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Abstract

A fixed dose combination of bupropion (BPP) and naltrexone (NTX), Contrave®, is an FDA
approved pharmacotherapy for the treatment of obesity. A recent study found that combining BPP
with low-dose NTX reduced alcohol drinking in alcohol-preferring male rats. To explore potential
pharmacological effects of the BPP+NTX combination on alcohol drinking, both male and female
C57BI/6J mice were tested on one-week drinking-in-the dark (DID) and three-week intermittent
access (IA) models. Neuronal proopiomelanocortin (POMC) enhancer knockout (7P£~) mice
with hypothalamic-specific deficiency of POMC, and its bioactive peptides melanocyte
stimulating hormone and beta-endorphin, were used as a genetic control for the effects of the BPP
+NTX. A single administration of BPP+NTX (10 mg/kg+1 mg/kg) decreased alcohol intake after
DID in C57BI/6J males, but not females. Also in C57BI/6J males, BPP+NTX reduced intake of
the caloric reinforcer sucrose, but not the non-caloric reinforcer saccharin. In contrast, BPP+NTX
had no effect on alcohol DID in 7PE~/~ males. Pretreatment with the selective melanocortin 4
receptor (MC4R) antagonist HS014 reversed the anti-dipsogenic effect of BPP+NTX on alcohol
DID in C57BI/6J males. In the 3-week chronic A model, single or repeated administrations for
four days of BPP+NTX reduced alcohol intake and preference in C57BI/6J males only. The
behavioral measures observed in C57BI/6J mice provide clear evidence that BPP+NTX
profoundly reduced alcohol drinking in males, but the doses tested were not effective in females.
Furthermore, our results suggest a hypothalamic POMC/MC4R-dependent mechanism for the
observed BPP+NTX effects on alcohol drinking in male mice.
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INTRODUCTION

A fixed dose, extended-release oral formulation containing bupropion (BPP, 90mg) and
naltrexone (NTX, 8mg) has been developed to reduce excessive eating. This combination of
BPP and NTX, marketed with the trade name of Contrave®, has been shown to reduce body
weight [Toll et al., 2008; Greenway et al., 2009; Sherman et al., 2016]. It is known that
obese individuals treated with this BPP+NTX combination have less cravings for palatable
foods, and more control over their drive to consume food [Greenway et al., 2010]. Similarly,
in rats, the reduction of food consumption by BPP+NTX was observed when the BPP+NTX
was administered systemically or infused directly into the ventral tegmental area of male rats
[Billes et al., 2014; Levy et al., 2018]. BPP (dopamine and norepinephrine reuptake inhibitor
and nicotine receptor antagonist) is an antidepressant and smoking cessation agent, while
NTX (a non-selective mu-opioid receptor [MOP-r] antagonist) is prescribed for both obesity
and alcohol addiction [O’Malley et al., 1992, 2002; Greig and Keating, 2015; Karoly et al.,
2015]. Of interest is the possibility that the combination of low doses of BPP with NTX may
have greater effects than either drug alone, with less adverse consequences [e.g., Chandler
and Herxheimer 2011; Reeves and Ladner 2013].

In pre-clinical models of alcohol addiction, there are several precedents to test NTX in
combination with other compounds, including acamprosate, prazosin, varenicline or V1b
antagonists [Heyser et al., 2003; Froehlich et al., 2013, 2016; Zhou et al., 2018]. The focus
of the current study was to explore potential pharmacological actions of the BPP+NTX on
alcohol drinking behaviors in mice. Specifically, it was explored whether BPP+NTX could
alter alcohol drinking in both drinking-in-the dark (DID) and intermittent access (1A)
models. Hence, we determined the effect of BPP+NTX in a DID paradigm with limited
access (4 h/day) and relatively low alcohol intake (<5-6 g/kg/day) which models “binge”
drinking to the point of intoxication in mice [Rhodes et al., 2005; Zhou et al., 2017a, 2018].
Because BPP+NTX increase proopiomelanocortin (POMC) expression and neuronal activity
in the hypothalamus of rats [Greenway et al., 2009; Levy et al., 2018], we then investigated
whether BPP+NTX could alter DID in neuronal POMC enhancer (7P£-/7) knockout mice
(with resultant loss of hypothalamic POMC) [Bumaschny et al., 2012; Lam et al., 2015], to
explore potential neuronal mechanisms for the BPP+NTX effects. Two main neuropeptides
beta-endorphin and melanocortin derived from POMC activate MOP-r and melanocortin
receptors to increase and decrease alcohol consumption, respectively [Olney et al., 2014]. As
NTX in BPP+NTX blocks MOP-r, it was further explored whether the combination could
reduce DID through a melanocortin-mediated mechanism via MC4 receptors (MC4R).

In an 1A model, mice develop high alcohol consumption (15-25 g/kg/day) after 3 weeks of
access to alcohol every other day (two-bottle choice for 24 hours) [Hwa et al., 2011; Zhou et
al., 2017a, 2018]. Therefore, we investigated whether single or repeated administrations of
BPP+NTX altered excessive alcohol intake after chronic alcohol drinking, to evaluate BPP
+NTX’s potential as a therapeutic agent for alcoholism. Since BPP is a psychomotor
stimulant [Wright and Rogers 2013], we tested locomotor activity to examine potential
psychomotor side effects of BPP+NTX.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

2.

Page 3

A recent study found that combining BPP with NTX was effective in reducing alcohol
drinking in alcohol-preferring male rats [Nicholson et al., 2018]. It has been shown that
there are sex differences in alcohol drinking behavior in animals and humans [Becker and
Koob, 2016; Erol et al., 2019]. Therefore, the present study was designed to examine the
effects of BPP+NTX in both male and female mice.

MATERIAL AND METHODS

2.1. Animals.

2.2.

2.3.

Adult C57BL/6J (B6) mice of both sexes were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA) and housed in a temperature-controlled (21°C) room on a 12-hour
reverse light-dark cycle (lights on at 7:00 pm). Mice (9-10 weeks of age) were individually
housed in ventilated cages fitted with steel lids and filter tops, and given ad /ibitum access to
a standard chow and water for at least 7 days prior to the beginning of the experiment. The
present study also used singly-housed male mice with a targeted deletion of the POMC
neuronal enhancers nPEL and nPE2 and insertion of a transcriptional blocking reo cassette
in the enhancer locus (7PE~) [Bumaschny et al., 2012; Lam et al., 2015]. Male nPE/~
mice and nPE!* littermates derived from heterozygous nPE+/— parents used in the recent
[Zhou et al., 2017b, 2018] and current studies were bred at the Rockefeller University
animal facility and had been backcrossed for 14-16 serial generations onto the B6
background strain. 7PE~ mice exhibit nearly undetectable Pomc expression in the
hypothalamic arcuate nucleus, without altered Pomc expression in pituitary, thereby
maintaining function of the hypothalamic-pituitary-adrenal axis. During the experiments
(age 9-10 weeks), 7PE~'~ mice had greater body weight (~ 40g in males and 35g in females)
than their nPE*!* siblings (~ 27g in males and 23g in females). The housing conditions were
identical to those for B6 mice. Animal care and experimental procedures were conducted
according to the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources Commission on Life Sciences 1996) and were approved by the Animal
Care and Use Committee of the Rockefeller University. Unless noted, 6-9 mice of each sex
and condition were used in all experiments.

Materials.

Bupropion hydrochloride and naltrexone-hydrochloride (Sigma Aldrich, USA) or HS014
(Tocris, USA) were dissolved in 0.9% saline and administered within a range of doses
known to affect alcohol drinking or food consumption in rodents [Greenway et al., 2009;
Zhou et al., 2017a; Levy et al., 2018]. The BPP+NTX combination was studied at a ratio of
10 BPP/1 NTX in most experiments to model the ratio employed in Contrave® [Greenway
et al., 2009]. The alcohol solution from 190 proof absolute ethyl alcohol (Pharmco-AAPER,
Brookfield, CT), sucrose or saccharin [Sigma-Aldrich Inc., St. Louis, MO, USA) was
diluted in tap water.

Experiments.

2.3.1. Effects of single BPP+NTX, BPP or NTX administration on alcohol
drinking in drinking-in-the-dark (DID) in B6 and nPE knockout mice.—Based on
the original publication [Rhodes et al., 2005] with our recent modifications [Zhou et al.,
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2016], the basic protocol used in the present study was as follows: after 3 hours of lights off,
a water bottle was replaced with a 10-ml pipette tube fitted with a stainless steel straight
sipper tubing, filled with alcohol at a concentration of 15% for 4 hours. Alcohol solution
was prepared fresh every 24 hours by mixing alcohol with tap water to reach the appropriate
(v/v) alcohol concentration. On the drinking days, alcohol intake value (ml) was recorded
after 4 hours of alcohol access (to the nearest 0.1 ml). These data were used for calculating
alcohol intake (g/ kg).

Body weights were matched within each group of each sex before assignment to treatment.
After 4 days of DID, mice within each sex that had similar alcohol intake 24 hours before
the test day were assigned to vehicle- and drug-treated groups. The compounds were
dissolved in vehicle and administered by an experimenter blind to the treatments assigned to
the experimental groups. All drugs were administered by intraperitoneal injections. The
control and experimental groups received the same volume of injections and the same
amount of vehicle solution.

We first tested the dose-response of each drug alone: [A] BPP at 5, 10 or 20 mg/kg; and [B]
NTX at 1 and 2 mg/kg in both male and female B6 mice. On the test day, alcohol was
presented 30 min after a single injection of BPP or saline, or 10 min after a single injection
of NTX or saline and then alcohol intake values were recorded after 4 hours.

Based on the single-dose results, the BPP+NTX combination dose-response was then tested
BPP+NTX at 5+0.5, 10+1, 20+1 or 20+2 mg/kg in both sexes of B6 mice. In these BPP
+NTX experiments, the mice received BPP followed by NTX 20 min later. Then alcohol was
presented 10 min later and then alcohol intake values were recorded. The doses of the BPP
+NTX combinations, BPP and NTX doses were suggested by the publications on rodent
studies [Rhodes et al., 2005; Greenway et al., 2009; Wright and Rodgers, 2013; Zhou et al.,
2017a, 2017b; Levy et al., 2018]. Based on our preliminary results, the best combination of
BPP (10 mg/kg) with sub-effective doses of NTX (1 mg/kg) was further studied in all the
following experiments.

To test whether the effect of BPP+NTX was mediated by MC4R, mice were pre-treated with
the selective MC4R antagonist HS014. Male mice received HS014 (0.5 pmol/kg) in vehicle
(saline) 60 min before the 4-h drinking test, followed by one BPP (10 mg/kg) 30 min later
and then NTX (1 mg/kg) 20 min after BPP or vehicle (saline) injections before the 4-h
drinking test. Only males were tested because it was found that BPP+NTX had no effect on
alcohol drinking in females in the current experiments.

Lastly, a single administration of BPP+NTX (10 +1 mg/kg) was tested in the DID in male
nPE mice. The effects of BPP+NTX were measured on alcohol intake in two genotypes
(nPE*"* and nPE), and the dose of BPP+NTX was identical to one in B6 mice in the
above DID experiments. Male mice were assigned to one of 4 treatment groups: [1] nPE!*
with vehicles as control; [2] nPE* with BPP+NTX; [3] nPE~~ with vehicles as control;
and [4] nPE~ with BPP+NTX.
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2.3.2. Effects on single BPP+NTX administration on 4% sucrose or 0.1%
saccharin drinking in DID in B6 mice.—Since alcohol is a caloric reinforcer, the
specificity of BPP+NTX (10 +1 mg/kg) effects on alcohol intake was verified on sucrose
(caloric reinforcer) and saccharin (non-caloric reinforcer) in the DID protocol. In these
control experiments, sucrose or saccharin was provided, using the procedures described
above. For each sucrose or saccharin experiment, separate groups of mice of both sexes were
used: [1] Sucrose drinking (4% [w/v]) with single BPP+NTX (10+1 mg/kg); [2] Saccharin
drinking (0.1% [w/v]) with single BPP+NTX (10+1 mg/kg); and [3] Sucrose or saccharin
drinking with vehicles (saline) as controls. Of note, NTX at 1 mg/kg had no effect on
sucrose or saccharin drinking in either male or female mice [Rhodes et al., 2005; Zhou et al.,
2017a, 2017b].

2.3.3. Effects of single or repeated administrations of BPP+NTX (10 +1
mg/kg) on alcohol drinking in chronic (3-week) intermittent access (IA) in B6
mice.—The IA protocol used was identical to our recent reports [Zhou et al., 20173,
2017b], that were modified from the early report [Hwa et al., 2011]: mice had 24 hours of
access to 15% alcohol every other day on a two-bottle (water vs. alcohol) choice paradigm
for 3 weeks with food available. For 1A alcohol drinking, the main procedure was identical
to that of the above DID model with some exceptions: on setting at 3 hours after lights off,
the two10-ml pipette sipper tubes (water and 15% alcohol) were placed in the home cages
for 24 hours. The left/right position of the two tubes was randomized (the bottle side
switched within a cage across days). On the drinking days, both alcohol and water intake
values (ml) were recorded after 4, 8 and 24 hours of alcohol access. These data were used
for calculating alcohol intake (g/ kg) and preference ratio for alcohol (alcohol intake/ total
fluid intake). Body weights were matched within each group of each sex before assignment
to treatment. After 3 weeks of 1A, mice within each sex that had similar alcohol intake 24
hours before the test day were assigned to vehicle- and drug-treated groups.

Using the 1A model, we determined whether there was any potential effect of BPP+NTX
treatments on drinking behavior after A with any sex differences. Separate groups of mice
of both sexes were used in the following experiments: [1] IA with single BPP+NTX (10+1
mg/kg) (Table 1A); and [2] IA with four daily repeats of BPP+NTX (10+1 mg/kg) (Table
1B). Mice received the 15t injection BPP+NTX one day before the drinking session,
followed by the 2"d administration immediately before the drinking session on the same day,
and we then repeated the 3" and 4" administrations and recorded alcohol drinking after the
2"d and 4t administration (Table 1B). In both single and repeated experiments, 15% alcohol
was presented after the BPP+NTX injections or vehicles, and then alcohol and water intake
values were recorded at 3 time points as described above.

This low-dose combination of BPP+NTX with short-period treatments of 4 days did not
change the body weight in either male or female mice, consistent with several prior reports
showing that BPP+NTX did not reduce body weight in rats after relatively chronic
administrations [Wright and Rodgers, 2013; Levy et al., 2018; Nicholson et al., 2018].

2.3.4. Effects of BPP+NTX (10 +1 mg/kg) on locomotor activity in B6 mice.—
In another set of mice of both sexes, locomotor activity was tested 3 hours after lights off
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(identical time for starting alcohol drinking sessions) in activity chambers for 30 min. In the
first test of two tests, half the mice were placed in the black chamber 30 min after a single
injection of BPP (10 mg/kg) followed by a single injection of NTX (1 mg/kg) 20 min later
and another half in the white one. To avoid natural preference for the two different
chambers, the chambers were reversed in the second test. The average value of the two tests
was used as the locomotor activity score.

2.4. Data analysis.

In the DID experiments with single BPP, NTX or BPP+NTX alone in both B6 males and
females or nPE males, alcohol (or sucrose or saccharin) intake (dependent variable)
differences across the different groups were analyzed using 2-way ANOVA for treatment
(vehicle vs BPP+NTX, BPP or NTX) and sex (male vs female) or genotype (male nPE** vs
male 7PE"). In the DID experiments with single BPP+NTX after HS014 in males, alcohol
intake (dependent variable) differences across the different groups were analyzed using 2-
way ANOVA for pretreatment (vehicle vs HS014) and for treatment (vehicle vs BPP+NTX).
In the 1A experiments with BPP+NTX in males and females, alcohol intake, water intake,
and preference ratio (dependent variable) differences across groups were analyzed using 2-
way ANOVA for treatment and sex. In experiments examining group differences in
locomotor activity, data were analyzed using 2-way ANOVA (treatment and sex). All the
ANOVAs were followed by Newman-Keuls post-hoc tests. All the statistical analyses were
performed using Stat/stica (version 5.5, StatSoft Inc, Tulsa, OK) and the accepted level of
significance was p < 0.05.

3. RESULTS

3.1.
mice.

Dose-responses of single BPP, NTX or BPP+NTX treatment on alcohol DID in B6

3.1.1. BPP treatment: The response of single BPP at 5, 10 or 20 mg/kg on alcohol
intake is presented in Table S2. Two-way ANOVA revealed no effect of BPP treatment or
interaction between sex and BPP treatment, only with significant effects of sex at all doses
[5 mg/kg, F(1,20)=9.6, p<0.01; 10 mg/kg, F(1,24)=14.2, p<0.001 and 20 mg/kg,
F(1,24)=10.7, p<0.01]. Hence, females drank more alcohol than males after both vehicle and
BPP [p<0.05 for all].

3.1.2. NTX treatment: Table S3 presents the dose response of single NTX at 1 or 2
mg/kg on alcohol intake. At 1 mg/kg NTX, two-way ANOVA did not reveal any significant
effects of NTX treatment alone [F(1,24)=1.7, p=0.25]. However, at 2 mg/kg, there was a
significant effect of NTX treatment [F(1,20)=8.6, p<0.01] in both males and females [post-
hoc tests p<0.05 for both], with no interaction between sex and NTX treatment. Females had
more alcohol intake than males after either 1 mg/kg NTX [F(1,24)=8.7, p<0.05] or 2 mg/kg
NTX [F(1,20)=7.4, p<0.05].

3.1.3. BPP+NTX treatment: In Figure 1 for the full-dose response of BPP, NTX or BPP
+NTX, data collected on the testing day (day 5) are expressed as a percentage of baseline
alcohol intake (day 4) to account for the differences in baseline that contribute to variation
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between experiments. BPP (0, 5, 10 or 20 mg/kg) combined with NTX (0, 0.5, 1 or 2 mg/kg)
reduced alcohol intake in a sex- and dose- dependent manner (data at the 4-hour time point
are analyzed together). Two-way ANOVA showed significant effects of sex [F(1,114)=10.4,
p<0.005], the BPP+NTX treatments [F(9,114)=31.5, p<0.0001], and their interaction
[F(9,114)=4.1, p<0.001]. In comparison with the vehicle controls (0+0 dose), BPP+NTX at
10+1 mg/kg reduced alcohol intake in males [post-hoc test p<0.001], but not females
[p=0.85]. Compared with the females, the males had more reduction in alcohol intake after
the BPP+NTX (10+1) treatment [p<0.001]. Compared with either BPP alone at 10 mg/kg or
NTX alone at 1 mg/kg, the combination at 10+1 mg/kg had more reduction in alcohol intake
[p<0.001 for both]. BPP+NTX at 20+2 mg/kg, however, significantly reduced alcohol intake
in both sexes [p<0.0005 for both]. Of note, NTX at 2 mg/kg alone showed significant
reductions than vehicle control in both males and females [p<0.0005 for both], and the BPP
+NTX treatment at 20+2 mg/kg dose did not differ from the NTX alone (Figure 1).

The combination of 5 mg/kg BPP and 0.5 mg/kg NTX had no effect on DID in either male
or female mice (Table S4A), with only sex differences [F(1,20)=6.9, p<0.05]. However, 10
mg/kg BPP combined with 1 mg/kg NTX significantly reduced alcohol intake in males
[F(1,22)=31.3, p<0.001; post-hoc test p<0.01], but not in females [p=0.09] (Figure 2A).
Two-way ANOVA also showed a significant effect of sex [F(1,22)=27.4, p<0.001], and a
significant interaction between the BPP+NTX treatment and sex [F(1,22)=6.8, p<0.05].
Female mice had more alcohol intake than male mice after BPP+NTX [post-hoc test
p<0.01]. Similar to the 10+1 mg/kg combination, when the BPP at 20 mg/kg with 1 mg/kg
NTX (Table S4B), there were significant effects of the 20+1 treatment in males
[F(1,28)=15.5, post-hoc test p<0.05], but not in females [p=0.33]. There were also
significant effects of sex [F(1,28)=11.7, p<0.05] and interaction between sex and treatment
[F(1,28)=5.7, p<0.05]. When two highest doses of each drug combined (20 mg/kg BPP + 2
mg/kg NTX) were tested (Table S4C), there were significant effects of 20+2 treatment in
both males and females [F(1,29)=10.8, p<0.01; post-hoc tests p<0.05 for both sexes], and
sex [F(1,29)=7.4, p<0.05].

In a new experiment, the BPP+NTX combinations at a ratio of 10 BPP/1 NTX were repeated
with the following doses: 0+0, 5+0.5, 10+1 and 20+2 in both sexes (Table 2). Two-way
ANOVA showed significant effects of sex [F(1,40)=27.6, p<0.001] and the BPP+NTX
treatments [F(3,40)=13.8, p<0.001]. BPP+NTX at 20+2 mg/kg significantly reduced alcohol
intake in both sexes [p<0.01 for both]. To test our a priori hypothesis that there were sex
differences after the BPP+NTX treatments, we included the post-foc result showing that
BPP+NTX at 10+1 mg/kg reduced alcohol intake in males [p<0.05], but not females
[p=0.68], with a significant sex difference (male vs female, p<0.01), even though 2-way
ANOVA did not show a significant interaction between sex and treatment [F(3,40)=2.4,
p=0.08].

3.2. Effects of single BPP+NTX (10+1 mg/kg) treatment on sucrose or saccharin DID in B6

mice.

3.2.1. Sucrose intake: BPP+NTX significantly reduced sucrose intake in males
[F(1,23)=4.6, p<0.05, post-hoc test p<0.05], but not in females [p=0.78] (Figure 2B). Two-
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way ANOVA also found a significant effect of sex [F(1,23)=8.5, p<0.01], and females
displayed higher sucrose intakes than males after the BPP+NTX treatment [p<0.01].

3.2.2. Saccharin intake: Two-way ANOVA revealed a significant effect of sex
[F(1,20)=12.9, p<0.005], with no effect of treatment or interaction between sex and the
treatment (Figure 2C). Females drank more saccharin than males after the vehicle [p<0.05].

3.3. Effect of selective MC4R antagonist HS014 and single BPP+NTX (10+1 mg/kg)
treatment on alcohol DID in males.

As shown in Figure 3A, HS014 pretreatment was only tested in males, as we did not find
any effects of the BPP+NTX in females. Two-way ANOVA revealed a significant effect of
BPP+NTX treatment [F(1,28)=6.37; p<0.05], without a significant effect of HS014
pretreatment [F(1,28)=3.5, p=0.07]. The BPP+NTX significantly reduced alcohol intake
[post-hoc test p<0.05]. Though HS014 pretreatment at 0.5 pmol/kg alone had no effect per
se, it abrogated the effect of the BPP+NTX on alcohol intake; there was a significant
difference between the HS014 pretreatment and control vehicle groups followed by the BPP
+NTX treatment [p<0.05].

3.4. Effect of single BPP+NTX (10+1 mg/kg) treatment on alcohol DID in male nPE*'* and
nPE~~ mice (Figure 3B).

3.5.

Two-way ANOVA revealed significant effects of genotype [F(1,24)=5.0, p<0.05] and
treatment [F(1,24)=6.1, p<0.05], but no significant genotype x treatment interaction
[p=0.095]. Between genotypes, 7PE~'~ had less intake than nPE** [p<0.05]. To test our a
priori hypothesis that there were genotype differences after the BPP+NTX treatments, we
included post-hoc analysis which revealed that BPP+NTX at 10+1 mg/kg reduced alcohol
intake in nPE* [p<0.05] only.

Effects of single BPP+NTX (10+1 mg/kg) treatment on alcohol IA in B6 mice.

For alcohol intake at 4 hours, two-way ANOVA showed a significant effect of BPP+NTX
treatment [F(1,23)=6.67, p<0.05], a significant effect of sex [F(1,23)=18.7, p<0.005]; and a
significant interaction between BPP+NTX treatment and sex [F(1,23)=4.30, p<0.05]. Post-
hoc tests found that: (1) BPP+NTX significantly reduced alcohol intake in males [p<0.01],
but not in females [p=0.72] (Figure 4A); and (2) female mice had more alcohol intakes than
male mice after the BPP+NTX [p<0.01]. At 4 hours, single BPP+NTX also significantly
reduced alcohol preference ratio in male mice [F(1,23)=12.7, p<0.005 for the treatment;
post-hoc test p<0.05 between the vehicle and BPP+NTX groups in males] (Figure 4B). In
contrast, BPP+NTX had no effect on female preference [p=0.37], and female mice had
higher alcohol preference than male mice after the BPP+NTX [F(1,23)=6.89, p<0.05 for
sex; post-hoc test p<0.05 between the males and females after BPP+NTX]. As represented
in Figure 4C, there was no significant effect on water intake of BPP+NTX, sex or their
interaction after 4 hours of alcohol access.

In males, single administration of BPP+NTX (10+1 mg/kg) did not have any significant
effects after either 8 or 24 hours or over the entire 24 hour-period (see Table S5).
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3.6. Effects of two and four repeated treatments with BPP+NTX (10+1 mg/kg) on alcohol
IA in B6 mice.

3.7.

For alcohol intake at 4 hours, two repeated administrations of BPP+NTX (10+1 mg/kg)
reduced alcohol intake in males [F(1,24)=9.7, p<0.005; post-hoc test p<0.05], but not in
females [p=0.41] (Table 3A). There was also a significant effect of sex [F(1,24)=6.9,
p<0.05], and females drank more alcohol than males after BPP+NTX [post-hoc test p<0.05].
For alcohol preference, there was a significant effect of the treatment [F(1,24)=6.3, p<0.05],
without a significant reduction in males [post-foc test p=0.07] or females [p=0.49].

Similarly, after four repeated administrations of BPP+NTX (Table 3B), there was a decrease
in alcohol intake in males [F(1,24)=9.0, p<0.01; post-hoc test p<0.05], but not in females
[p=0.29]. This sex difference was still significant [F(1,24)=10.5, p<0.005], and females had
more alcohol intake than males after 4 repeated BPP+NTX [post-hoc test p<0.05].

Effect of single BPP+NTX (10+1 mg/kg) treatment on locomotor activity in B6 mice

without alcohol exposure.

BPP+NTX had no effect on locomotor activity in either sex (Table S6).

4. DISCUSSION

To explore the effectiveness of BPP+NTX (Contrave®) as a possible treatment for alcohol-
related disorders, the current experiments employed male and female mice to investigate the
effects of the BPP, NTX and their combinations on limited alcohol drinking in the DID
model and excessive alcohol drinking in the IA model. In male mice only, single
administration of BPP+NTX (10+1 mg/kg) significantly reduced alcohol intake when
available for 4 hours after 5-day DID (Figure 2A), and decreased excessive alcohol intake
after 4 hours of alcohol access after 3-week IA (Figure 4A). Similar to the effect of single
treatment with BPP+NTX (10+1 mg/kg) on reducing excessive drinking after 1A, the
repeated treatments with the combination efficiently decreased IA drinking in male mice,
without tolerance development yet after this short multiple-dosing paradigm (Table 3).

When compared the effects of BPP alone (10 mg/kg) with those of the BPP+NTX (10+1
mg/kg), we found that BPP alone at the same dose (even a higher dose at 20 mg/kg) did not
alter alcohol drinking in male mice (Table S2), which is consistent with the observation that
BPP alone was minimally effective in reducing alcohol intake in alcohol-preferring male rats
[Nicholson et al., 2018]. Similarly, NTX at 1 mg/kg low dose showed minimal effect on
alcohol intake in either male or female mice as presented in the present (Table S3A) and
previous studies [Rhodes et al., 2005; Zhou et al., 2017a, 2018]. The highest dose of BPP
+NTX (20+2 mg/kg) reached the significant effects in both male and female mice that were
comparable to those induced by 2 mg/kg NTX alone (Tables S3B and S4), suggesting the
effect of 20+2 mg/kg combination was mainly resulting from NTX at 2 mg/kg. Of interest,
both the studies in alcohol-preferring male rats [Nicholson et al., 2018] and B6 male mice
[the current one] in different drinking models suggest that the combination of BPP with
NTX was more efficacious in reducing alcohol drinking (when effective) than either drug
alone, suggesting a potential synergistic effect by the BPP+NTX combination (Figure 1).
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Finally, the marked reductions of alcohol drinking in male mice could not be attributed to
alterations of locomotor activity as the BPP+NTX (10+1 mg/kg) did not alter locomotion in
male mice (Table S6).

On all behavioral measures explored in this study with both male and female mice side by
side, it was notable and unexpected that there was no clear evidence of BPP+NTX effect in
female mice on alcohol intake in either the DID or 1A model. BPP+NTX (10+1 mg/kg) did
not show any effect on sucrose intake in female mice either. Our dose-response experiment
also tested the other BPP+NTX combinations: 5+0.5, 20+1 or 20+2 mg/kg in female mice.
Unexpectedly, we failed again to observe any effect of the BPP+NTX combinations at 5+0.5
mg/kg or 20+1 mg/kg in females (Figure 1 and Table 2). Though the highest dose of BPP
+NTX (20+2 mg/kg) reached the significant effects in females, it was likely contributed by
NTX at 2 mg/kg alone. Consistent with previous studies in mice (including our own reports
[e.g., Hwa et al., 2011; Zhou et al., 2017b, 2018]), the present study confirmed sex
differences in alcohol drinking, with relatively higher alcohol intake in female mice [recent
review by Becker and Koob 2016]. As suggested by a recent publication [Satta et al., 2018],
female rodents may consume more alcohol than males as they metabolize alcohol at a faster
rate. No significant pharmacokinetic interactions have been found in men or rodents
receiving combinations of alcohol with BPP [Posner et al., 1984; Tartara et al., 1985].
However, the current study did not measure the BAC levels in either male or female B6 mice
and could not provide any information on whether the BPP+NTX treatments alter alcohol
metabolic rates in a sex-dependent manner or not, which may contribute to the sex
differences in the sensitivity to the BPP+NTX combinations. It has been previously reported
that in the rodent hypothalamus, there was no sex difference in the expression levels of
several feeding peptides and their receptors, including POMC and melanocortin 3 receptors
[Lensing et al., 2016]. However, MC4R and agouti-related peptide have been reported to be
expressed in the hypothalamus and other brain areas in a sex-dependent manner in mice [Qu
etal., 2014; Lensing et al., 2016]. With very limited information on comparison of sex
differences, at this time we cannot provide a clear explanation on the sex differences in
response to BPP+NTX on alcohol and sucrose intake. Our observed behavioral action of
BPP+NTX supports the potential use of this combination to reduce alcohol consumption,
with clear consideration of sex differences and a relatively short duration (about 4 hours) of
its effect.

In rats and mice, many groups have observed a reduction of food consumption and a
decrease of operant self-administration of palatable foods by BPP+NTX treatments
[Greenway et al., 2010; Wright and Rogers, 2013; Billes et al., 2014; Levy et al., 2018]. In
the present experiment, therefore, it was not surprising to find that BPP+NTX (10+1 mg/kg)
significantly reduced sucrose (caloric reinforcer) intake in male mice in the DID paradigm
(Figure 2B). Though BPP has reward enhancing effects [Dwoskin et al., 2006], the reduction
of alcohol or sucrose intake after single administration of BPP+NTX could not be attributed
to the replacement of the rewarding effects of alcohol or sucrose with those of BPP, as BPP
+NTX did not change saccharin intake (palatable non-caloric reinforcer) (Figure 2C).
Alternatively, BPP+NTX may enhance satiety [Greenway et al., 2009] and the regulatory
mechanisms of satiety, presumably, would be at play during chronic excessive IA drinking in
males and even when alcohol or sucrose availability is limited, such as in the DID model.
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Though the precise mechanisms are not known, it is very possible that BPP+NTX had a
selective effect on caloric reinforcers (alcohol and sucrose), but not non-caloric reinforcers
such as saccharin, in our mouse models with sex differences.

It is well known that POMC activity and expression in the hypothalamus are inhibited by
POMC-derived peptide beta-endorphin via MOP-r and involved in alcohol drinking
behaviors [Zhou and Kreek, 2015; Zhou et al., 2017b; Levy et al., 2018]. Of interest,
exposure to BPP+NTX (10+1 mg/kg) was associated with increased hypothalamic POMC
neuronal activity [Greenway et al,. 2009] and enhanced POMC gene expression in the male
rat hypothalamus [Levy et al., 2018]. A functional magnetic resonance imaging study further
demonstrated that BPP+NTX blunted hypothalamic reactivity to food cues in obese
individuals [Wang et al., 2014]. Therefore, the potential interaction between BPP+NTX and
hypothalamic POMC neurons was also explored in the present study. Specifically, we
investigated whether BPP+NTX (10+1 mg/kg) could affect alcohol drinking in the nPE
knockout males with hypothalamic-specific deletion of POMC gene expression. It was
found that 7PE~~ males had a lack of reduction in alcohol intake after single BPP+NTX,
indicating that a blunted effect of the BPP+NTX was due to hypothalamic POMC depletion
(Figure 3B). Consistent with our previous report [Zhou et al., 2017b], the present study
replicated our observation that 7P£~/~ male mice had reduced alcohol intake, probably due
to central beta-endorphin deficiency after hypothalamic POMC deletion. The lack of
significant effect of BPP+NTX (10+1 mg/kg) in 7PE~'~ males is not likely to a floor effect
due to their lowered basal alcohol intake because acute administration of VV1b antagonist still
further reduced alcohol intake in 7P£/~ males [Zhou et al., 2018]. As the 7PE~~ mice had
significantly lower BAC levels than the 7PE*"* mice (Table S1A), which appeared related to
their differences in alcohol intake between the genotypes (Table S1B), it is possible that the
BPP+NTX may only work to encounter alcohol’s effects when mice had sufficiently high
BAC levels. Besides beta-endorphin, melanocortins (also derived from POMC) are well-
known hypothalamic feeding peptides modulating food and alcohol intake [Cowley et al.,
2001; Tolle and Low, 2008; Olney et al., 2014]. As beta-endorphin/MOP-r is blocked by
NTX in the BPP+NTX combination, we further tested whether MC4R and melanocortins
could play a role in the DID model. Although pretreatment with selective MC4R antagonist
HS014 alone had no effect on alcohol drinking per se, it blunted the effect of BPP+NTX
(10+1 mg/kg) on reducing DID intake in males, suggesting a MC4R-mediated mechanism
(Figure 3A). Taken together, the results of the genetic and pharmacological analyses using
nPE knockout mice and MC4R antagonists provide new information about the
psychopharmacology of BPP+NTX.

Many groups have demonstrated that levels of alcohol intake in female mice or rats do not
vary with different phases of the estrous cycle, suggesting that hormonal fluctuations during
the estrous cycle may not play a critical role on alcohol intake in either the DID or A model
[Hwa et al., 2011; Priddy et al., 2017; Satta et al., 2018]. However, the main circulating form
of estrogen 17beta-estradiol has been found to regulate the amount of alcohol consumption
in female rodents, as both increases and decreases of alcohol intake have been reported in
female rodents with estrogen administration [reviewed in Satta et al. 2018]. As a decreased
alcohol intake in mice with lack of beta-endorphin, MOP-r or hypothalamic POMC gene
was modestly greater in female mice [Hall et al., 2001; Racz et al., 2008; Zhou et al.,
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2017b], one potential pathway is the interaction between POMC/MOP-r and estrogens.
Indeed, it has been found that estrogens altered the levels of POMC expression and its
coding peptides (melanocortins and endorphin) in the hypothalamus of mice [Desjardins et
al., 1993; Gao et al., 2007; de Souza et al., 2011] and altered alcohol-induced rewards
[Pastor et al., 2011]. Estrogens may also modulate the effects of alcohol on MOP-r binding
in specific brain regions [Carter and Soliman, 1998], which could be involved in alcohol
drinking in a sex-sensitive manner [Hall et al., 2001]. Therefore, it is very possible that in
male mice, the BPP+NTX treatment promoted hypothalamic POMC neuronal activity,
POMC expression or MC4R activity, which may be blunted by estrogens in female mice.
The possible mechanism behind the observed BPP+NTX effect in a sex-dependent manner
is currently under investigation in our laboratory. Additionally, there may be many
physiological differences between sexes, such as endocrine systems that could underlie the
sex dimorphism in the alcohol-related behaviors [Becker and Koob 2016; Nieto et al., 2018].

In rodents, BPP is self-administered, increases dopamine transmission, and has reward-
enhancing effects, suggesting that BPP has addictive potential [Dwoskin et al., 2006; Barrett
et al., 2017]. Limited research in humans has suggested that BPP at high doses has a low
potential for abuse [Reeves and Ladner 2013]. Our recent research has used a rodent model
of excessive alcohol consumption to test potential compounds and to identify those that can
decrease alcohol drinking. One interesting approach is to select compounds that have the
potential to decrease alcohol drinking when used at relatively lower doses that have fewer
side effects [Zhou et al., 2017a, 2018]. Indeed, our current pharmacological study found that
combining low doses of BPP with NTX showed the potential to reduce alcohol intake, with
avoiding the abuse potential. The present results also provided clear data that many
neurotransmitter systems, including dopamine, norepinephrine, beta-endorphin/MOP-r, and
melanocortin/MC4R, are involved in the regulation of alcohol consumption. Therefore,
combination medications modulating multiple neuronal systems may have enhanced efficacy
over monotherapy strategies.

Drug abuse is affected by gender [Chartoff and McHugh 2016], and there is a need to
consider gender differences in alcohol research because men and women respond differently
to potential treatments [Lovallo et al., 2012; Clayton and Collins 2014; O’Malley et al.,
2018]. For an example, naltrexone treatment has been found to reduce alcohol consumption
with or without gender differences [Pettinati et al., 2008; Krishnan-Sarin et al., 2007;
Garbutt et al., 2005; Hernandez-Avila, 2006; Greenfield et al., 2010]. This is especially
important for the current and coming experiments because our preclinical research is testing
the two pharmacologically active components of the FDA approved drug Contrave® for its
potential use in alcohol treatment. Our results support the potential use of the combinations
of BPP+NTX to reduce alcohol consumption in a phase I clinical trial experiment [Navarro
et al., 2019], with clear consideration of gender differences. A similar reduction observed
with sucrose intake may indicate an off-target effect of the combinations.
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Highlights:
. A combination of bupropion with naltrexone;
. Synergistic blockade of alcohol drinking by the combination;
. Sex differences in the effect of the combination;

. Hypothalamic POMC- and MC4R- dependent mechanisms
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Dose responses of single administration of bupropion (BPP, 0, 5, 10 or 20 mg/kg) alone or
combined with naltrexone (NTX, 0, 0.5, 1 or 2 mg/kg) on reducing 15% alcohol intake in
both male and female B6 mice (n=6-8) in a 5-day drinking-in-the-dark (DID) model. Data
were collected at the 4-hour time point on the baseline and testing day (24 hours later) and
are expressed as a percentage of baseline alcohol intake to account for the differences in
baseline that contribute to variation between experiments and sexes. **p<0.01 vs. control
(both BPP and NTX at 0 mg/kg); ++p<0.01 vs. male mice with the same treatment; and
#p<0.05 or ##p<0.01 vs. the BPP or NTX alone groups. Data shown are mean + SEM.
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Effect of single administration of bupropion (BPP, 10 mg/kg) combined with naltrexone
(NTX, 1 mg/kg) on 15% alcohol intake (A), 4% sucrose intake (B) or 0.1% saccharin intake
(C) in both male and female B6 mice (n=6-7) in a 5-day drinking-in-the-dark (DID) model
in male and female mice. *p<0.05 or **p<0.01 vs. the vehicle-treated mice in the same sex;
+p<0.05 or ++p<0.01 vs. male mice with the same treatment. Data shown are mean + SEM
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Figure 3.

(A) In male B6 mice (n=7-9), pretreatment with selective MC4R antagonist HS014 (0.5
umol/kg) blocks the effect of single BPP+ NTX (10+1 mg/kg) on reducing 15% alcohol
intake in a 5-day drinking-in-the-dark (DID) model. *p<0.05 vs. the vehicle-treated mice;
+p<0.05 vs. the BPP+NTX without HS014 pretreatment; (B) Genotype differences in the
effects of single administration of BPP+NTX (10+1 mg/kg) on 15% alcohol intake in a 5-
day drinking-in-the-dark (DID) model in male 7PE mice (n=7). *p<0.05 vs. the vehicle-
treated mice within genotype; +p<0.05 vs. the 7PE* mice with the same vehicle treatment.

Data shown are mean + SEM.
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Figure 4.
Effect of single administration of BPP+NTX (10+1 mg/kg) on 15% alcohol intake, water

intake, and preference ratio in male and female B6 mice (n=6-8) after 3-week intermittent
access (IA) alcohol drinking. On the test day, alcohol and water intake values were recorded
after 4 hours of alcohol access. *p<0.05 or **p<0.01 vs. the vehicle-treated mice in the same
sex; +p<0.05 or ++p<0.01 vs. male mice with the same treatment. Data shown are mean +
SEM.
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A. The chronic (3-week) intermittent access (1A) alcohol drinking model (water vs. 15% alcohol, 24 hours) every other day with single
BPP+NTX treatment.

Week 1-3

Day 21

1A 24-h alcohol vs water

Single BPP+NTX with 4, 8 and 24 h recording

B. The chronic (3-week) intermittent access (1A) alcohol drinking model (water vs. 15% alcohol, 24 hours) every other day with
repeated BPP+NTX treatments.

Week 1-3

Day 22

Day 23

Day 24 Day 25

1A 24-h alcohol vs water 18t BPP+NTX

2nd BPP+NTX with 4, 8 and 24 h
recording

4™ BPP+NTX with 4, 8 and 24 h

rd
3 BPP+NTX recording
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Table 2

BPP+NTX combinations’ dose responses (0+0, 5+0.5, 10+1 or 20+2) on reducing 15% alcohol intake in both
male and female B6 mice (n=6) in a 5-day drinking-in-the-dark (DID) model. *p<0.05 or **p<0.01 vs. the
vehicle-treated mice (BPP+NTX at 0+0 mg/kg) in the same sex; ++p<0.01 vs. male mice with the same
treatment. Data shown are mean = SEM.

Treatment Dose (mg/kg) Male Female
Saline + saline 0 + 0 5.0+0.27 6.5+0.40
BPP+NTX 5+ 0.5 4.6 +0.41 6.3 +0.50
BPP+NTX 10+ 1 24+049* 5.9+ 0.61 ++
BPP+NTX 20 + 2 22+0.33** | 3.0+0.56 **
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Table 3

Effect of two (A) and four (B) repeat administrations of BPP+NTX (10+1 mg/kg) on 15% alcohol intake,
water and preference ratio in male and female B6 mice after 3-week intermittent access (1A) alcohol drinking.
On the test day, alcohol and water intake values were recorded after 4 hours of alcohol access. *p<0.05 vs. the
vehicle-treated mice in the same sex; +p<0.05 vs. male mice with the same treatment. Data shown are mean +
SEM.

A. Two repeats Male (n=7) Female (n=7)

Treatment Vehicle BPP+NTX Vehicle BPP+NTX

Alcohol intake (g/kg/ah) | 514033 | 34+046* | 56+023 | 5.0+048+

Preference ratio 0.80+0.05 | 0.64+0.05 | 0.85+0.03 | 0.70+0.10

Water intake (ml/4h) 0.11+0.06 | 0.31+0.09 | 0.26+0.06 | 0.30+0.09

B. Four repeats Male (n=7) Female (n=7)

Treatment Vehicle BPP+NTX Vehicle BPP+NTX

Alcohol intake (g/kg/4h) | 48+047 | 35+£040* | 54+034 | 49+£0.17 +

Preference ratio 0.85+0.03 | 0.70+0.11 | 0.81+0.04 | 0.70+0.10

Water intake (ml/4h) 0.14+0.09 | 0.39+0.16 | 0.28+0.10 | 0.49+0.17
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