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ABSTRACT

Binge alcohol (ethanol) drinking is associated with profound adverse effects on our health and society.
Rimonabant (SR141716A), a CB1 receptor inverse agonist, was previously shown to be effective for
nicotine cessation and obesity. However, studies using rimonabant were discontinued as it was
associated with an increased risk of depression and anxiety. In the present study, we examined the
pharmacokinetics and effects of AM4113, a novel CB1 receptor neutral antagonist on binge-like ethanol
drinking in C57BL/6J mice using a two-bottle choice drinking-in-dark (DID) paradigm. The results
indicated a slower elimination of AM4113 in the brain than in plasma. AM4113 suppressed ethanol
consumption and preference without having significant effects on body weight, ambulatory activity,
preference for tastants (saccharin and quinine) and ethanol metabolism. AM4113 pretreatment reduced
ethanol-induced increase in dopamine release in nucleus accumbens. Collectively, these data suggest
an important role of CB1l receptor-mediated regulation of binge-like ethanol consumption and
mesolimbic dopaminergic signaling, and further points to the potential utility of CB1 neutral antagonists

for the treatment of binge ethanol drinking.
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INTRODUCTION

Alcohol abuse disorder (AUD) is the most common and chronic mental disorder, and abuse of alcohol
(ethanol) increases the risk of developing over 200 diseases and injury-related health conditions
leading to about 3.3 million deaths globally (WHO, 2014). Binge alcohol drinking, especially, is a major
public health issue due to its long-term adverse effects and is most prevalent (37.5%) in young adults
(SAMHSA, 2014). According to National Institute of Alcohol Abuse and Alcoholism (NIAAA), binge
drinking is defined as a pattern of drinking that brings blood ethanol concentration (BEC) to 0.08% and
above. This generally occurs after consuming 4 drinks (one "standard" drink contains roughly 14 grams
of pure ethanol) for women and 5 drinks for men in about 2 hours (NIAAA., 2004).

Several studies have demonstrated the importance of many signaling mechanisms including the
endocannabinoid (eCB) system in alcohol-related behaviors (Blednov et al., 2007; Herman and
Roberto, 2015; Mangieri et al., 2009; Mitrirattanakul et al., 2007; Naassila et al., 2004; Parsons and
Hurd, 2015; Pava and Woodward, 2012; Vinod and Hungund, 2006; Wang et al., 2003). The eCB
system consists of two principal cannabinoid (CB) receptors (CB1 and CB2), endogenous cannabinoids
(endocannabinoids, eCBs), and enzymes and transporters which are involved in the metabolism of
eCBs. This system is thought to mediate several physiological functions by modulating the action of
neurotransmitters and neuropeptides, and to regulate reinforcing effects of various substances of abuse
including ethanol where there is a reward-supported pathogenic component. For instance, ethanol has
been shown to increase brain eCBs and downregulate CB1 receptors (Alvarez-Jaimes et al., 2009a, &
2009Db; Caille et al., 2007; Hungund and Vinod, 2009). Hyperactivity of brain eCB system might confer a
phenotype of high ethanol consumption (Hansson et al., 2007; Vinod et al., 2012). Previous studies
have also demonstrated the use of the CB1 receptor inverse agonist rimonabant for attenuating ethanol
consumption (Colombo et al., 2005; Femenia et al., 2010; Vinod et al., 2008b, 2012). However, it was
withdrawn from the market due to its psychiatric adverse side effect liabilities (Kirilly et al., 2012). Most
recent studies revealed a potential use of AM4113, a novel CB1 receptor neutral antagonist as a safer
alternative for treating tobacco and cannabis dependence (Gueye et al., 2016; Schindler et al., 2016).
AMA4113 was shown to exhibit all of rimonabant’s desirable properties and it was clearly differentiated in
vivo based on its CNS effects, while showing no nausea-related behavior or depressive and
anxiogenic-like effects (Gueye et al., 2016; Kangas et al., 2013; Kirilly et al., 2012; Salamone et al.,
2007; Sink et al., 2008; Sink et al., 2010a & 2010b).

Although a significant progress has been made in understanding the neurobiology of
alcoholism, the role of CB1 receptor and its mediated mechanism in binge ethanol drinking is not well
understood at present. The aim of this study was to examine the effects of AM4113 on binge-like

ethanol drinking and ethanol-induced accumbal dopamine (DA) release in C57BL/6J mouse model.
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MATERIALS AND METHODS

Animals

All the experiments were conducted using adult male wild-type C57BL/6J mice (10-16 weeks old;
Jackson Laboratory, USA). Mice were given unlimited access to standard mouse chow during the entire
study. All procedures were conducted in accordance with the National Institutes of Health and Nathan

Kline Institute Animal Care and Use Committee’s guidelines.

Binge-like ethanol consumption

The effect of systemic blockade of CB1 receptor function on binge-like ethanol consumption was
assessed using a two-bottle choice drinking in the dark (DID) paradigm with minor modifications (Patkar
et al., 2016; Rhodes et al., 2005; Thiele et al., 2004) as depicted in Figure 1. Mice were housed singly
and habituated to reverse dark-light cycle for at least week. Two bottles containing water and 20%
ethanol were offered 3 hours into the dark phase for 2 hours for five days a week (Monday to Friday)
with two days of abstinence for 4 weeks. Mice were then injected with either AM4113 (1 and 3 mg/kg
body wt, i.p.) or vehicle (4% DMSO and 1% Tween 80 in saline, i.p.) once daily for 4 days before the
onset of dark cycle. Three hours after drug or vehicle injection, water bottles were replaced with bottles
containing water and ethanol (20% v/v). Amounts of ethanol and water consumption were measured
over a 2-hour period. The positions of water and ethanol bottles were alternated every day to avoid
place preference. Two bottles containing water and 20% ethanol were placed on cage without mouse to

control spillage and evaporation.

Effect of AM4113 on locomotor activity and tastants preference

Mice were acclimatized to single housing a week prior to the tests. They were injected once daily with
either AM4113 (1 and 3 mg/kg, i.p.) or vehicle (4% DMSO, 1% Tween 80 in saline, i.p.) for 4 days and
were used either for assessing the locomotor activity in home cages or for taste preference test.
Ambulatory activity (beams broken X-Y) was measured over 2 hours using an automated infrared
beam-based system (ATM3; Columbus Instrument, Columbus, OH) in the dark-cycle 3 hours after
injections for 4 days.

For the tastants preference test, mice were offered two bottles containing water and saccharin
(0.06%) or quinine (0.06 mM) 3 hours into the dark cycle. The consumptions of water and tastants were
measured for 2 hours every day for 4 days and preference for tastants was calculated. The positions of
water and tastants bottles were alternated every day to avoid place preference. Data were corrected for
the loss of liquid due to spillage and evaporation by comparing weights of water and tastants bottles in

a control cage without a mouse.
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Microdialysis

Ethanol-induced DA release in nucleus accumbens shell (NAcS) was measured by microdialysis. A
guide cannula (CMA 7; CMA/Microdialysis, Sweden) was implanted unilaterally into the NAcS region
(left hemisphere) of the mouse under isoflurane anesthesia. The coordinates were relative to Bregma
for NAcS (AP: +1.5, L: +0.6, V:-4.0) according to the mouse brain atlas (Paxinos and Franklin, 2001).
Mice were allowed to recover for a week before microdialysis experiment, which was carried out in
awake, freely moving mice using a BAS BeeKeeper™ System (BAS Inc., USA). A microdialysis probe
(0.5 mm x 1.0 mm membrane length, CMA 7; CMA/Microdialysis, Sweden) was inserted and after 2
hours wasting period, 4 x 20-min basal samples were collected. AM4113 (1 mg/kg, i.p.) was then
injected 120 min before ethanol administration (1.5 g/kg, i.p.). Control mice were administered with
vehicle (4% DMSO and 1% Tween 80 in saline). The dialysate samples were collected every 20 min at

1.5 pl/min flow rate. Following microdialysis, probe placements were verified by cresyl violet histology.

High-Performance Liquid Chromatography

Levels of DA were analyzed using a HPLC system with electrochemical detection (ESA CoulArray
Detector Model 5600A, with Model 5014B microdialysis cell). The cell potentials were set at +250 mV
and at -175 mV for reference. A microbore C;5 150x 3.2 mm analytical column (ESA MD-150) and a
mobile phase (75 mM sodium dihydrogen phosphate, 1.7 mM 1-octanesulfonic acid sodium salt, 100
uL triethylamine, 25 uM EDTA, and 10% acetonitrile, pH 3.0; Fisher Scientific, Hampton, OH) with a 0.6
mL/min flow rate gave an average elution time for DA at 4.4 min. The dialysate samples (30 ul),
collected in 15 mM Na-EDTA and 10% ethanol mixtures, were injected with an autosampler (ESA
Model 542) and analyzed for DA levels.

Blood Ethanol Concentration (BEC) Assay

Tail blood samples were collected from mice pretreated with vehicle or AM4113 (1 and 3 mg/kg, i.p.)
120 min prior to ethanol injection (1.5 g/kg., i.p.) to examine if AM4113 has any effect on ethanol
metabolism. The trunk blood was collected to measure BEC in mice immediately after a 2-hour drinking
session on the last day of AM4113 testing. Blood samples were collected in perchloric acid containing
tubes at different time points (40, 80 and 120 min) following ethanol administration. Blood samples
were centrifuged at 4° C for 2 min at 13,000 rpm and then plasma was used for BEC assay. Ethanol
levels were measured spectrophotometrically using nicotinamide adenine dinucleotide (NAD) and

alcohol dehydrogenase (ADH) as described previously (Vinod et al., 2006).
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Pharmacokinetics of AM4113

We next conducted pharmacokinetic study of AM4113 to further understand it's bioavailability. A group
of mice were treated intraperitonially with a dose of 1 mg/kg of AM4113 and they were decapitated at
various time points (10, 20, 40, 60, 90, 180, 240, 300 and 420 min) under deep anesthesia (isoflurane).
Brain and trunk blood were collected for the analysis of AM4113 using liquid chromatography-mass
spectrometry (LC-MS) in the positive APCI mode. Following the addition of an internal standard
(rimonabant) to the plasma (0.2 ml) or brain homogenate (0.5 ml), AM4113 and the internal standard
were extracted by the addition of 0.5 ml of carbonate buffer (pH 9.6) and 3.0 ml of 3% isopropanol in
hexane. After a gentle mix for 10 min, the samples were centrifuged at 2000 rpm. The organic phase
was taken and evaporated to dryness in a vacuum centrifuge. The residue was then reconstituted with
150 ul of methanol:water (1:1). The extract was injected onto a C-18 column (XTerra MS, 3.0 x 100
mm, 3.54, Waters Corp.,, MA), eluted with an isocratic mobile phase (0.1% formic
acid:methanol:acetonitrile [30:35:35]) at a flow rate of 0.5 ml/min, affording a retention time of 5.1 and
9.7 min for AM4113 and rimonabant, respectively. Both AM4113 and rimonabant were detected at their
molecular ions. Each analysis was preceded with an eight-point linear calibration curve from 1000 to

7.5 ng/ml.

Statistical analyses

Statistical analyses were performed using Prism software (GraphPad, San Diego, CA) and SAS version
9.4 (SAS Institute Inc., Cary, NC, USA). The group differences in ethanol drinking, ambulatory activity,
tastants preference, BEC and DA levels were analyzed using two-way mixed ANOVA followed by
Bonferroni post-hoc comparison test when appropriate. The data on body weight and pharmacokinetics
were evaluated by one-way ANOVA. Differences were considered statistically significant at p<0.05. All

values are presented as mean+SEM.

RESULTS

Effect of AM4113 on binge-like ethanol drinking behavior

The effect of daily treatment of AM4113 (1 and 3 mg/kg, i.p.) on binge-like ethanol consumption and
preference was examined for four days. Two-way mixed ANOVA performed on the last cycle of the
ethanol drinking data revealed significant main effects of AM4113 [F(2,28)=27.06; p<0.0001], day of
treatment [F(3,84)=66.55; p<0.0001] and interaction between AM4113 X day of treatment
[F(6,84)=2.97; p=0.011] on ethanol consumption (Fig 2A). Bonferroni post-hoc comparison test
revealed a dose-dependent suppression of ethanol consumption. AM4113 significantly reduced ethanol
intake at dose 1 mg/kg (n=10) on day 1 (t;ss- -1.19; ***p<0.0001) and day 2 (t,gs- -0.75; *p<0.05) but
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not on day 3 (t,.0s= -0.54) and day 4 (1.5 - -0.335) compared to the vehicle treated mice (n=10). A

robust suppressing effect of AM4113 at dose 3 mg/kg (n=11) was observed on day 1 (t71:- -1.81;
***n<0.0001), day 2 (tsse= -1.41; ***p<0.0001), day 3 (trg- -0.72; *p<0.05) and day 4 (t,q:- -0.74;
*p<0.05) compared to the vehicle treated mice (n=10). There were also overall effects of AM4113 on
ethanol preference [F(2,24)=27.51; p<0.0001], day of treatment [F(3,84)=72.0; p<0.0001] and
interaction between AM4113 X day of treatment [F(6,84)=4.36; p=0.0007] on ethanol preference (Fig
2B). Bonferroni post-hoc test showed a dose-dependent suppression of ethanol preference. AM4113 at
dose 3 mg/kg (n=11) was more effective in reducing the ethanol preference on day 1 (t;2= -0.579;
***n<0.0001), day 2 (t;3s= -0.586; ***p<0.0001), day 3 (t387= -0.309; *p<0.01) and day 4 (t34s - -0.275;
*p<0.01). However, 1 mg/kg dose (n=10) significantly reduced ethanol preference only on day 1 (tsos--
0.415; ***p<0.0001) day 2 (t417= -0.341; **p<0.001) but not on day 3 (t1ss- -0.129) and day 4 (t176 = -
0.144) relative to the vehicle treated mice (n=10).

Effect of AM4113 on body weight, tastants preference and locomotor activity

The body weights of mice were measured before and after 4 days of AM4113 treatment. One-way
ANOVA showed no significant effect of AM4113 on body weight compared to the vehicle group
[F(2,15)=0.06; p=0.94; n=6 per group; Fig. 3A]. Two-way mixed ANOVA revealed no significant effect
of AM4113 on ambulatory activity relative to the vehicle treated group [F(2,12)=0.32; p=0.73; n=5 per
group; Fig. 3B]. Treatment of AM4113 also did not show any significant differences on preference for
saccharin [F(2,15)=1.79; p=0.20; n=6 per group] or quinine [F(2,15)=0.34; p=0.71; n=6 per group]
compared to the vehicle-treated group (Fig. 3C; n=6 per group).

Effect of AM4113 on ethanol-induced DA release in NAcS

The effect of AM4113 on ethanol-induced DA release was examined in NAcS. Ethanol (1.5 g/kg, i.p.)
was administered 120 min after the injections of either vehicle (n=5) or AM4113 (1 mg/kg, i.p.; n=8).
Ethanol (1.5 g/kg) treatment markedly increased extracellular DA in NAcS after 20 min (ts;= -3.49;
**p<0.001), 40 min (t5;=-5.62; ***p<0.0001) and 60 min (ts;= -2.09; *p<0.05) post-injections compared
to the vehicle treated group (A). Two-way mixed ANOVA with factors of time and treatment revealed a
significant effect of AM4113 on DA levels at 40 min post-injection of ethanol (240" min time point)
relative to the vehicle treated group (ts;=3.43; *p=0.0012; A). No significant effect of treatment of
AMA4113 itself on DA levels was observed (ts;= -0.32; p=0.75). The placements of microdialysis probes
in NAcS were confirmed by Nissl staining (Fig. 4B).
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Blood ethanol concentration

The BEC was 1.29 + 0.12 mg/ml (n=5) in the vehicle treated mice at the end of a 2-hour ethanol
drinking session on the 4™ day of AM4113 treatment. To examine if AM4113 has any effect on ethanol
metabolism, the BEC was measured at 40, 80 and 120 min following administration of a single dose of
ethanol (1.5 g/kg., i.p.). The BEC was 1.51 + 0.05 mg/ml at 40 min post-injection of ethanol. Two-way
mixed ANOVA showed a significant effect of time on BEC [F(2,24)=221.9; p<0.0001; Fig. 5]. However,
no significant effects of either AM4113 treatment [F(2,12)=0.17; p=0.84] or interaction between time
and AM4113 treatment [F(4,24)= 0.80; p=0.53] were observed relative to the vehicle treated group
(n=5 per group; Fig. 5).

Pharmacokinetics of AM4113

A maximum concentration, time to reach maximum concentration and elimination half-life of AM4113
were directly obtained from the data. A maximum concentration of AM4113 in plasma was achieved
(159.2 + 10.1 ng/ml) after 20 min post-injection when dosed intraperitonially at 1 mg/kg (Fig. 6A). One-
way ANOVA indicated a time dependent decrease in concentration [F(7,27)=178.1; ***p<0.0001
compared to 40 min [n=5], 60 min [n=5], 90 min [n=5], 180 min [n=5], 300 min [n=4] and 420 min [n=3]
post-injections; Fig. 6A]. A peak concentration of AM4113 in brain was detected (91.9 + 6.9 ng/gm) in
60 min of post-injection [F(7,28)=20.14; ***p<0.0001 compared to 10 [n=4] and 20 min [n=5] time
points; Fig. 6B). The brain to plasma ratios for AM4113 were ~0.39 and 1.45 at peak levels of plasma
and brain, respectively. The elimination half-life of AM4113 was relatively faster in blood (~ 1 hour) than

in brain.

DISCUSSION

The present study revealed that a novel CB1 receptor neutral antagonist, AM4113 suppresses binge-
like ethanol consumption and preference for ethanol in C57BL/6J mice. Our studies also showed no
significant effect of AM4113 on preference for saccharin (sweet) or quinine (bitter), locomotor activity
and ethanol metabolism at the doses studied. These results indicate that the effect of AM4113 on
ethanol consumption is not due to the alterations in taste reactivity, ambulation and ethanol metabolism
but rather likely due to the functional suppression of CB1 receptor signaling in reward-related
processes.

Drugs of abuse produce rewarding effects during the acute-phase followed by neurochemical
alterations and adaptations in many signaling molecules, which lead to chronic compulsive drug
seeking behavior. The motivational effect of ethanol likely mediated by several reward related brain
circuitries. For instance, ethanol has been shown to increase DA levels in nucleus accumbens and

activation of accumbal DAergic system appears to mediate some of its effects (Cheer et al., 2007; Di
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Chiara and Bassareo., 2007). While AM4113 suppressed ethanol drinking, we next examined if

AMA4113 modulates ethanol-induced DA release in NAc to further understand the functional
consequence of CB1 receptor blockade on DA signaling. An acute ethanol injection significantly
increased DA release in NAcS and this effect was suppressed by AM4113 pretreatment. A dose of 1.5
g/kg of ethanol was chosen in this study as it has been shown to alter reward-related behavior (e.qg.
conditioned place preference) and DA release (Zumlinski et al., 2007; Katner and Weiss, 2001; Kelly et
al., 1997; Hungund et al., 2003). This dose yielded BEC of about 0.15% at 40 post-injection at which
DA levels significantly increase in nucleus accumbens. We also observed a quite similar BEC (0.129%)
in mice following 2-hour drinking session.

Blockade of CB1 receptors specifically in NAc and ventral tegmental area (VTA) has been
shown to reduce ethanol self-administration (Alvarez-Jimes et al., 2006; Caille et al., 2007). A previous
study showed that the eCB, anandamide and its non-hydrolyzable analog methandamide increase DA
release in NAc of rats and this effect was reversed by the CB1 receptor inverse agonist rimonabant,
suggesting a critical role for eCB-CB1 mediated regulation of DA release in NAc (Solinas et al., 2006).
Most recent studies have also suggested the potential use of AM4113 for treating tobacco dependence
(Gueye et al., 2016; Schindler et al., 2016). The suppressing effect of AM4113 on nicotine seeking
behavior is associated with reduction in firing and burst rates of DA neurons in VTA (Gueye et al.,
2016). Taken together, these studies suggest a functional interaction between eCB and DA systems in
mediating the reinforcing effects of drugs of abuse including ethanol.

Previous studies have shown the suppressing effects of the CB1 receptor inverse
agonists/antagonists on preference and consumption of ethanol (10% and 12%) in rodent models
(Parsons and Hurd, 2015; Hungund and Vinod, 2006; Vinod et al, 2012). However, rimonabant was
shown to exert certain psychiatric side-effects that could be attributed to its inverse agonistic activity at
the CB1 receptor and its antagonistic activity at the opioid receptor (Kangas et al., 2013; Kirilly et al.,
2012). On the contrary, CB1 neutral antagonists such as AM4113 are devoid of intrinsic activity at the
cellular level as seen in the CAMP assay, and they suppress the efficacy of eCBs by inhibiting their
binding to CB1 receptors. Another explanation for the adverse side effects of rimonabant might be due
to its slower pharmacokinetic clearance. The half-life of rimonabant in human is 1-2 weeks depending
on body fat content and its functional in vivo half-life in rats is ~15 hours (Huestis et al. 2007;
McLaughlin et al. 2003). We next conducted pharmacokinetic studies to examine the concentrations of
AMA4113 in brain and plasma and to correlate this with ethanol drinking data. The results indicated a
rapid absorbance and elimination (~ 7 hours) of AM4113 in plasma than in brain when dosed at 1
mg/kg intraperitonially. An elimination half-life of AM4113 in plasma was approximately 1 hour while it
was about 6 hours in the brain. Interestingly, the elimination half-life was unchanged for a longer period
of time in the brain. This could be associated with a sustained suppressing effect of AM4113 on binge-
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drinking due to a longer duration of action. The rational for pretreating the mice with AM4113 (in light

phase) 3 hours prior to the ethanol drinking test was to avoid stress-related effects due to handling,
restraining and intraperitonial injections of mice during their active (dark) phase and to determine if this
dosing regimen is effective even after few hours of AM4113 administration. While peak concentration of
AMA4113 was achieved at 60 min post-injection in the brain, the effect of AM4113 could be more robust
on binge-drinking and DA release at around this time. One of the limitations of our study is that during
microdialysis experiments mice were pretreated with AM4113 two hours prior to the ethanol injection
instead of three hours. However, AM4113 could possibly suppress ethanol-induced DA release even
after 3-hour pretreatment considering its long unchanged elimination half-life.

Ethanol preferring C57BL/6J mice were utilized in this study to achieve high ethanol
consumption instead of non-preferring outbred mice. Mice in the vehicle treated group consumed an
average of 3.41 g/kg of pure ethanol and achieved pharmacologically relevant BEC of about 0.129% in
a 2-hour drinking session on the 4™ day of the 5" week. The neuronal mechanism/s of high drinking
phenotype is not clearly understood at present. While direct and indirect agonists of CB1 receptors
have been shown to enhance ethanol drinking behavior (Blednov et al., 2007; Colombo et al., 2005;
Hansson et al., 2007; Vinod et al., 2008a, 2008b, 2012), the presence of higher levels of CB1 receptor-
stimulated G-protein coupling in the striatum of C57BL/6J mice than in ethanol non-preferring DBA/2J
mice (Vinod et al., 2008b) might be of one the contributing factors for excessive ethanol drinking
phenotype. The effect of binge-like ethanol drinking on the endocannabinoid system is currently not
understood. However, previous studies have shown downregulation of CB1 receptors by forced (e.qg.
chronic ethanol vapor exposure and chronic intermittent exposure) and chronic voluntary ethanol (10%
or 12%) consumption (Mitrirattanakul et al., 2006; Pava and Woodward, 2012, Robinson et al., 2006;
Vinod et al., 2006, 2010, 2012). Future studies are needed to examine the effects of AM4113 and its
withdrawal on different stages of AUD.

Unlike rimonabant and other CB1 receptor inverse agonists, the CB1 neutral antagonists such
as AM4113 do not elicit depressive- and anxiogenic-like effects in rats (Gueye et al., 2016; Sink et al.,
2010a & 2010b). Additionally, AM4113 do not produce nausea or induce conditioned gaping, a marker
of nausea, or vomiting in animal models (Salamone et al., 2007; Sink et al., 2008). These studies point
to a more favorable pharmacological profile for CB1 neutral antagonists compared to inverse agonists
for treating binge ethanol drinking behavior. In summary, our findings suggest an important role of CB1
receptor-mediated signaling in binge alcohol drinking and in modulation of mesolimbic DAergic
signaling. These studies also point to a potential utility of CB1 receptor neutral antagonists as an

alternative and a new class of medication for treating AUD.
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Figure 1.
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Drinking in the dark (DID) paradigm was used to model binge-like ethanol consumption in
mice. Mice were habituated to reverse light-dark cycle for a week and offered two bottles
containing water and 20% ethanol 3 hours into the dark phase for 2 hours for five days a
week (Monday to Friday) with two days of abstinence.



Figure 2.

Effect of AM4113 on ethanol consumption and preference was examined using a two-
bottle choice paradigm. AM4113 significantly suppressed ethanol consumption at dose 1
day 1 (***p<0.0001) and 2 (*p<0.05), and at dose 3 mg/kg on day 1
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(***p<0.0001), day 2 (***p<0.0001), day 3 (*p<0.05) and day 4 (*p<0.05). A marked
reduction in ethanol preference was observed at dose 1 mg/kg on day 1 (***p<0.0001) and
2 (*p<0.05), and at dose 3 mg/kg on day 1 (***p<0.0001), day 2 (***p<0.0001), day 3
(*p<0.05) and day 4 (*p<0.05). Data are presented as mean + SEM. Data are presented as
mean + SEM (p values are relative to the vehicle treated group (Vehicle=10; 1 mg/kg =10;
3 mg/kg =11); Two-way mixed ANOVA with Bonferroni post-hoc test).
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Figure 3.
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Effect of AM4113 treatment on the body weight, ambulatory activity and preference for
tastants. The body weight, measured before and 24 hour after the last injections, was
presented as change in body weight. Home cage ambulatory activity (beams broken X-Y)
and preference for tastants were measured for 2 hour in the dark-cycle 3 hour after
AMA4113 and vehicle injections. Treatment of AM4113 for 4 days did not significantly alter
(A) body weight [F(2,15)=0.06; p=0.94; n=6 per group), (B) ambulatory activity
[F(2,12)=0.32; p=0.73; n=5 per group] and (C) preference for saccharin [F(2,15)=1.79;
p=0.20; n=6 per group] or quinine [F(2,15)=0.34; p=0.71; n=6 per group] compared to
their respective vehicle treated mice (n=6 per group). Data are presented as mean + SEM.



Figure 4.
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Microdialysis studies were conducted to examine the effect of AM4113 on ethanol-induced
on dopamine (DA) release in nucleus accumbens shell (NAcS). Ethanol (1.5 g/kg, i.p.) was
administered 120 min after the injections of either vehicle (n=5) or AM4113 (1 mg/kg, i.p.;
n=8). Ethanol significantly increased DA release at 20 min (**p<0.001), 40 min (***p<0.0001)
and 60 min (*p<0.05) post-injections compared to vehicle treated group (A). Ethanol-induced
DA level was suppressed by AM4113 treatment after 40 min of ethanol injection (¥p=0.0012;
A). The placements of microdialysis probes were verified histologically. A representative
image with arrow indicate a probe placement in NAcS (B). Data are presented as mean +

SEM.



Figure 5.
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Effect of AM4113 treatment on ethanol metabolism. Blood ethanol concentration
(BEC) was measured at 40, 80 and 120 min following ethanol administration (1.5
g/kg., i.p.). There was a significant effect of time on BEC [F(2,24)=221.9; p<0.0001].
However, no significant effects of either AM4113 treatment [F(2,12)=0.17; p=0.84] or
interaction between time and AM4113 treatment [F(4,24)= 0.80; p=0.53] were
observed compared to vehicle treated group. Data are presented as mean + SEM
(n=5 per group).



Figure 6.
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The concentrations of AM4113 in brain and plasma were analyzed by liquid
chromatography-mass spectrometry (LC-MS) following intraperitonial injection of
mice at dose of 1 mg/kg. Plasma (A; ***p<0.0001 at 20 min [n=4] compared to 40
min [n=5], 60 min [n=5] , 90 min [n=5], 180 min [n=5], 300 min [n=4] and 420 min
[n=3] post-injection time points) and brain (B; *p<0.05; **p<0.001;***p<0.0001
compared to 10 min post-injection time point) concentrations of AM4113 were
significantly higher at 20 min and 60 min, respectively.



Highlights

A novel CB1 receptor neutral antagonist, AM4113 suppresses binge-like ethanol drinking.
AMA4113 reduces ethanol-induced increase in dopamine release in nucleus accumbens.
AMA4113 is rapidly absorbed and eliminated in plasma than in brain.

AMA4113 might be useful in the treatment of binge ethanol drinking.



