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Abstract

Nicotine, the primary psychoactive component in tobacco, plays a major role in the initiation and
maintenance of tobacco dependence and addiction, a leading cause of preventable death
worldwide. An essential need thus exists for more effective pharmacotherapies for nicotine-use
cessation. Previous reports suggest that pharmacological and genetic blockade of CB1 receptors
attenuate nicotine reinforcement and reward; while exogenous agonists enhanced these abuse-
related behaviors. In this study, we utilized complementary genetic and pharmacologic approaches
to test the hypothesis that increasing the levels of the endocannabinoid 2-arachindonoylglycerol
(2-AG), will enhance nicotine reward by stimulating neuronal CB1 receptors. Contrary to our
hypothesis, we found that inhibition of monoacylglycerol lipase (MAGL), the primary catabolic
enzyme of 2-AG, attenuates nicotine conditioned place preference (CPP) in mice, through a non-
CBL1 receptor-mediated mechanism. MAGL inhibition did not alter palatable food reward or
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Lithium Chloride (LiCl) aversion. In support of our findings, repeated MAGL inhibition did not
induce a reduction in CB1 brain receptor levels or hinder function. To explore the potential
mechanism of action, we investigated if MAGL inhibition affected other fatty acid levels in our
CPP paradigm. Indeed, MAGL inhibition caused a concomitant decrease in arachidonic acid (AA)
levels in various brain regions of interest, suggesting an AA cascade-dependent mechanism. This
idea is supported by dose-dependent attenuation of nicotine preference by the selective COX-2
inhibitors valdecoxib and LM-4131. Collectively, these findings, along with our reported studies
on nicotine withdrawal, suggest that inhibition of MAGL represents a promising new target for the
development of pharmacotherapies to treat nicotine dependence.

Keywords

Nicotine; Nicotine Reward; Endocannabinoids; Monoacylglycerol lipase (MAGL); 2-
Arachidonylglycerol (2-AG); Conditioned Place Preference

1. Introduction

Tobacco is one of the most widely abused drugs and the leading cause of preventable
mortality and morbidity worldwide (World Health Organization, 2019). Nicotine, the main
psychoactive component in tobacco, plays a major role in the initiation and maintenance of
tobacco addiction. Over the past decade, a variety of nicotine cessation therapies have been
developed including nicotine replacement therapies such as nicotine gums and patches, the
antidepressant bupropion (Zyban®), and the partial a4p2* nicotinic agonist varenicline
(Chantix®) (Cummings and Mahoney, 2008). Unfortunately, the efficacy of these treatments
remain quite modest with only 20% of patients remaining abstinent after one year (Prado et
al., 2011). Consequently, there remains an essential need for more effective
pharmacotherapies than current existing treatments. Increased understanding of the
neurobiological systems involved in nicotine intake and reward may uncover new and more
efficacious therapies for nicotine cessation.

The endocannabinoid (EC) system contains several components that have been demonstrated
to modulate nicotine reward and dependence in laboratory animal models; including the
Cannabinoid Type 1 (CB1) and Type 2 (CB2) receptors, as well as endogenous ligands that
bind and activate these receptors. For example, genetic deletion or antagonism of CB1 (Foll
et al., 2008) or CB2 (Ignatowska-Jankowska et al., 2013; Navarrete et al., 2013) receptors
reduces nicotine reward. The two best characterized endogenous ligands, N-
arachidonoylethanolamine (anandamide; AEA; Devane et al., 1992) and 2-
arachindonoylglycerol (2-AG; Mechoulam et al., 1995; Sugiura et al., 1995) are tightly
regulated by serine hydrolases which include their respective primary catabolic enzymes
fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) (Blankman and
Cravatt, 2013; Clapper et al., 2009). Notably, CB1 receptors and nicotinic receptors overlap
in many brain areas associated with the rewarding effects of various drugs of abuse
including nicotine, such as the hippocampus (HIPP), and the mesolimbic dopamine system
(Herkenham et al., 1990; Matsuda et al., 1993; Picciotto et al., 2000; Tsou et al., 1998). In
addition, Valjent et al., 2002, demonstrated that combination of low dose nicotine and
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delta-9-tetrahydocannabinol (THC), the primary active constituent of marijuana,
significantly enhanced nicotine CPP. Furthermore, WIN 55,212-2, a synthetic full CB1
receptor agonist, increased nicotine seeking behavior in a progressive ratio (PR) intravenous
(i.v.) nicotine self-administration paradigm (Gamaleddin et al., 2012). Conversely,
rimonabant, a CB1 receptor antagonist, decreased nicotine i.v. self-administration and CPP
in rodents, similar to CB1 knockout (KO) mice (Castafié et al., 2005; Cohen et al., 2002; Le
Foll and Goldberg, 2004; Merritt et al., 2008). Consistent with these findings, rimonabant
blocked nicotine-induced dopamine release in the NAc (Cohen et al., 2002). A growing
body of evidence indicates that elevating endogenous levels of AEA or 2-AG through the
blockade of their primary metabolic enzymes elicit potential therapeutic effects in rodent
models of pain and drug abuse, without eliciting the side effects associated with direct acting
CB1 receptor agonists, such as THC (Ahn et al., 2009, 2008; Cravatt et al., 1996; Justinova
et al., 2015, 2008; Long et al., 2009a, 2009b; Solinas et al., 2007). While we and others
reported that FAAH inhibition augments both nicotine CPP and nicotine-induced accumbal
dopamine release in mice (Merritt et al., 2008; Pavon et al., 2018), other groups found that
FAAH inhibitors reduce nicotine intake and nicotine-induced dopamine release via a PPAR-
a nuclear receptor mechanism in rats (Luchicchi et al., 2010; Melis et al., 2008; Scherma et
al., 2008). However, little work has focused on the effects of MAGL inhibition in these
models. Whereas MAGL inhibitors attenuate both precipitated and spontaneous somatic
withdrawal signs as well as aversive withdrawal signs in nicotine-dependent mice (Muldoon
et al., 2015), its role in nicotine reward remains largely unknown. Importantly, 2-AG is
approximately 200-fold more abundant then AEA in the brain and acts as a full agonist at
both CB1 and CB2 receptors (Gonsiorek et al., 2000; Savinainen et al., 2001). Moreover,
cannabinoids unique retrograde signaling in the brain depends on 2-AG but not AEA (Pan et
al., 2009) suggesting the importance of 2-AG in regulating the EC pathway.

Here, we used complementary genetic and pharmacologic approaches to test the hypothesis
that MAGL inhibition enhances the rewarding effects of nicotine in mice by increasing 2-
AG stimulation of CB1 receptors in the mesolimbic system. Accordingly, we tested whether
administration of the MAGL enzyme inhibitor 4-nitrophenyl 4-(dibenzo[d][1,3]dioxol-5-
yl(hydroxy)methyl)piperidine-1-carboxylate JZL184 (Long et al., 2009a, 2009b) in wild
type mice or MAGL KO mice would display augmented nicotine CPP, and if so, are these
effects mediated via a CB1 receptor-dependent mechanism. Also, we examined whether the
JZ1.184 dosing regimen used in the nicotine CPP studies would affect receptor expression
and function using radioligand binding and agonist-stimulated [35S] GTPyS binding assays,
because prolonged MAGL blockade has been shown to lead to CB1 receptor down-
regulation and desensitization. We then conducted a series of studies to explore the potential
mechanism of MAGL inhibition on nicotine reward. Specifically, we examined changes in
2-AG levels within different brain regions implicated in nicotine reward, as well as
evaluating whether JZL184 would affect other types of place conditioning, including CPP to
palatable food and a conditioned place aversion (CPA) to lithium chloride (LiCl).

Finally, we tested the effects of two selective cyclooxygenase-2 (COX-2) inhibitors,
valdecoxib and LM-4131, on nicotine reward. The COX enzyme is the rate-limiting enzyme
in the synthesis of prostanoids from AA; which are not only found in the periphery but in the
brain where they are shown to mediate synaptic transmission (Williams, 1996). Since
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MAGL is the rate-limiting synthetic enzyme in the production of arachidonic acid (AA) and
its metabolites, and genetic deletion or repeated pharmacological inhibition of MAGL leads
not only to increases in 2-AG but concomitant decreases in AA levels in the brain (Long et
al., 2009a; Nomura et al., 2011, 2008; Schlosburg et al., 2010); we assessed whether
inhibiting the COX enzyme would also result in nicotine CPP augmentation; thereby
suggesting an AA-dependent cascade for JZL.184’s effects.

2. Materials and Methods

2.1 Drugs and chemicals

(-)-Nicotine hydrogen tartrate salt, and lithium chloride were purchased from Sigma-
Aldrich (St Louis, MO). The CB1 receptor antagonist rimonabant [N-(piperidin-1-yl)-5-(4-
chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide HCI] was
provided by the National Institute on Drug Abuse Drug Supply Program (Bethesda, MD).
JZ1.184 [2-[1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl]-1-(4-morpholinyl)-
ethanone] was synthesized as previously described (Long et al., 2009a) by Organix, Inc.
(Woburn, MA). Valdecoxib [4-(5-methyl-3-phenyl-4-isoxazolyl)-benzenesulfonamide], a
selective COX-2 inhibitor, was provided by IronWood Pharmaceuticals (Cambridge, MA);
and LM-4131, another selective COX-2 inhibitor was purchased from Cayman Chemicals
(Ann Arbor, MI). JZL 184, valdecoxib, LM-4131 and rimonabant were dissolved in ethanol,
followed by addition of Emulphor-620 (Solvay S.A., Brussels, Belgium), and diluted with
0.9% saline to form a vehicle mixture of ethanol-emulphor-saline in a ratio of 1:1:18. The
final concentration of ethanol in the vehicle is 5% and displays no evidence for neurotoxicity
at the concentration used in the vehicle. The 1:1:18 preparation is a common vehicle and has
been used in several published articles across many various species in the preparation of
suspensions suitable for parenteral administration of cannabinergics that are not water
soluble and therefore require organic solvents as carriers (Baumann et al., 2017; Ignatowska-
Jankowska et al., 2013; Muldoon et al., 2015; Schlosburg et al., 2010; Wise et al., 2012).
Nicotine, and lithium chloride were dissolved in physiological saline (0.9% sodium
chloride). Nicotine was administered via subcutaneous injection (s.c.), whereas lithium
chloride, JZL.184, valdecoxib, LM-4131 and rimonabant were given via intraperitoneal (i.p.)
injection. All doses are expressed as the free base of the drug and were administered at a
volume of 10mL/kg. GTPyS, adenosine deaminase and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich (St Louis, MO).

[35S] GTP+yS (1250 Ci mmol-1) and [3H] SR141716A (44.0 Ci mmol-1) were obtained
from PerkinElmer Life and Analytical Sciences (Boston, MA). Budget Solve (scintillation
fluid) from Research Products Int. Corp. (Mount Prospect, IL) and Whatman GF/B glass
fiber filters were obtained from Brandel (Gaithersburg, MD). Teklad LM-485 chow pellets
were purchased from Harlan Laboratories (Frederick, MD). Palatable food was Kraft
Philadelphia New York Style Cheesecake distributed from US Food Groups (Salem, VA)
and purchased from Shockoe Expresso and Café (Richmond, VA).
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2.2 Animals

Naive male 8-10-week-old ICR mice (Harlan Laboratories; Indianapolis, IN) served as
subjects for the study. They were housed five per cage in a 21° C humidity-controlled
facility with ad libitum access to food and water. Male and female littermate MAGL wild-
type (WT) and knock-out (KO) mice were on a mixed 129SvEv/C57BL/6J background from
the Scripps Research Institute (La Jolla, CA) (see Schlosburg et al., 2010, for information
regarding initial breeders). The animal facility was accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care. Experiments were performed
during the light cycle and were approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee.

2.3 Behaviour testing

2.3.1 Nicotine conditioned place preference—An unbiased CPP paradigm was
used in this study (Kota et al., 2007). In brief, place conditioning chambers consisted of two
distinct compartments separated by a smaller intermediate compartment with openings that
allowed access to either side of the chamber. In the preconditioning phase (day 1), animals
were confined to the intermediate compartment for a 5-min habituation period, and then
allowed to move freely between compartments for 15 minutes. Time spent in each
compartment was recorded in seconds (baseline measurements). These data were used to
separate the animals into groups of approximately equal bias. Days 2 to 4 were the
conditioning phase during which the saline group received saline in both compartments and
drug groups received nicotine (0.1 or 0.5 mg/kg s.c.) in one compartment and saline in the
opposite compartment. Drug-paired compartments were randomized among all groups. AM
and PM sessions were 4 hours apart. Mice were counterbalanced in terms of which side was
paired with drug and order of treatment (saline versus nicotine at first injection), allowing
exposure to nicotine in the drug-paired side only once per day over the course of 3
conditioning days (Merritt et al., 2008). In this and all place conditioning studies, mice were
given an i.p. injection of vehicle or JZL184 (16, 24 and 40 mg/kg) 2 hours before AM
conditioning. JZL184 was only injected in the AM session due to its long-lasting duration of
action (~7 h) (Long et al., 2009b). In a separate experiment, before both AM and PM
conditioning, rimonabant (0.3 mg/kg i.p.) was administered 30 minutes before being placed
in preference chambers. We used this dose of rimonabant because at higher doses,
rimonabant has been shown to reduce nicotine CPP and self-administration in mice (Cohen
et al., 2002; Merritt et al., 2008). Consequently, we chose a dose which shows minimal
effects on nicotine CPP and self-administration.

On day 5 (test day), mice did not receive any drug. Activity counts and time spent on each
side were recorded via photo sensors using Med Associates interface and software. Data are
expressed as time spent on the drug-paired side minus time spent on the saline-paired side.
A positive number indicates a preference for the drug-paired side, whereas a negative
number indicates an aversion to the drug-paired side. A number at or near zero indicates no
preference for either side.

We also assessed the effect of genetic deletion of MAGL on nicotine CPP. MAGL WT and
KO mice were conditioned with nicotine (0.1 or 0.5 mg/kg, s.c.) or saline in the CPP test as
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described above. In another separate experiment, we performed a nicotine CPP dose
response, where mice were given an i.p. injection of vehicle or JZL184 (24 mg/kg) 2 hours
before each AM conditioning session followed by a s.c. injection of nicotine (0.1, 0.5, or 1
mg/kg) and subsequently subjected to the CPP test. Lastly, we examined the effect of COX-2
inhibition on nicotine CPP in a separate cohort of mice. Following the same CPP paradigm
as above, mice were given an i.p. injection of either vehicle or valdecoxib in one experiment,
and either vehicle or LM-4131 in a separate experiment 30 min before each AM
conditioning session followed by a s.c. injection of nicotine (0.1, 0.5, or 1 mg/kg).

2.3.2 Palatable food CPP—On day 1, animals were confined to the intermediate
compartment for a 5-min habituation period, and then they were allowed to move freely
between compartments for 15 minutes. Time spent in each compartment was recorded.
These data were used to separate the animals into groups of approximately equal bias.
Immediately after baseline, mice were exposed to palatable food for 4-6 hours. Days 2 to 5
were the conditioning days during which the group exposed to chow pellet received a pellet
in both compartments, while the palatable food groups received cheesecake in one
compartment and pellet in the opposite compartment. Chow pellets were removed from the
home cage 4 hours prior to conditioning. Palatable-food-paired compartments were
randomized among all groups. 2 hours prior to the AM conditioning session, mice were
given an i.p. injection of JZL184 (24 mg/kg) and then placed in a paired compartment
containing either chow pellet or palatable food. Between each session mice had access to
food for 1 hour at the end of the session. On day 6, animals were confined to the
intermediate compartment for a 5-min habituation period, and then they were allowed to
move freely between compartments for 15 minutes.

2.3.3 Lithium chloride induced conditioned place aversion (CPA)—Following
the same CPP paradigm, mice were conditioned on days 2 to 4, during which the saline
group received saline in both compartments and drug group received lithium chloride (LiCl)
(150 mg/kg; i.p.) in one compartment and saline in the opposite compartment. Drug-paired
compartments were randomized among all groups. Again, like other place conditioning
assays, mice were either administered an i.p. injection of vehicle or JZL184 (24 mg/kg) 2
hours before AM conditioning. On day 5, animals were confined to the intermediate
compartment for a 5-min habituation period, and then they were allowed to move freely
between compartments for 15 minutes.

2.4 CP55, 940- Stimulated [3°S] GTPyS binding in Membrane

Using a similar protocol as described for the place conditioning studies, mice were given an
i.p. injection of JZL184 (24mg/kg) or vehicle once a day for three days. On day 3, 2 hours
after the final injection, the mice underwent decapitation. Immediately following
decapitation, the Prefrontal Cortex (PFC), Nucleus Accumbens (NAc), Hippocampus (HIPP)
and Ventral Tegmental Area (VTA) were collected, snap frozen in liquid nitrogen and stored
at —80°C until further processing. Each brain region was homogenized in a cold membrane
buffer (50mM Tris-HCI, 3 mM MgCI2, 0.2 mM EGTA, and 100 mM NaCl, pH 7.4) and
centrifuged at 48,0009 for 10 min at 4°C. Pellets were re-suspended in membrane buffer,
and then centrifuged again. Pellets from second centrifugation were homogenized in
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membrane buffer and preincubated for 10 minutes at 30°C in 0.004 U/mL adenosine
deaminase (240 U/mg protein). The assay was conducted at 30°C for 2 hours in membrane
buffer including 5-10 ug (microgram) of membrane protein with 0.1% bovine serum
albumin (BSA), 30 uM (micromolar) GDP (Sigma), various concentration of CP55, 940 —
300 nM, 100 nM, 30 nM, 10 nM, 3nM and 1 nM and 0.10 nM [35S]GTP+S in a final
volume of 0.5 mL. Nonspecific binding was determined in the absence of agonist and the
presence of 30 uM (micromolar) unlabeled GTPyS. Reactions were terminated by rapid
filtration under vacuum through Whatman GF/B glass fiber filters (Brandel, Gaithersburg,
MD), followed by three washes with cold Tris HCI buffer, pH 7.4. Bound radioactivity was
determined by liquid scintillation spectrophotometry at 50% efficiency for 35S after 1 hour
shaking of the filters in 4 mL of Budget Solve scintillation fluid (Sim-Selley et al., 2006).

2.5 (CPP)SR141716A Binding in Membranes

As described above, mice were administered JZL.184 (24 mg/kg) or vehicle once a day for 3
days and decapitated for brain harvesting 2 hours after the final injection on day 3.
Immediately following decapitation, the Prefrontal Cortex (PFC), Nucleus Accumbens
(NAc), Hippocampus (HIPP) and Ventral Tegmental Area (VTA) were collected, snap frozen
in liquid nitrogen and then stored at —80° C until further processing. Membranes were
incubated for 90 min at 30°C in buffer A with 0.5% BSA and varying concentrations of [3H]
SR141716A in a total volume of 0.5 ml. Nonspecific binding was assessed in the presence of
2 uM unlabeled SR141716A. Incubations were terminated by vacuum filtration through
Whatman GF/B glass fiber filters and washed three times with ice-cold Tris buffer with
0.25% BSA Tris-HCI, pH 7.4. Bound radioactivity was determined by liquid scintillation
spectrophotometry at 45% efficiency for 3H after extraction of the filters in scintillation
fluid (Sim-Selley et al., 2006).

2.6 Extraction and quantification of brain endocannabinoid levels with liquid
chromatography-MS

In one experiment, mice were conditioned with either nicotine (0.5 mg/kg s.c.) or vehicle
given once a day for 3 days (conditioning days 2—4); then, on the test day were euthanized
via decapitation after the final drug administration and immediately following the CPP test.
Immediately after decapitation, the Prefrontal Cortex (PFC), Striatum (STR), Hippocampus
(HIPP) and Thalamus (THAL) were collected. Brain samples from each mouse were placed
in individual vials and snap frozen in liquid nitrogen and stored at —80 °C until further
processing for analysis of 2-AG levels using LC-MS. In a separate experiment, we used a
similar CPP drug dosing protocol where mice were given either nicotine (0.5 mg/kg s.c.),
i.p. injection of JZL.184 (24 mg/kg), JZL184 (24 mg/kg i.p.) + nicotine (0.5 mg/kg s.c.) or
vehicle once a day for 3 days. On day 3, 20 minutes after the final injection, the mice were
euthanized via decapitation. Immediately following decapitation, the Prefrontal Cortex
(PFC), Striatum (STR), Hippocampus (HIPP) and Thalamus (THAL) were collected. Brain
samples from each mouse were placed in individual vials and snap frozen in liquid nitrogen
and stored at —80 °C until further processing for analysis of 2-AG and AA levels using LC-
MS.
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On the day of processing, tissues were weighed and homogenized with 1.4 mL of
chloroform-methanol (2:1, v/v; containing 0.0348 mg of phenylmethylsulfonyl fluoride/mL)
after the addition of internal standards to each sample (1 nmol of 2-AG-d8, and 1 nmol AA-
d8; Cayman Chemical, Ann Arbor, MI). Homogenates were then mixed with 0.3 mL of
0.73% wi/v NaCl, vortexed, and then centrifuged for 10 min at 4000 rpm (4°C). The aqueous
phase was collected and extracted two more times with 0.8 mL of chloroform. The organic
phases from the three extractions were pooled, and the organic solvents were evaporated
under nitrogen gas. Dried samples were reconstituted with 0.1 ml of chloroform and mixed
with 1 mL of ice-cold acetone. The mixtures were then centrifuged for 5 min at 3000 rpm at
4°C. The upper layer of each mixture was collected and evaporated under nitrogen. Dried
samples were reconstituted with 0.1 mL of methanol and placed in auto sample vials for
analysis. The mobile phase consisted of water-methanol (10:90) with 0.1% ammonium
acetate and 0.1% formic acid. The column used was a Discovery HS C18, 4.6 x 15 cm, 3-ym
column (Supelco, Bellefonte, PA). lons were analyzed in multiple reaction monitoring mode
and the following transitions were monitored in positive mode: (379>287) and (279>269)
for 2-AG; (387>96) for 2AG-d8; in negative mode: (303>259) and (303>59) for AA and
(311>267) for AA-d8. A calibration curve was constructed for each assay on the basis of
linear regression using the peak area ratios of the calibrators. The extracted standard curves
ranged from 0.0625 to 64 nmol for 2-AG and from 1 to 32 nmol for AA.

2.7 Statistical analysis

For most data, statistical analyses were performed using StatView® software (SAS, Cary,
NC), with the exception of data on the genetic deletion of MAGL, nicotine CPP DRC,
2AG/AA levels and COX-2 inhibition by LM4131, which were analyzed using the
GraphPad Prism software, version 8.1.3 (GraphPad Software, Inc., La Jolla, CA). For data
analyzed using StatView®, a one-way analyses of variance (ANOVA) was used to determine
the overall interaction of drug treatment (nicotine/JZL184 in the nicotine CPP study,
nicotine/Rimonabant in the Rimonabant study and nicotine/valdecoxib in the Cox-2 inhibitor
studies). Values of p < 0.05 were considered to be statistically significant. Significant results
were further analyzed using the Neuman-Keuls post hoc test. For data analyzed using
GraphPad Prism, one-way or two-way ANOVA were performed where appropriate to
determine the overall interaction of drug treatment (nicotine in the genetic study, and
nicotine/JZL.184 in the dose response study). Values of p < 0.05 were considered statistically
significant. Significant results were further analyzed using either the appropriate Dunnett’s
or Sidak post hoc test. To determine if there was a nicotine effect in the LM-4131 CPP study,
data for the nicotine control treatment groups were compared to the saline treatment groups
using a two-tailed Welch’s t-test.

3. Results

3.1 Pharmacological inhibition or genetic deletion of MAGL attenuates nicotine
conditioned place preference

First, we tested whether administration of the MAGL enzyme inhibitor JZL184 in wild type
mice would display augmented nicotine CPP. For our experiments, we chose a dose of 0.5.
mg/kg nicotine in the CPP test because it produces moderately robust preference in mice
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(Grabus et al., 2006; Merritt et al., 2008). As shown in Figure 1, mice conditioned with
nicotine (0.5 mg/kg, s.c.) displayed significantly increased CPP compared to vehicle-treated
mice. However, JZL 184 significantly blocked the development of nicotine preference in a
dose-related fashion [F (7,63) = 7.218; p < 0.000, Figure 1]. At doses = 24 mg/kg, JZL184
completely blocked the development of nicotine preference. Next, we assessed if genetic
deletion of MAGL would augment nicotine CPP. Similarly, we find that MAGL KO mice
failed to develop a nicotine CPP compared to MAGL WT (Figure 2). Although, Two-way
ANOVA showed no significant interaction between strain and dose of nicotine tested, there
was a main effect of both nicotine dose [F (2,55) = 5.682; p = 0.0057] and strain [F (1,55) =
5.429; p = 0.0235]. A Sidak post hoc analysis revealed a significant difference in preference
scores between MAGL WT and MAGL KO at the highest dose of nicotine (0.5 mg/kg)
tested (p = 0.0165). As expected, mice pretreated with vehicle and conditioned with saline
did not show a preference for either side.

Activity counts were also measured for each animal during the CPP test. Statistical analysis
from two-way ANOVA revealed no significant differences in activity counts on post-
conditioning days among any of the test groups, suggesting that the results were not due to
alteration of locomotor effects (Table 1). Furthermore, due to the inverted U-shaped nature
of the nicotine dose-response relationship in the CPP test (Grabus et al., 2006), it is possible
that JZL 184 elicited a rightward or leftward shift in the nicotine dose-response curve. To
assess this possibility, we tested the effects of 24 mg/kg JZL184 on the nicotine dose
response curve in the CPP test at 0.1, 0.5 and 1 mg/kg nicotine. Figure 3 demonstrates that
JZ1.184 significantly blocked nicotine CPP at each of its active doses with no leftward or
rightward shift in the nicotine DRC (significant interaction between JZL184 and nicotine
dose; F (3, 56) = 3.031; p = 0.037). Thus, further experiments focused on the 24 mg/kg dose
of JZL.184 because it was the lowest active dose that blocked the development of nicotine
preference (Figure 1), and because it did not significantly affect activity counts or elicit a
shift in the nicotine dose-response curve in the CPP test.

3.2 MAGL inhibition does not interfere with either food reward or LiCl aversion

To assess if MAGL inhibition interferes with place conditioning to other stimuli, we tested if
JZ1.184 would also affect place conditioning to palatable food-induced CPP and LiCl-
induced conditioned place aversion. As shown in Figure 4B, JZL184 (24mg/kg i.p.) did not
affect place preference scores for the context associated with palatable food F (3, 25) =
4.207; p < 0.02). Similarly, JZL184 (24mg/kg i.p.) did not significantly alter LiCl-induced
CPA compared to vehicle group [(Treatment F (2, 11) = 4.162; p < 0.05); Figure 4B].

3.3 Evaluation of CB1 receptors in the effects of JZL184 on nicotine CPP

As an initial step to investigate the possible role of the CB1 receptor in MAGL inhibition-
induced nicotine preference attenuation. We tested the effects of rimonabant on JZL184-
induced nicotine CPP attenuation. Mice were pretreated with rimonabant (0.3mg/kg i.p.) and
JZ1.184 (24mg/kg i.p.) and conditioned with nicotine (0.5 mg/kg s.c.) in the CPP test. As
discussed in the methods section, we chose this dose of rimonabant because it has been
demonstrated to elicit minimal effects on nicotine CPP and self-administration; since
rimonabant alone at higher doses attenuates nicotine CPP and self-administration in mice
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(Cohen et al., 2002; Merritt et al., 2008). As shown in Figure 5, 0.3 mg/kg rimonabant did
not significantly affect JZL.184’s attenuation of nicotine CPP as determined by a one-way
ANOVA analysis [F (6, 55) = 5.860; p < 0.0001; Figure 5].

Next, we determined if the dosing regimen of repeated administration of JZL.184 (24 mg/kg)
which blocked nicotine CPP led to CB1 receptor downregulation and/or sensitization in
brain areas of interest. As shown in Table 2, this JZL.184 dosing regimen did not alter CB1
receptor levels in the PFC [F (1,4) = 2.063; p < 0.2], NAc [F (1,7) = 0.187; p < 0.7)], HIPP
[F (1,4) = 0.24; p < 0.9], and the VTA [F (1,8) = 0.215; p < 0.7]. Furthermore, the same
dosing regimen did not alter CB1 receptor function as assessed using the CP55,940-
stimulated [35S] GTP-yS binding assay in the PFC [F (1,4) = 0.003; p < 1.0], NAc [F (1,6) =
1.372; p < 0. 21], HIPP [F (1,4) = 0.004; p < 1.0], and the VTA [F (1,6) = 1.468; p < 0.3]
(Table 2).

3.4 Nicotine CPP does not alter 2-AG levels on test day

Next, we examined changes in 2-AG levels within the brain in response to nicotine in the
CPP paradigm. Mice were conditioned with either nicotine (0.5 mg/kg s.c.), or vehicle given
once a day for 3 days (conditioning days 2—4). On test day (day 5), the PFC, STR, HIPP, and
THAL were dissected for analysis of 2-AG levels immediately following the CPP test. As
shown in table 3, mice treated with nicotine in the CPP paradigm did not show significant
changes in 2-AG levels compared to vehicle in the PFC [F (1,22) = 4.2; p < 0.06], STR [F
(1,21) =0.3; p<0.6], HIPP [F (1,22) = 0.8; p < 0.4], and THAL [F (1,14) =0.9; p < 0.4].

3.5 JZL184 selectively increases 2AG levels with concomitant decreases in AA levels in
various brain regions

In a separate experiment, we also assessed changes in 2-AG levels within the brain in
response to JZL treatment. Mice were treated with either vehicle, nicotine (0.5 mg/kg s.c.),
JZL184 (24mg/kg i.p.) or JZL184 (24mg/kg i.p.) + nicotine (0.5 mg/kg, s.c.) for 3 days. On
the 3rd day, 20 minutes after the last injection of JZL 184, the PFC, STR, HIPP, and THAL
were dissected for analysis of 2-AG levels. Overall, one-way ANOVA revealed significant
differences between treatment groups in the PFC [F (3, 23) = 50.18; p < 0.0001], STR [F (3,
23) = 34.42; p < 0.0001], HIPP [F (3, 23) = 224.8; p < 0.0001], and THAL [F (3, 23) =
32.06; p < 0.0001] (Table 4). A Dunnett’s test post hoc analysis showed significantly
increased 2-AG levels in the JZL184 and JZL.184 + nicotine groups compared to the vehicle
groups in all brain regions tested. However, there were no significant differences observed
between the nicotine only treated group compared to the vehicle group.

Furthermore, since the effects of MAGL inhibition on nicotine preference were not CB1
receptor mediated, and because MAGL is the rate-limiting synthetic enzyme in the
production of arachidonic acid (AA) and its metabolites; we investigated if JZL184 was
blocking nicotine’s effects by altering other fatty acids such as AA. Similarly, mice were
treated with either vehicle, nicotine (0.5 mg/kg s.c.), JZL184 (24mg/kg i.p.) or JZL184
(24mg/kg i.p.) + nicotine (0.5 mg/kg, s.c.) for 3 days. On the 3rd day, 20 minutes after the
last injection of JZL 184, the PFC, STR, HIPP, and THAL were dissected for analysis of AA
levels. We found that JZL.184 treatment significantly decreased AA levels in the PFC [F (3,
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23) = 6.028; p = 0.0035], STR [F (3, 23) = 5.089; p = 0.0076], HIPP [F (3, 23) = 11.92; p<
0.0001], and THAL [F (3, 23) = 8.213; p = 0.0007]. No significant differences were
observed between the nicotine only treated group compared to the vehicle group. The
magnitude to which JZL184 altered fatty acid levels are also displayed in Table 4. This
decrease was almost uniform across regions (1.5 to 2-fold), while bigger differences were
seen in 2-AG levels after JZ1.184 treatment. As previously reported, repeated MAGL
inhibition not only caused an increase in 2-AG levels but a decrease in AA (Schlosburg et
al., 2010).

3.6 AA Cascade-dependent Modulation of Nicotine Preference

Since CB1 receptors did not mediate the attenuation of nicotine CPP by JZL.184, and
because pharmacological inhibition of MAGL leads not only to increases in 2-AG but
concomitant decreases in AA levels in the brain; we assessed whether the inhibition of
cyclooxygenase, one of the major hydrolytic enzymes of AA would also prevent the
development of nicotine CPP. As demonstrated in figure 6, both valdecoxib (0.5, 1, and 5
mg/kg; i.p.) [F (4, 33) = 3.8; p < 0.01], and LM-4131 (0.5, 1, and 5 mg/kg; i.p.) [F (3,32) =
5.102; p = 0.0053] dose-dependently blocked the development of nicotine preference in the
CPP test; which may suggest an AA cascade-dependent mechanism for JZL.184’s effects.

4. Discussion

In the present study, we report that genetic deletion of MAGL and pharmacological
inhibition of MAGL by JZ1.184 reduces nicotine conditioned reward in the mouse CPP test.
We find that JZL184’s effects are selective to nicotine; since MAGL inhibition did not alter
LiCl aversion or palatable food reward. However, its effects are not CB1 mediated. In
support of our findings, repeated MAGL inhibition did not induce a reduction in CB1 brain
receptor levels or function. We also investigated if repeated MAGL inhibition in the CPP
paradigm affected other fatty acids levels. Indeed, MAGL inhibition not only causes
increases in 2-AG levels but also a concomitant decrease in AA levels in various brain
regions of interest, suggesting an AA cascade dependent-mechanism. This idea is supported
by a dose-dependent attenuation of nicotine preference by selective COX-2 inhibitors
valdecoxib, and LM-4131.

Our findings contradict our initial hypothesis that MAGL inhibition would enhance the
rewarding effects of nicotine. Previous studies reported that CB1 agonists enhanced nicotine
reward and reinforcement, while CB1 antagonists blocked it (Cohen et al., 2002;
Gamaleddin et al., 2012; Le Foll and Goldberg, 2004; Merritt et al., 2008). In addition,
Buczynski et al., (2016) showed that an inhibitor of 2-AG biosynthesis diacylglycerol lipase
(DAGL), led to a significant reduction of neuronal 2-AG levels and a decrease in nicotine i.v.
self-administration in rats. However, we show in our study that administration of JZL 184
dose-dependently blocked the development of nicotine reward in the CPP test without
disrupting conditional learning for food and aversion or motor activity. In support of our
findings, another study demonstrated that JZL.184 did not disrupt water maze performance in
mice (Wise et al., 2012). In addition, JZL184 pretreatment shifted nicotine dose-response
curve downward and blocked nicotine CPP at all doses. We therefore determined if
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JZL.184’s receptor mechanism of action was due to activation of CB1 receptors. Rimonabant
(0.3mg/kg) did not block the effect of the lowest active dose of JZL184 (24mg/kg i.p.) on
nicotine preference, suggesting that JZL.184’s effect is not CB1 mediated. We used this dose
of rimonabant because rimonabant alone at higher doses has been shown to reduce nicotine
CPP and self-administration in mice (Cohen et al., 2002; Merritt et al., 2008). Consequently,
we chose a dose that had minimal effects on nicotine CPP and self-administration. While it
is possible that the rimonabant dose used was insufficient to antagonize CB1 receptors, we
recently reported that this dose was sufficient in blocking JZL184’s effect on nicotine
precipitated withdrawal (Muldoon et al., 2015); and another study reported that this dose
was sufficient to block THC drug discrimination in mice (McMahon et al., 2008). The lack
of a CB1-mediated mechanism in the nicotine CPP test contrasts with JZL184’s blockade of
nicotine withdrawal (Muldoon et al., 2015). One possible explanation of this duality in
JZLL184’s effect is the difference in endocannabinoid mechanisms involved in nicotine
reward and withdrawal. For example, our previous results show that decreased 2-AG
signaling may contribute to the severity of somatic symptoms of nicotine withdrawal
(Muldoon et al., 2015), while no changes in 2-AG levels in multiple brain regions were
observed in the CPP test in response to nicotine.

Consequently, since the effect of MAGL inhibition on nicotine preference were not CB1
receptor mediated, we investigated if JZL184 was altering other fatty acid levels in the brain
such as AA; since MAGL is the rate-limiting synthetic enzyme in the production of
arachidonic acid (AA) and its metabolites. We assessed whether the lowest active dose of
JZ1.184 used in our studies was altering free AA levels in various brain regions implicated in
nicotine’s behavioral effects (PFC, STR, HIPP, and THAL). Indeed, we found that compared
to vehicle, we not only saw an increase in 2-AG levels but also an associated decrease of AA
levels in these brain regions. This may suggest that JZL.184’s effect is being mediated by an
AA cascade-dependent mechanism. Our findings corroborate other studies that have found
that genetic deletion or repeated pharmacological inhibition of MAGL by high dose of
JZ1.184 leads not only to increases in 2-AG but concomitant decreases in AA levels in the
brain (Long et al., 2009a; Nomura et al., 2011, 2008; Schlosburg et al., 2010).

In the AA cascade, the COX enzyme is the rate-limiting factor in the synthesis of
prostanoids from AA. Prostanoids are found not only in the periphery but in the brain where
they are shown to mediate synaptic transmission (Williams, 1996). Reports show that the
acquisition of morphine preference in the morphine CPP test is blocked in mice co-
administered the selective COX-2 inhibitor, celecoxib, during the conditioning phase
(Ghahremani et al., 2006). Here, we found that valdecoxib and LM-4131, two selective
COX-2 inhibitors, dose-dependently blocked the acquisition of nicotine preference in the
CPP test. This is an interesting finding since it has been shown that prostanoids, a products
of AA metabolism, play a regulatory role in neural plasticity involved with learning and
memory (Teather, 2002), and in COX-2-mediated regulation of endocannabinoid metabolism
as new emerging evidence finds (Hermanson et al., 2014; Martinez-Torres et al., 2019).
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5. Conclusion

Collectively, these findings along with our reported studies on nicotine withdrawal
(Muldoon et al., 2015), suggest that inhibition of MAGL represents a promising new target
for the development of pharmacotherapies to treat nicotine dependence. Nicotine somatic
and affective withdrawal symptoms, in addition to nicotine’s rewarding effects, have been
stated as a major motivational factor for relapse (Epping-Jordan et al., 1998; S. Watkins,
George F. Koob, Athina, 2000). One limitation to our study is the absence of experiments
examining CBL1 receptor desensitization with JZL184 in combination with nicotine. While
we cannot discount potential nicotine and JZL184 interaction on CB1 receptor
desensitization, studies in adult rodents were not found to have significant changes in CB1
receptors after chronic nicotine exposure (Gonzalez et al, 2002; Balerio et al., 2004).
Another limitation is the use of only male mice. Animal studies suggest sex differences in
endocannabinoid pharmacology (Craft et al., 2013). It will be important to examine in future
studies if there are any sex differences associated with the effects of JZL184 on nicotine
CPP. Nonetheless, our studies pose translational relevance since ABX-1431, a selective
MAGL inhibitor, was well-tolerated and safe in phase 1 clinical studies and is currently in
clinical phase 2 studies for the treatment of Gilles de la Tourette syndrome and other
neurological disorders (Jiang and van der Stelt, 2018).
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Highlights

1. Inhibition of monoacylglycerol lipase (MAGL) attenuates nicotine
conditioned place preference (CPP) in male mice, through a non-CB1
receptor-mediated mechanism.

2. JZL184 selectively increases 2AG levels with concomitant decreases in AA
levels in various brain regions

3. Inhibition of MAGL represents a promising new target for the development of
pharmacotherapies to treat nicotine dependence.
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Figure 1. Nicotine conditioned place preference is significantly blocked by JZL.184.
Mice were pretreated with either vehicle (0.9% saline, i.p.) or JZL184 (16, 24 and 40mg/kg,

i.p.), and then injected with either vehicle (0.9% saline, i.p.) or nicotine (0.5 mg/kg, i.p.).
Mice treated with nicotine produced significant place preference. Development of preference
for nicotine was blocked by pretreatment of JZL 184 at all tested doses (16, 24, and 40 mg/kg
i.p.). Data are expressed as mean = S.E.M. of 8-10 mice/group. *p<0.05 from vehicle
control; #p<0.05 from nicotine control and nicotine + JZL184 (16mg/kg).
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Figure 2. Genetic deletion of MAGL blocks nicotine preference.
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[ Vehicle
B Nicotine (0.1)
Il Nicotine (0.5)

MAGL KO and WT mice were treated with nicotine (0.1 and 0.5 mg/kg s.c.). Nicotine
preference is blocked in KO mice versus WT mice. Data are expressed as mean + S.E.M. of
n=9-14 mice/group. *p<0.05 from vehicle controls #p< 0.05 versus respective WT

controls.
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Figure 3. Nicotine DRC in the CPP Test After JZL-184 administration.
JZL dose-dependently attenuates preference in the nicotine CPP paradigm with no leftward

or rightward shift in the nicotine DRC. Mice were pretreated with JZL184 (24mg/kg i.p.) or
vehicle (0.9% saline, i.p.) 2 hours before AM conditioning, followed by treatment with
nicotine. A dose response to nicotine at 0.1, 0.5, and 1 mg/kg was assessed for preference in
the CPP test. Data are expressed as mean + S.E.M. of 8 mice/group. ***p<0.001 from
nicotine vehicle (triangle) ##p<0.001 from JZL.184 vehicle (circle).
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Figure 4. MAGL inhibition does not alter LiCl induced aversion, or palatable-food reward.
(A) Food CPP; mice were treated either with pellet or cheesecake. Mice treated with

palatable food (cheesecake) showed significant preference score compared to their pellet
counterparts. Pretreatment with JZL 184 (24 mg/kg i.p.) did not alter food reward. (B) LiCl-
induced CPP; mice were treated either with vehicle or LiCl (150 mg/kg i.p.). Mice treated
with LiCl showed significant aversion score compared to their vehicle counterparts.
Pretreatment with JZL184 (24 mg/kg i.p.) did not alter LiCl aversion. Data are expressed as
mean + S.E.M. of 8-10 mice/group. *p<0.05 vs all treatment groups.
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Figure 5. JZL184-mediated reduction in nicotine preference is not CB1 receptor-mediated.
Mice were pretreated with JZL.184 (24mg/kg i.p.) for 90 mins, followed by treatment with

rimonabant (0.3 mg/kg i.p.) and tested in the CPP paradigm using 0.5 mg/kg nicotine
administered s.c. Rimonabant did not attenuate JZL.184’s effects on nicotine preference.
Data are expressed as mean + S.E.M. of 6-8 mice/group. *p<0.05 from vehicle controls;
#p<0.05 vs Nicotine and Nicotine +Rim.
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Figure 6. Selective COX-2 inhibitors valdecoxib and LM-4131, dose-dependently block
development of nicotine preference.
Mice treated with nicotine (0.5 mg/kg) produced significant place preference. Development

of preference was blocked by (A) pretreatment of Valdecoxib (0.5, 1 or 5 mg/kg i.p.). Data
are expressed as mean + S.E.M. of 8-10 mice/group. *p<0.05 vs saline controls. (B)
Pretreatment of LM-4131 (0, 5, 10, or 15 mg/kg). Data are expressed as mean + S.E.M. of
8-10 mice/group. *p<0.05, **p<0.01 vs vehicle controls; ##p<0.01 vs nicotine control.
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Table 1.

Summary table of activity counts measured during nicotine CPP test. JZL184 does not alter locomotor activity
on test day compared to vehicle. Data are expressed as mean + S.E.M. of 6 — 8 mice/group.

CPP Activity Counts (sec)
Saline Nicotine (0.5 mg/kg)

V ehicle 1321 +177 1380 + 122
JZL184 (16 mg/kg) 1338 + 140 1232+ 92
JZL184 (24 mg/kg) 1104 + 199 1234 +127
JZL184 (40 mg/kg) 893 + 168 1075 + 58
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Table 2.

Effect of repeated JZL184 administration on CB1 receptor desensitization in mice. Repeated treatment with
JZ1.184 does not produce CB1 receptor desensitization in PFC, NAc, HIPP, and VTA. Data are presented as
means + S.E.M. n = 6 tissue samples per group, run in separate experiments with each individual sample run
in triplicate for [35 S] GTP-yS binding, and each individual sample run in duplicate for receptor binding.

Vehicle JZL.184 (24 mg/kg)

Prefrontal Cortex

Bmax (M)  22£0.2 18402
Kq (NM) 16+05 13404

Nucleus Accumbens

Bmax (OM)  1.6+0.6 1207
Kq (NM) 43+25 1.8+0.9

Hippocampus

Bmax (M)  22£0.6 21406
Kq(hM)  0.95+0.25 1.85+1.0

Ventral Tegmental Area

Bmax (PM) 0.53+0.16 07+02
Kg (nM) 0.99+0.35 17+12

Vehicle JZL.184 (24 mg/kg)

Prefrontal Cortex

Emax (% stim)  62.8 +20.2 64.5+24.6
ECs (NM) 6.0+1.2 79+19

Nucleus Accumbens

Emax (% stim)  56.3+3.8 455+6.0
ECs ("M) 1511+3.1 225+45

Hippocampus

Emax (%o stim)  61.9+12.4 63.0 +14.6
ECs (NM) 85+27 62+0.3

Ventral Tegmental Area

Emax (%6 stim))  51.54 £ 6.61 36.4+106
ECso ("M) 18.7+8.7 19.4+56
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Table 3.

Effect of nicotine CPP on 2-AG levels in mice. 2-AG levels are not altered after nicotine treatment in the CPP
model compared to vehicle. Data are expressed as mean + S.E.M. of 6 mice/group.

2-AG Levels (nmol/g)
Treatment PFC STR HIPP THAL

Vehicle 772+038 6.18+131 10.18+0.97 10.35+0.72
Nic (0.5 mg/kg) 5.76+0.65 695+071 871+106 9.82+0.48
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Effect of JZL184 on 2-AG and free AA levels in the brain. JZL184 selectively increases 2AG levels with an
associated decrease in AA levels in various brain regions. Data are expressed as mean + S.E.M. of 6-7 mice/

group.
2-AG Levels (nmol/g) PFC STR HIPP THAL
Vehicle 7.51+1.66 975+1.75 1153 +211 9724285
Nicotine (0.5 mg/kg) 6.31+1.82 10.57 £ 2.94 10.08 +1.91 9.04 +1.01
JZL (24 mglkg) 196.72+29.38° 14451+988" 14066+681" 7244+526"
JZL + Nicotine 21276 £11.19% 15220+24.07% 16531+7.60° 7353+123"
AA Levels (nmol/g) PFC STR HIPP THAL
Vehicle 218.05+16.46  149.85+7.94  187.70+7.59  89.40+3.83
Nicotine (0.5 mg/kg) ~ 224.92+30.34  147.09+2593  172.22+17.86  84.83+9.46
JZL (24 mglkg) 13550 +20.20° 83.18+29.38° 117.89+1020% 48.07+259"
JZL + Nicotine 121.42+1988” 76.32+1358°  100.88+853" 40.64+0.67"

*
p<0.05 vs vehicle.
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