @ AMG630-Vehicle-LPS,  Vehicle-JZL184-LPS,
AM251-JZ1L184-LPS, AM630-JZL184-LPS (n=6-10 per
group). The CB; receptor antagonist 1-(2,4-dichlorophenyl)-
5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-
carboxamide (AM251) (1 mg kg', Cayman Chemicals,
Tallin, Estonia), CB, receptor antagonist [6-iodo-2-methyl-1-
[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)-
methanone (AM630) (1 mg kg', Cayman Chemicals) or
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vehicle (ethanol : Cremophor : saline; 1:1:18) were adminis-
tered i.p. in an injection volume of 1 mL kg™'. The doses of
antagonists were chosen based on previous studies demon-
strating their ability to block the effects of cannabinoid ago-
nists in vivo (Jayamanne et al., 2006; Gonzalez et al., 2011).
Immediately following the administration of antagonists,
rats received either JZL184 (10 mg kg’ in an injection
volume of 2 mL kg, generously received from Prof Ben-
jamin Cravatt, Scripps Institute, La Jolla, CA, USA) or vehicle
(ethanol : Cremophor : saline; 1:1:18) followed 30 min later
by an i.p. injection of LPS (100 ug kg' B0111:B4 Sigma
Aldrich, Dublin, Ireland) or saline vehicle (sterile 0.89%
NaCl). The dose and time of JZL184 were determined
from previous studies demonstrating that a minimum of
8 mg kg is required to induce behavioural effects in rats
(Sciolino et al., 2011), that 10 mg kg ' enhanced 2-AG levels
in the ventral tegmental area of the rat brain (Oleson et al.,
2012) and that levels of endogenous 2-AG are enhanced
30 min post-administration (Long etal., 2009a,b). The
dose and time of LPS administration were chosen on the
basis of previous work within our laboratory demonstrating
enhanced cytokine levels in the periphery and brain 2 h
post-LPS administration (Roche et al., 2006; 2008; Kerr et al.,
2012). Animals were killed by decapitation 2 h post-LPS/
saline, trunk blood collected into chilled lithium heparin
collection tubes, centrifuged at 4°C for 15 min at 4000x g,
plasma was then removed and stored at —-80°C wuntil
cytokine determination. Spleen and frontal cortex were
excised, snap frozen on dry ice and stored at —80°C until
assayed for MAGL activity, 2-AG, arachidonic acid and pros-
taglandin levels and cytokine expression.

Experiment 2: Effect of JZL184 on 2-AG levels in the rat
frontal cortex over time

Rats were randomly assigned to one of nine treatment
groups: Vehicle-Saline, Vehicle-LPS (10 min), JZL184-LPS
(10 min), Vehicle-LPS (30 min), JZL184-LPS (30 min),
Vehicle-LPS (60 min), JZL184-LPS (60 min), Vehicle-LPS
(90 min) and JZL184-LPS (90 min) (n=8-12 per group).
Rats were administered JZL184 (10 mg kg’ i.p. Cayman
Chemicals) or vehicle (ethanol : cremophor : saline; 1:1:18)
followed 30 min later by an i.p. injection of LPS
(100 ug kg™ or saline vehicle. Rats were killed 10, 30, 60 or
90 min after LPS (or saline), the brain excised, the frontal
cortex dissected out and stored at —80°C until assayed for
2-AG concentration.

Analysis of inflammatory mediators using
quantitative real-time polymerase chain
reaction (PCR)

RNA was extracted from cortical tissue using NucleoSpin RNA
II total RNA isolation kit (Macherey-Nagel, Diiren, Germany).
Genomic DNA contamination was removed with the addi-
tion of DNase to the samples according to the manufacturer’s
instructions. RNA was reverse transcribed into cDNA using a
High Capacity cDNA Archive kit (Applied Biosystems, Paisley,
UK). Tagman gene expression assays (Applied Biosystems)
containing forward and reverse primers and a FAM-labelled
MGB Tagman probe were used to quantify the gene of
interest, and real-time PCR was performed using an ABI



Prism 7500 instrument (Applied Biosystems), as previously
described (Kerr et al., 2012). Assay IDs for the genes exa-
mined were as follows: IL-1f (Rn00580432_m1), TNF-o
(Rn99999017_m1), IL-6 (Rn00561420_m1) and IL-10
(Rn00563409_m1). In order to determine if the effects of
JZ1.184 on cytokine expression were mediated by modulation
of the NF-xB pathway, the expression of the inhibitor of
NF-xB,,IxBo. (Rn01473658_g1), an indirect measure of NF-xB
activity (Read et al., 1994), was also assessed. PCR was per-
formed using Tagman Universal PCR Master Mix (Applied
Biosystems), and samples were run in duplicate. The cycling
conditions were 90°C for 10 min and 40 cycles of 90°C for
15 min followed by 60°C for 1 min. B-actin was used as an
endogenous control to normalize gene expression data. Rela-
tive gene expression was calculated using the AACT method.

Determination of plasma cytokine

protein levels

Plasma TNF-o, IL-1B, IL-6 and IL-10 concentrations were
determined using specific rat enzyme-linked immunosorbent
assays (ELISAs) performed using antibodies and standards
obtained from R&D Systems, Abingdon, UK (TNF-a and
IL-10) or Peprotech, London, UK (IL-1B and IL-6) as previ-
ously described (Roche et al., 2006; 2008; Kerr et al., 2012).
ELISAs were carried out according to manufacturer’s instruc-
tions, and cytokine levels were expressed as pg mL™" plasma.

MAGL activity assay

MAGL activity assay was conducted as previously described
(Cable et al., 2011). In brief, frontal cortical or spleen tissue
was weighed (~20 mg), homogenized in 1 mL of TE buffer
(50 mM Tris, 1mM EDTA, pH7.4) and centrifuged at
14 000x g for 15 min. The pellet was resuspended in 1 mL of
TE buffer, centrifuged and resuspended in a final volume of
TE buffer so as to give a 1 in 5000 or 1 in 500 dilution of the
initial wet cortical or spleen tissue weights respectively.
Ninety microlitres of sample aliquots or blanks were pre-
incubated with 5 uL of Hanks/HEPES buffer (116 mM NaCl,
5.4 mM KCl, 1.8 mM CaCl,.2H,O, 25 mM HEPES, 0.8 mM
MgSO,, 1 mM NaH,PO,.2H,0) pH 7.4, containing 1 mg mL™
defatted albumin for 30 min at 37°C. After pre-incubation,
5 uL of substrate (500 uL 2 mM 2-OG containing 3.75uCi
2-oleoyl-[*H]-glycerol; American Radiolabelled Chemicals,
Herts, UK) was added with mixing to give a final [*H]-2-OG
concentration of 100 uM. The reaction was allowed to
proceed for 15 min at 37°C, following which 300 uL of stop
solution (8% charcoal in 0.5 M HCI) was added with mixing.
Samples were allowed to stand for a further 20 min and then
centrifuged at 14 000x ¢ for 5 min to pellet the charcoal
before removal of a 200 uL aliquot of the clear supernatant
containing liberated [*H]glycerol for liquid scintillation
counting. Homogenates were assayed in triplicate. Data were
expressed as nmol min™ g tissue.

Quantitation of endocannabinoids and
N-acylethanolamine concentrations using
liquid chromatography — tandem mass
spectrometry (LC-MS/MS)

Quantitation of endocannabinoids and N-acylethanolamines
was essentially as described previously (Ford etal., 2011;
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Olango et al., 2011; Kerr et al., 2012). In brief, samples were
homogenized in 400 uL 100% acetonitrile containing deuter-
ated internal standards [0.014 nmol anandamide-d8,
0.48 nmol 2-AG-d8, 0.016 nmol N-palmitoylethanolamide
(PEA)-d4, 0.015nmol N-oleoylethanolamide (OEA)-d2].
Lyophilized samples were re-suspended in 40uL 65%
acetonitrile and separated on a Zorbax® C18 column
(150 x 0.5 mm internal diameter; Agilent Technologies, Cork,
Ireland) by reversed-phase gradient elution initially with a
mobile phase of 65% acetonitrile and 0.1% formic acid, which
was ramped linearly up to 100% acetonitrile and 0.1% formic
acid over 10 min and held at this for a further to 20 min.
Under these conditions, anandamide, 2-AG, PEA and OEA
eluted at the following retention times: 11.4 min, 12.9 min,
14.4 min and 15.0 min respectively. Analyte detection was
carried out in electrospray-positive ionization and multiple
reaction monitoring (MRM) mode on an Agilent 1100 HPLC
system coupled to a triple quadrupole 6460 mass spectrometer
(Agilent Technologies Ltd, Cork, Ireland). Quantification of
each analyte was performed by ratiometric analysis and ex-
pressed as nmol or pmol g of tissue. The limit of quantifica-
tionwas 1.3 pmol g, 12.1 pmol g™, 1.5 pmol g, 1.4 pmol g™
for anandamide, 2-AG, PEA and OEA respectively.

Qualitative detection of JZL184

using LC-MS/MS

The system and protocol employed was similar to that
described for the detection of endocannabinoid and
N-acylethanolamine levels with the following modifications.
Briefly, samples were prepared as for endocannabinoid deter-
mination and resuspended in 100% acetonitrile. Separation
occurred by reversed-phase gradient elution initially with a
mobile phase of 25% acetonitrile and 0.1% formic acid that
was ramped linearly up to 100% acetonitrile and 0.1% formic
acid over 10 min and held at this for a further 10 min before
being returned to 25% acetonitrile. Under these conditions,
JZ1.184 was eluted at 14 min. JZL184 detection was carried
out using electrospray-positive ionization and MRM mode
where the parent-daughter transition of 503.1 > 199.1 was
monitored with a collision energy of 25 V.

Quantitation of PGE, and PGD,

using LC-MS/MS

Spleen or cortical samples were homogenized in 400 puL of
acetonitrile containing tetra deuterated labelled internal
standards (1.7pmoles PGE, and PGD,). Lyophilized samples
were resuspended in 40 puL 25% acetonitrile and 4 pL injected
onto a Zorbax SB C18 column (150 x 0.5 mm internal diam-
eter). The mobile phases consisted of solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetonitrile)
maintained at a flow rate of 12 uL. per min. Reversed-phase
gradient elution began initially at 25% B and over 20 min was
ramped linearly up to 50% B and at 25 min was ramped to
100% B and held at this for a further 5 min. Under these
conditions, PGE, and PGD; eluted at 19.8 and 21 min respec-
tively. Analyte detection was carried out in electrospray-
negative ionization and MRM mode on an Agilent 1100
HPLC system coupled to a triple quadrupole 6460 mass spec-
trometer (Agilent Technologies Ltd). Quantification of each
analyte was performed by ratiometric analysis and expressed
as pmol g tissue.
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HPLC-UV determination of arachidonic

acid concentration

Determination of arachidonic acid was carried out by HPLC
as described (Lang et al., 1996). In brief, cortical or spleen
samples (60-100 mg) were homogenized in 1 mL of mobile
phase [8.5% phosphoric acid/acetonitrile (10:90 v/v)] con-
taining 50 ng biphenyl per 20 uL as internal standard.
Samples were centrifuged at 14 000x g for 15 min at 4°C and
20 uL of the supernatant or standard [200 ng arachidonic
acid (Sigma, Dublin, Ireland) per 20 uL] was then injected
onto the Shimadzu HPLC system (Mason Technology,
Dublin, Ireland). Separation was carried out at 30°C on a
Synergie 4 pm reverse phase column (Phenomenex, Cheshire,
UK) at a flow rate of 1 mL per min and detected on an
SPD-10A UV-vis detector at 204 nm (Mason Technology,
Dublin, Ireland). Quantification of arachidonic acid levels
was based on the ratiometric analysis of sample and standard
peak heights at 204 nm and expressed as nmol g' tissue.

Data analysis

SPSS (IBM, New York, USA) was used to analyse all data.
Results are expressed as group means * SEM. Data were ana-
lysed using unpaired t-test or two-way ANOVA (following log
transformation) with the factors of antagonist/vehicle and
JZ1.184/vehicle treatment. Post hoc analysis was performed
using Duncan’s test when appropriate. Data were considered
significant when P < 0.05.

Results

JZL184 attenuates LPS-induced increases in
cytokine expression in the frontal cortex

LPS increased IL-1f (23-fold), IL-6 (21-fold), TNF-o (3.5-fold),
IL-10 (17-fold) and IxBo (6.2-fold) expression when com-
pared with saline-treated controls (Vehicle-Vehicle-Saline vs.
Vehicle-Vehicle-LPS; Figure 1A-D). Systemic administration
of the MAGL inhibitor JZL184 significantly attenuated the
LPS-induced increase in IL-1B (JZL effect: F;36=42.962,
P <0.001), IL-6 (Fy35 = 4.124, P = 0.050), TNF-0. (Fy 37 = 46.070,
P <0.001) and IL-10 (Fy3;,=10.977, P=0.002) but not IxBa,
expression. Administration of the CB; receptor antagonist
AM251 partially blocked the JZL184-induced attenuation
of IL-1 mRNA expression following LPS administration
(Antagonist x JZL184 interaction effect: F,3s=6.452, P=
0.004) (Figure 1A). Although there was no main effect of
antagonist treatment on IL-6 expression, a strong trend for
AM251-induced blockade of the action of JZL184 on the
expression of this cytokine was observed. AM251 alone sig-
nificantly attenuated the LPS-induced increase in IL-18
expression. Pharmacological blockade of the CB, receptor
with AM630 did not alter LPS-induced cytokine expression
alone, nor did it alter the JZL-induced attenuation of LPS-
induced cytokine expression.

JZL184 attenuates LPS-induced increases

in TNF-o and IL-10 levels in plasma, an
effect partially attenuated by CB;

receptor antagonism

LPS increased IL-1B (287-fold), IL-6 (5.9-fold), TNF-a. (1300-
fold) and IL-10 (169-fold) levels in the plasma when com-
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pared with saline-treated controls (Vehicle-Vehicle-Saline
vs. Vehicle-Vehicle-LPS; Figure 2A-D). JZL184 significantly
attenuated the LPS-induced increases in TNF-oo (JZL effect:
Fi31=40.334, P<0.001) and IL-10 (Fi3=7.337, P=0.011)
but not IL-1B nor IL-6, levels (Figure 2C-D). AM251 and
AM630 partially attenuated the JZL184-induced attenuation
of TNF-a (Antagonist x JZL184 interaction effect: F,3 = 4.216
P =0.024) following LPS administration. Furthermore, the
JZ1.184-induced attenuation of the increase in IL-10 levels
following LPS was blocked by AM251 (Antagonist x JZL184
interaction effect: F 3, = 8.888, P = 0.001; Figure 2D). AM251
alone attenuated the LPS-induced increase in IL-10 plasma
levels (Figure 2D). AM630 significantly attenuated LPS-
induced increase in IL-1B cytokine levels in the presence of
JZ1.184 (Antagonist x JZL184 interaction effect: F,3, = 4.614,
P =0.017; Figure 2A).

Systemic administration of JZL184 inhibits
MAGL activity and increases 2-AG levels in
the rat spleen but not in the frontal cortex
Systemic administration of JZL184 resulted in a significant
inhibition of MAGL activity (P=0.002) and an associated
increase in 2-AG levels (P =0.023) in the spleen, but not in
the frontal cortex, of LPS-treated rats (Figure 3A,B). There was
no effect of JZL184 on the levels of anandamide, OEA or PEA
in either the frontal cortex or in the spleen (Figure 3C).

JZL184 reduces arachidonic acid levels but
does not alter PGE, or PGD; levels in the
frontal cortex of LPS-treated rats

Arachidonic acid levels were reduced in the frontal cortex
(P =0.020), but not in the spleen, of JZL184-LPS-treated rats
(Figure 3D). There was no effect of ]ZL184 on levels of PGE, or
PGD; in the frontal cortex or in the spleen (Figure 3E,F).

The effect of JZL184 on 2-AG levels in the
frontal cortex over time

As JZ1.184 did not alter 2-AG levels in the frontal cortex 2.5 h
after administration (2 h following LPS), we sought to deter-
mine if the reduction in arachidonic acid might have resulted
from increased 2-AG levels at an earlier time point than that
examined in the studies described above. JZ1L184, adminis-
tered 30 min before LPS, did not alter 2-AG levels in the frontal
cortex measured at 10, 30, 60 and 90 min after LPS adminis-
tration (Table 1). In addition, LPS alone did not alter 2-AG
levels in the frontal cortex at any of the time points examined.

JZL184 is present in the rat spleen

but not frontal cortex following

systemic administration

As 2-AG levels were not enhanced in the frontal cortex at any
of the time points examined, LC-MS/MS analysis was pre-
formed to qualitatively determine if JZL184 was present in
the samples following systemic administration. Analysis
revealed that although JZ1L184 was readily detectable in the
rat spleen, the MAGL inhibitor could not be detected in the
frontal cortex 2.5 h after administration (2 h after LPS)
(Figure 3G,H).
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JZL184 attenuates LPS-induced increases in cytokine expression in the rat frontal cortex. JZL184 (10 mg kg™ i.p.) significantly attenuated
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LPS-induced increase in IL-13 mRNA expression while also partially preventing the JZL184-induced attenuation of IL-1 following LPS adminis-
tration (A). Effect of LPS and JZL184 on IxBa (E). Data expressed as means = SEM (n = 6-10 per group). Dotted line represents Vehicle-Vehicle—
Saline. **P < 0.01; *P < 0.05 versus Vehicle-Vehicle-LPS. *P < 0.05 versus Vehicle—)ZL184-LPS.

Discussion

The present study demonstrated that systemic administration
of the MAGL inhibitor JZL184 robustly attenuated LPS-
induced increases in cytokine expression in the rat frontal
cortex. Although CB, receptor antagonism attenuated the
JZ1.184-induced decrease in IL-1f expression, this occurred in

the absence of any JZL.184-induced inhibition of MAGL activ-
ity or increase in 2-AG levels in the frontal cortex. Although
arachidonic acid levels in this brain region were reduced
in JZL184-LPS-treated rats, this was not accompanied by
changes in PGE, or PGD; levels. In comparison, JZL184 inhib-
ited MAGL activity and increased 2-AG levels in the spleen,
and attenuated the LPS-induced increases in plasma IL-10
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Figure 2

JZL184 attenuates LPS-induced increases in TNF-o and IL-10 levels in the plasma, an effect partially mediated by CB, receptors. LPS significantly
increased IL-1f (A), IL-6 (B), TNF-o. (C) and IL-10 (D) plasma levels expression when compared with saline-treated controls (dotted line). JZL184
(10 mg kg™ i.p.) attenuated the LPS-induced increase in TNF-o. (C) and IL-10 (D), effects partially attenuated by CB; receptor antagonism with
AM251. AM630 also partially reversed the |ZL184-induced attenuation of TNF-a levels following LPS administration (C). In the presence of |ZL184,
AM630 completely blocked the LPS-induced increase in IL-1 (A). AM251 alone attenuated the LPS-induced increase in IL-10 levels (D). Data
expressed as means = SEM (n = 6-10 per group). Dotted line represents Vehicle-Vehicle-Saline. *P < 0.05; **P < 0.01 versus Vehicle-Vehicle-LPS.
*P < 0.05;7P < 0.01 versus Vehicle-JZL184-LPS.

Table 1

Effect of systemic administration of JZL184 (10 mg kg™") on 2-AG levels in the frontal cortex over time

Time (min)

Vehicle-LPS 6.80 = 0.47 6.49 + 0.55 7.64 = 0.72 7.19 = 0.81
JZL184-LPS 6.68 = 0.40 7.13 = 0.40 6.24 = 0.78 7.70 = 0.57

Vehicle-vehicle-saline: 7.00 = 0.43 nmol g tissue. Data expressed as mean 2-AG concentration = SEM in nmol g™ tissue. (n=7-11 per
group). 2-AG, 2-arachidonyl glycerol; LPS, lipopolysaccharide.

and TNF-o levels, effects partially attenuated by CB, receptor Although JZL184 robustly and selectively enhanced 2-AG
antagonism. Together, these data demonstrate potent anti- levels in the brain and peripheral organs of mice (Long et al.,
inflammatory effects of JZL184 in the rat, both centrally and 2009a,b; Alhouayek et al., 2011; Kinsey et al., 2011; Nomura
peripherally, although the mechanisms underlying these et al., 2011), to our knowledge only one study to date (Oleson
effects may differ. et al., 2012) has reported an increase in 2-AG levels in the rat
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Effect of systemic administration |ZL184 on MAGL activity, 2-AG, arachidonic acid and prostaglandin levels in the frontal cortex and spleen.
Systemic administration of JZL184 (10 mg kg™, i.p.) inhibited MAGL activity (A) and increased 2-AG levels (B) in the spleen but not frontal cortex.
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brain (ventral tegmental area). In comparison with this latter
study, the present study demonstrated that JZL184 inhibited
MAGL activity and increased 2-AG levels in the rat spleen but
not frontal cortex, 2.5 h after administration. Further analysis
revealed that JZL184 could be detected in the spleen, but
not in frontal cortex, following systemic administration.
Although the dose of JZL184 (10 mg kg™') was comparable
between the present study and that of Oleson et al. (2012),
the divergent results with respect to the ability of JZL184 to
inhibit MAGL activity and increase 2-AG levels in the brain
may result from differences between the two studies, such as
the routes of administration (i.p. vs. i.v.) or the brain regions
under investigation. The lack of increase in 2-AG in the brain
is also in contrast to that observed in mice at an equivalent
time point (Long et al., 2009a,b). It should be noted that the
affinity of JZL184 for rat MAGL is 10-fold lower than that for
mouse or human MAGL (Long et al., 2009b) and, as such,
higher doses of JZL184 in the present study may be required
to inhibit MAGL and increase 2-AG in the rat brain. However,
the present findings indicate that the dose of JZL184 used was
capable of inhibiting MAGL and increasing 2-AG levels in the
spleen. These data, taken together with the data demonstrat-
ing detectable levels of JZL184 in the spleen but not in the
frontal cortex, suggest that the lack of efficacy of the drug in
the frontal cortex relates to insufficient brain permeability
rather than dose.

Although pharmacological blockade of MAGL with
JZ1.184 reduced LPS-induced cytokines in both the frontal
cortex and plasma, the profile and magnitude of the cytokine
changes differed between these regions. JZL184 almost com-
pletely blocked LPS-induced expression of mRNA for
cytokines (IL-1f3, TNF-a, IL-6 and IL-10) in the frontal cortex,
similar to that previously reported in mouse brain (Alh-
ouayek ef al., 2011; Nomura et al., 2011). Further studies are
required to determine if alterations in mRNA expression
translate to changes in protein levels. Unlike these latter
studies, this anti-inflammatory profile following JZL184
administration was not accompanied by an increase in 2-AG
levels. It has been proposed that in the CNS, the inhibition of
MAGL may shunt the hydrolysis of 2-AG onto other path-
ways such as COX-2, which would account for the lack of
increase in 2-AG in the frontal cortex following JZL184. Such
an effect would result in decreased arachidonic acid produc-
tion via the MAGL hydrolysis of 2-AG, as observed in the
current study. However, MAGL activity was not inhibited in
frontal cortex following systemic administration of JZL184
and thus this is not a likely explanation. Nomura et al. have
suggested that the anti-inflammatory effects of JZL184 in the
brain are not directly mediated through cannabinoid recep-
tors but rather due to reduced levels of arachidonic acid, with
a consequent reduction in production of inflammatory
mediators such as PGE, (Nomura et al., 2011). Although ara-
chidonic acid levels were reduced in the frontal cortex of
JZ1.184-treated animals in the current study, this effect was
not accompanied by alterations in PGE, or PGD, levels. In
addition, CB; receptor antagonism with AM251 partially
attenuated the JZL184-induced decrease in frontal cortical
IL-1B following LPS administration, indicating a potential
role for the CB,; receptor in mediating this response. 2-AG
activation of CB, receptors has been shown to attenuate pro-
inflammatory cytokine expression and protect against closed
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head injury via modulation of NF-kB signalling (Panikashvili
et al., 2005; 2006). In addition, recent in vitro studies have
demonstrated that JZL184-induced increases in 2-AG results
in reduced phosphorlyation of NF-xB and COX-2 expression
in hippocampal neurons via activity at CB, receptors (Zhang
and Chen, 2008; Du et al., 2011). However, the role of the CB,
receptor in mediating the decrease in LPS-induced cytokine
expression in the frontal cortex following JZ1.184 administra-
tion in the current study was not clear in light of the absence
of an increase in 2-AG or changes in IkBo expression, an
indirect measure of NF-kB signalling (Read et al., 1994). Taken
together, the data in the current study suggest that the anti-
inflammatory effects of JZL184 in the rat frontal cortex, and
their blockade by the CB, receptor antagonist, are most likely
an indirect consequence of 2-AG-induced decreases in circu-
lating cytokine levels following JZL184. Increased levels of
circulating pro-inflammatory cytokines can communicate
with the brain via many routes (diffusion into brain across
the blood brain barrier deficient areas, sensory signals and
vagus nerve stimulation) and induce cytokine synthesis
within the CNS, which leads to a state of acute neuroinflam-
mation. Thus, modulation of peripheral cytokines can pro-
foundly affect brain neuroinflammatory processes. This has
important implications as novel treatments targeting the
levels of 2-AG in peripheral tissues or organs may indirectly
modulate neuroimmune function.

In contrast to effects in the brain, JZL184 reduced LPS-
induced increases in plasma levels of TNF-o and IL-10, but not
IL-1P or IL-6, effects accompanied by elevated 2-AG concen-
trations in the spleen, a major immune organ and source of
circulating cytokines. To our knowledge, this is the first study
to examine the effects of JZL184 on circulating cytokine levels
following an acute immune challenge. The present findings
correlate with recent studies demonstrating that a JZL184-
induced increase in 2-AG was associated with reduced expres-
sion of several cytokines including TNF-o and IL-10 in models
of gastric haemorrhage and colitis (Alhouayek et al., 2011;
Kinsey et al., 2011). 2-AG-induced activation of CB, receptors
was shown to prevent NSAID-induced gastric haemorrhage
(Kinsey et al., 2011). Both CB, and CB, receptors appear to be
involved in the JZL184-induced amelioration of colon altera-
tions in the mouse model of colitis; however, antagonism of
these receptors only partially attenuated the JZL184-induced
decrease in cytokine expression in the colon (Alhouayek et al.,
2011). In the current study, pharmacological antagonism of
the CB, receptor with AM251 fully attenuated the JZL-induced
decrease in plasma IL-10 levels, whereas antagonism of both
CB, and CB, receptors partially blocked the decrease in TNF-o
levels. Therefore, JZL.184 inhibition of rat MAGL increased
peripheral 2-AG levels, which probably acted via CB;,, recep-
tors to attenuate LPS-induced increases in cytokine (IL-10 and
TNF-o) levels. Although JZL184 did not alter levels of plasma
IL-1P or IL-6, effects on these cytokines at time points other
than those examined in the present study cannot be ruled out.

It should be noted that a combination of CB, receptor
antagonism and JZL184 resulted in complete inhibition of
the LPS-induced increase in plasma IL-1B, an effect not
observed in the absence of MAGL inhibition. Although the
significance of this finding is unclear, we propose that acti-
vation of other receptors by 2-AG, under circumstances
where CB, receptors are blocked, may be responsible for this



effect. For example, 2-AG suppressed IL-2 production via acti-
vation of PPARy (Rockwell et al., 2006) and a similar mecha-
nism may account for the reduction in IL-1f levels observed
here. PPARy activation has been repeatedly shown to elicit
anti-inflammatory effects, including reductions in IL-1, and
recent evidence indicates that this occurs by interfering with
toll-like receptor 4 (TLR4), the LPS receptor, and its down-
stream signalling components (Maggi et al., 2000; Ji et al.,
2011). Thus, we propose that the tonic activity of 2-AG at
PPARy is minimal; however, concomitant JZL184-induced
MAGL inhibition and blockade of CB, receptors results in
increased 2-AG availability, shunting its activity away from
CB, receptors and onto PPARy, consequently inhibiting TLR4
signalling and LPS-induced IL-1f production.

Immunosuppressive effects of cannabinoid receptor
antagonists/inverse agonists have been previously reported,
although the precise mechanisms by which these effects are
mediated remain to be determined. Our data demonstrate
that AM251 alone reduces LPS-induced IL-1B expression in
the frontal cortex and IL-10 levels in the plasma. Studies from
our laboratory have previously reported that AM251 reduced
plasma TNF-a levels and, to a lesser degree, IL-1B and IL-6
(Roche et al., 2008) and that another CB; receptor antagonist/
inverse agonist, rimonabant, reduced IL-1f levels in the brain
and IL-1B and TNF-a in the plasma (Roche et al., 2006) under
similar conditions. In addition, rimonabant has recently been
shown to reduce the TNF-q, IL-6 and MCP-1 expression in a
mouse model of colitis (Alhouayek et al., 2011). Although in
the current study, AM251 reduced IL-10 levels in rat plasma,
rimonabant enhanced LPS-induced IL-10 levels in mice
(Smith et al., 2000), indicating potential, species-related, dif-
ferences in the effects of the two compounds. As highlighted
earlier, the immunosuppressive effects of cannabinoid
antagonists may be due to the unmasking of endocannabi-
noid actions at other receptors or direct activity at alternative
targets such as GPRSS (Ryberg et al., 2007). In addition, it has
also been suggested that the cannabinoid receptor antago-
nists may act as partial agonists at CB, and CB, receptors
when administered alone (Smith efal., 2000; Croci et al.,
2003; Roche et al., 2006; 2008). Further studies are required in
order to elucidate the mechanism underlying the immu-
nomodulatory effects of these antagonists.

In conclusion, the current study demonstrated that
JZ1184 inhibited MAGL activity and increased 2-AG levels in
a primary immune organ (the spleen) and attenuated LPS-
induced increases in circulating cytokine levels in the rat,
effects partially mediated by CB, receptors. In the frontal
cortex, JZL184 robustly attenuated LPS-induced cytokine
expression without elevating 2-AG levels or inhibiting MAGL
activity, suggesting that the effects on central cytokine
expression may be mediated indirectly via suppression of
LPS-induced peripheral cytokine production. These results
provide further evidence that MAGL inhibition may consti-
tute a novel approach for the treatment of central and periph-
eral inflammatory disorders.
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