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Abstract

Background: Regular binge drinking is associated with numerous adverse consequences yet the
U.S. Food and Drug Administration (FDA) has approved only 4 medications for the treatment of
alcohol use disorders (AUDs), and none have been specifically targeted for treating binge
drinking. Here we assessed the effectiveness of the dopamine/norepinephrine reuptake inhibitor,
bupropion (BUP), alone and in combination with naltrexone (NAL), to reduce binge-like and
chronic ethanol intake in mice. While BUP is an FDA-approved drug that is currently used to treat
depression and nicotine dependence there has been only limited investigation to assess the ability
of BUP to reduce ethanol intake.

Methods: Male C57BL/6J mice were tested with 20% (v/v) ethanol using “drinking in the dark”
(DID) procedures to model binge-like ethanol intake and following intermittent access to ethanol
(IAE). In Experiment 1, mice were given intraperitoneal (i.p.) injection of 0, 20, or 40 mg/kg BUP
30-min before DID testing, in Experiment 2 mice were given i.p. injection of vehicle, BUP (20
mg/kg), NAL (3 mg/kg), or BUP + NAL (20 and 3 mg/kg, respectively) 30 min before DID
testing, and in Experiment 3 mice were given i.p. injection of 0, 20, 40 or 60 mg/kg BUP 30-min
before ethanol access after mice had 16-weeks of IAE.

Results: BUP dose-dependently blunted ethanol intake with DID procedures and after 16-weeks
of IAE. Administration of subthreshold doses of BUP + NAL also reduced binge-like ethanol
intake. Finally, BUP failed to reduce consumption of a 3% (w/v) sucrose solution.

Conclusions: BUP, alone and in combination with NAL, may represent a novel approach to
treating binge ethanol intake. We are currently assessing the efficacy of BUP to curb binge
drinking in a phase Il clinical trial experiment.
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INTRODUCTION

Binge drinking is a major public health problem in the United States. The Center for Disease
Control (CDC) places alcohol as the number three cause of preventable deaths following
nicotine use and being overweight (Mokdad et al., 2004). Binge drinking is operationally
defined as the consumption of five or more standard drinks for a man or four or more drinks
for a woman in about a two-hour period (NIAAA, 2004). A recent report found that 1 in 6
US adults participates in binge drinking approximately 4-times per month, with an average
consumption of 7 drinks per binge (Kanny et al., 2018). Further, over 90% of individuals
that drink excessively indicate that they engaged in binge drinking within the last month
(Esser et al., 2014). Binge drinking leads to multiple problems, e.g. accidental injury (Gmel
et al., 2006), aggressive and violent behavior (Shepherd et al., 2006), and high blood
pressure (Fan et al., 2008). Additionally, there is increased risk for developing alcohol
dependence in individuals that binge drink frequently (Miller et al., 2007, Hingson et al.,
2005, Hingson et al., 2006). Overall, binge drinking contributes to more than half of all
deaths attributed to alcohol and to three quarters of the economic cost of excessive alcohol
use—binge drinking is a serious public health problem and one that may exceed traditionally
defined alcohol dependence in its overall cost to society. Thus, identifying medications to
specifically treat binge drinking is of critical significance.

Receptors for two neuropeptides cleaved from the polypeptide precursor
proopiomelanocortin (POMC), alpha melanocyte stimulating hormone (a-MSH) and beta-
endorphin (B-endorphin), are novel and established, respectively, targets for treating alcohol
use disorders (AUDs), including binge drinking (Olney et al., 2014a, Krystal et al., 2001).
These neuropeptides are primarily produced in the arcuate nucleus of the hypothalamus
(Hadley and Haskell-Luevano, 1999) and a large body of research implicates these
neuropeptide systems in the modulation of the neurobiological responses to ethanol
(Gianoulakis, 2001, Rasmussen et al., 2002, Olney et al., 2014a). The neuropeptide, a-
MSH, along with -, and y- melanocyte stimulating hormone, comprise the melanocortin
(MC) system (Hadley and Haskell-Luevano, 1999). The MC system exerts its effect by
acting though five receptor (MCR) subtypes, MC1R-MC5R. The MC3R and MC4R are the
most abundantly expressed MCRs in the brain (Hadley and Haskell-Luevano, 1999). We
have shown that central and peripheral administration of Melanotan Il (MT-I1), a non-
specific MC3/MCA4R agonist, significantly decreases alcohol (ethanol) consumption without
influencing sucrose intake in mice (Navarro et al., 2003, Navarro et al., 2005). Both the
MCA4R (Navarro et al., 2011) and the MC3R (Olney et al., 2014b) modulate the effect of
MTII on ethanol intake. Further, administration of agouti-related protein (AgRP), an
endogenous MCR antagonist, significantly increases ethanol intake while genetic deletion of
AgRP significantly reduces ethanol drinking in mice (Navarro et al., 2005, Navarro et al.,
2009). Most recently, we found that administration of MT-11 blunted, while AgRP
augmented, binge-like ethanol consumption in mice when delivered directly into the lateral
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hypothalamus (LH) (Sprow et al., 2016). Ethanol also has direct effects on the MC system,
as consumption of an ethanol-containing diet by rats significantly decreases a-MSH protein
levels in brain regions implicated in the neurobiological responses to ethanol (Navarro et al.,
2008), and intraperitoneal injection of ethanol in mice significantly increases central protein
levels of AgRP (Cubero et al., 2010).

B-endorphin, and the associated opioid receptors, have been well-established in the literature
as key modulators of neurobiological responses to ethanol (e.g., (Froehlich and Li, 1993,
Gianoulakis, 2001). Given the important role of the endogenous opioid system in
modulating ethanol intake, it is not surprising that the non-selective opioid receptor
antagonist, naltrexone (NAL), is the active agent in 2 of the 4 current medications for
treating AUDs that have been approved by the FDA (Garbutt, 2009). Interestingly, the opioid
system and the MC system share overlapping anatomical distribution in the central nervous
system and there is evidence of functional interactions between these neuropeptide systems.
For example, blockade of the MC4R prevents the development of morphine tolerance and
dependence (Contreras and Takemori, 1984, Starowicz et al., 2005, Starowicz et al., 2002,
Starowicz et al., 2003), and this manipulation also enhances the antinociceptive effects of
opiates (Ercil et al., 2005). Furthermore, chronic activation of the opioid system has been
shown to decrease brain MC4R mRNA (Alvaro et al., 1996). Supporting a potential
interaction between these systems in the modulation of ethanol intake, we have shown that
combined administration of MT-11 and NAL synergistically blunts ethanol intake in a mouse
model of binge-like ethanol drinking (Navarro et al., 2015). Similarly, a combination of
NAL and a putative stimulator of POMC/MC signaling, bupropion (BUP), has been
successfully tested in pre-clinical and clinical studies, and subsequently approved, for
treating eating disorders and obesity (Greenway et al., 2009b). These translational studies
indicate that BUP + NAL therapy produces synergistic weight loss which exceeds either
BUP or NAL treatment alone (Greenway et al., 2009a, Greenway et al., 2010). Finally, these
studies led to the FDA approval in 2014 of Contrave®, a combination of NAL + BUP,
(32mg Naltrexone + 360mg Bupropion) for the treatment of obesity (Gohil, 2014).

The similarities between our study combining MT-11 and NAL with proof-of-concept studies
that led to the approval of Contrave® suggest the exciting possibility that a combination of
BUP + NAL may also show efficacy in treating AUDs. However, with the exception of a
recent study in rats selectively bred for high alcohol intake (Nicholson et al., 2018) there has
been no pre-clinical or clinical evidence that BUP reduces ethanol drinking. Thus, in the
present study we assessed the ability of BUP, alone and in combination with NAL, to reduce
ethanol intake in a mouse model of acute binge-like ethanol intake and in mice following 16-
weeks of intermittent access to ethanol (IAE). BUP, approved by the FDA since 1985, is an
antidepressant medication (Ascher et al., 1995) which has also been used off-label to
promote smoking cessation (Foley et al., 2006) and in weight loss therapy (Anderson et al.,
2002). The ability of BUP to reduce food intake is thought to stem from the ability of this
drug to promote central POMC activity (Greenway et al., 2009b). To the best of our
knowledge, the present results provide the first pre-clinical evidence that BUP, as well as
BUP + NAL, significantly blunts intake in models of binge-like consumption and after IAE.
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MATERIAL AND METHODS

Animals

Drugs

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were obtained between 6 to 8
weeks of age and weighed an average of 26.4 + 0.23 g (Experiment 1), 26.2 + 0.17 g
(Experiment 2), or 31.4 + 0.33 g (Experiment 3) on the first day of pharmacological
manipulations. It should be noted that the limited budget provided by the UNC School of
Medicine/TraCS Translational Team Science Award (TTSAO018P1), the primary funding
source for this project, allowed us to propose and conduct studies only with male mice. Mice
were individually housed in plastic cages and had ad libitum access to standard rodent chow
(Prolab RMH 3000; Purina LabDiet, Inc., St Louis, MO) and water throughout the
experiments except where noted. The colony room was maintained at approximately 22°C
with a 12 hours light/12 hours dark cycle. All procedures used were in compliance with the
National Institute of Health guidelines and all the protocol were approved by the University
of North Carolina Institutional Animal Care and Use Committee.

95% ethanol (Deacon Laboratories Inc, Prussia, PA, USA) mixed in tap water and sucrose
mixed in tap water were used to prepare ethanol (20%, v/v) and sucrose (3%, w/v) solutions,
respectively. BUP (bupropion hydrochloride; Sigma-Aldrich, St. Louis, MO) and NAL
(naltrexone hydrochloride; Sigma-Aldrich, St. Louis, MO) were dissolved in 0.9% sterile
saline.

Drinking in the Dark (DID)

To generate binge-like ethanol drinking we used the DID procedure (Thiele et al., 2014,
Rhodes et al., 2005). This is a 4-day protocol in which on days 1 to 3, 3-hours into the dark
cycle, water bottle are removed from mouse cages and replace by a bottle containing a 20%
ethanol solution for 2 hours. Following ethanol access water bottles were returned to the
mouse cages. On day 4, the test day, pharmacological drug administration was given 30
minutes before ethanol access, and at the end of this 2-hour ethanol access period tail blood
samples were collected for analysis of blood ethanol concentration (BEC).

Intermittent Access to Ethanol (IAE)

For chronic ethanol consumption we used the intermittent access to ethanol (IAE) model
using a variation of a previously described model and has been reported to a promote
handling-induced convulsions, a dependence-like phenotype (Hwa et al., 2011). The IAE is
a 2-bottle choice procedure in which on every-other-day one of two water bottles was
removed and replaced by a 20% ethanol solution (20% v/v) for 24 hours. The position of the
ethanol bottle was alternated between days to prevent place preferences. Using this
procedure mice had 24-hours of access to ethanol bottles on Monday, Wednesday, and
Friday of each week over 16-weeks.
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Experiment 1: Effect of Bupropion on binge-like ethanol intake and sucrose consumption

On day 4 of the DID protocol animals were weighed and divided into 3 groups based on
average ethanol drinking collected on days 1-3 of the DID procedure such that there were
no group differences in baseline ethanol intake [ A2, 45) = 0.007, p> 0.05]. Thirty minutes
before the ethanol was presented, animals received an intraperitoneal (i.p.) injection of either
20 mg/kg (N=16) or 40 mg/kg (N=16) of BUP or a similar volume (5 ml/kg) of 0.9% saline
(N=16), the vehicle group. These doses were chosen based on a previous study that assessed
the ability of BUP to improve active avoidance conditioning in mice (Gomez et al., 2016).
Mice were returned to their home cages and given 20% ethanol access for 2-hours. Ethanol
consumption measures were collected hourly by reading measures from calibrated sipper
tubes. After ethanol was removed and consumption measures collected, tail blood samples
were taken for BEC assessment. After 3-days of rest these same mice were given 4-days of
access to a 3% sucrose solution using the same DID procedures noted above and were then
re-distributed to the 3 drug-dose groups on day 4 based on average sucrose consumption on
days 1-3. The same doses of BUP used for the binge-like ethanol consumption study were
used for the sucrose intake study (N=16/group).

Experiment 2: Effect of a Bupropion + Naltrexone cocktail binge-like ethanol intake

To evaluate the effect of the combination of BUP and NAL on binge-like ethanol drinking
we used the DID protocol as described above. Animals were distributed into 4 groups based
on average ethanol consumption on days 1-3 of the DID procedure such that there were no
group differences in baseline ethanol intake [A3, 46) = 0127, p> 0.05]: Vehicle (0.9%
saline; N=12); BUP alone (20 mg/kg; N=13); NAL alone (3 mg/kg; N=12) and the
combined NAL (3 mg/kg) + BUP (20 kg/kg) group (N=12). The 3 mg/kg dose of NAL was
chosen based on our previous research (Navarro et al., 2015). Thirty minutes before ethanol
access on day 4 of the DID procedure mice received an i.p. injection consistent with their
group in a 5 ml/kg volume. Immediately after drug treatment water was removed from each
cage and replaced with a bottle containing 20% ethanol for 2 hours. Consumption measures
were collected hourly. After ethanol access tail blood sample were taken for BEC analysis.
After a 3-day rest period, mice were given a 4-day period with DID procedures but with 3%
sucrose. Animals were distributed into 4 groups based on average sucrose consumption on
days 1-3: Vehicle (0.9% saline; N=12); BUP alone (20 mg/kg; N=13); NAL alone (3 mg/kg;
N=12) and the combined NAL (3 mg/kg) + BUP (20 kg/kg) group (N=12). Thirty minutes
before sucrose access on day 4 of the DID procedure mice received an i.p. injection
consistent with their group.

Experiment 3: Effect of Bupropion on ethanol intake following 16-weeks of intermittent
access to ethanol

Following 16-weeks of 1AE as described above, animals were distributed into 4 groups
based on average ethanol consumption such that there were no group differences in baseline
ethanol intake [ A3, 46) = 0.116, p> 0.05] and 24 hours after the last IAE period mice were
injected with either 0.9% vehicle (N=12), 20 mg/kg BUP (N=12), 40 mg/kg BUP (N=13), or
60 mg/kg BUP (N=13). Then, 30-minutes later and 3-hours into the dark cycle water bottles
were removed and mice were given access to a bottle containing a 20% ethanol solution. We
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used a single bottle approach on the test day over a 2-hour period so that we could more
easily make comparisons to the DID studies. Consumption measures were collected hourly.
After the 2-hour test ethanol consumption measures were collected and tail blood samples
were collected to assess BEC levels.

Statistical Analysis—To obtain a measure that corrected for individual differences in
body weight, grams (g) per kilogram (kg) of ethanol by each animal were calculated.
Ethanol preference ratios were calculated as volume of ethanol solution consumed divided
by total fluid (ethanol + water) intake. For sucrose consumption, milliliter (ml) of solution
per kilogram was calculated. For all experiments, differences in consumption and BECs
were analyzed using analysis of variance (ANOVA). With significant interaction effects, or
main effects in the absence of significant interactions, post hoc comparisons were performed
using the Tukey HSD test to parse out group differences. Analyses were performed using
SPSS software (IBM Corp. in Armonk, NY). In all cases, p < 0.05 (2-tailed) was used to
indicate statistical significance.

RESULTS

Experiment 1: Effect of Bupropion on binge-like ethanol intake and sucrose consumption

The results from Experiment 1 are presented in Fig. 1. As is evident in Fig. 1A and B, BUP
dose-dependently blunted binge-like ethanol consumption during the first hour of testing,
and this effect dissipated during the second hour. A repeated-measure 3 x 2 (BUP dose x
hours) ANOVA performed on ethanol consumption data revealed a main effect of BUP dose
[A2, 45) = 10.62, p< 0.001] and significant main effect of hours [A1, 45) = 15.58, p<
0.001], and a significant interaction effect between BUP dose and hours [H2, 45) =5.99, p=
0.005]. Post hoc analyses on the first hour of testing revealed that relative to the vehicle
injection, both the 20 mg/kg (o = 0.045) and the 40 mg/kg (v < 0.001) doses of BUP
significant reduced binge-like ethanol intake. Further, the 40 mg/kg BUP group drank
significantly less ethanol than the 20 mg/kg BUP group (p = 0.012). However, at the second
hour of testing Tukey HSD analysis failed to find significant differences between the vehicle
condition and the groups treated with either the 20 mg/kg or 40 mg/kg dose of BUP (p >
0.05 in both cases). Fig. 1C shows cumulative ethanol consumption over the 2-hour test. A
Tukey HSD analysis revealed the relative to vehicle treatment the 40 mg/kg dose of BUP
significantly blunted binge-like ethanol consumption over the 2-hour test (p < 0.001). Fig.
1D shows the BECs that were associated with each group immediately after the 2-h DID
test. A one-way ANOVA performed on these data was significant [H2, 45) = 17.58, p<
0.001], and post hoc tests showed that relative to the vehicle treated group, both the 20
mg/kg and 40 mg/kg BUP-treated groups showed significantly lower BECs (0 < 0.001 in
both cases). There were no group differences in consumption of 3% sucrose during the first
(Fig. 1E) and second (Fig. 1F) hours of consumption, nor were there differences in total 3%
sucrose consumption (Fig. 1G). Consistently, a repeated-measure 3 x 2 (BUP dose x hours)
ANOVA performed on sucrose consumption data failed to indicate significant main effects
of BUP dose [A2, 45) = 1.58, p> 0.05], hours [A1, 45) = 0.79, p< 0.001], or an interaction
between BUP dose and hours [A2, 45) = 0.09, p> 0.05].
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Experiment 2: Effect of a Bupropion + Naltrexone cocktail binge-like ethanol intake

Results from Experiment 2 are presented in Fig. 2. Fig. 2A and B show binge-like ethanol
consumption during the first and second hours of testing, respectively, and Fig. 2C shows
cumulative ethanol consumption over the 2-hour test. A repeated-measures, 4 x 2 (drug
group x hours) ANOVA performed on ethanol consumption data revealed main effects of
drug group [A(3, 46) = 3.95, p=0.02] and hours [H1, 46) = 4.28, p=0.04] and a significant
interaction between these variable [ A3, 46) = 4.32, p=0.009]. Post hoc tests showed that
only the combined 20 mg/kg BUP + 3 mg/kg NAL group (p = 0.002) drank significant less
ethanol during the first hour of testing relative to the vehicle group. Notably, these results
contract with previous data showing that doses of NAL at 3 mg/kg or less blunted binge-like
ethanol intake in similar DID paradigms (Navarro et al., 2015, Kamdar et al., 2007). During
the second hour of testing post hoc tests revealed no group differences. Tukey HSD testing
performed on cumulative ethanol consumption showed that relative to the vehicle group only
the group treated with the combined 20 mg/kg BUP + 3 mg/kg NAL drank significantly less
ethanol (p = 0.048).Though there was a trend for reduced BECs in the drug treated groups
relative to the vehicle group (Fig. 2D), a one-way ANOVA run on these data failed to
achieve statistical significance [A3, 46) = 2.32, p> 0.05].

Consumption of 3% sucrose during the first and second hours of testing are presented in Fig.
2E and F, and cumulative consumption over the 2-hour test are presented in Figure 2G. A
repeated-measures, 4 x 2 (drug group x hours) ANOVA performed on these data failed to
find a significant main effect of drug group [A3, 46) = 1.22, p> 0.05], however the main
effect of hours [A1, 46) 6.05, p=0.018], and the interaction between variable [ A3, 46) =
7.58, p<0.001] both achieved statistical significance. However, post hoc Tukey HSD tests
failed to find any group differences during the first and second hours of testing, and over
total 2-hour consumption.

Experiment 3: Effect of Bupropion on ethanol intake following 16-weeks of intermittent
access to ethanol

Data from Experiment 3 are presented in Fig. 3. Fig. 3A shows average daily ethanol
consumption over the 16 weeks of IAE, and Fig. 2B shows average weekly ethanol
preference ratios over the 16 weeks of IAE. Figs. 3C and D show ethanol consumption
during the first and second hours of testing following BUP administration, respectively, and
Fig. 3E shows cumulative consumption over the 2-hour test. A repeated-measures, 4 x 2
(BUP dose x hours) ANOVA performed on these data revealed a main effect of BUP dose
[A3, 46) =9.11, p<0.001] and a significant main effect of hours [H1, 46) =51.2, p<
0.001], but the interaction between these variables failed to achieve statistical significance
[A3, 46) = 0.3, p> 0.05]. Post hoc Tukey HSD tests showed that while the group treated
with the 20 mg/kg dose of BUP failed to differ significantly from the vehicle treated group
during the first hour of testing (v > 0.05), both the groups treated with 40 mg/kg of BUP (p=
0.017) and 60 mg/kg dose of BUP (p = 0.003) drank significantly less ethanol than the
vehicle-treated group. Further, the 60 mg/kg BUP group (p = 0.32) drank significantly less
ethanol than the 20 mg/kg BUP group. During the second hour of testing, the 60 mg/kg BUP
group drank significantly less ethanol than both the vehicle (p = 0.028) and the 20 mg/kg
BUP (p=0.036) groups. Tukey HSD tests performed on cumulative consumption data
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showed that relative to the vehicle group both the 40 mg/kg BUP (p=0.021) and the 60
mg/kg BUP (p < 0.001) groups drank less ethanol. Further, relative to the 20 mg/kg BUP
group the 60 mg/kg BUP group groups drank less ethanol (p < 0.001). Finally, BEC data
from this study are presented in Fig. 3F. A one-way ANOVA performed on these data
achieved statistical significance [ A3, 46) = 5.49, p=0.003], and post hoc tests indicated that
while the group treated with 20 mg/kg BUP failed to differ from the vehicle group (o>
0.05), both the groups treated with 40 mg/kg of BUP (p = 0.032) and 60 mg/kg of BUP (p=
0.003) showed significantly lower BECs relative to the vehicle groups.

DISCUSSION

The results obtained in the present studies show that in male C57BL/6J mice, administration
of BUP significantly reduced binge-like ethanol drinking in a dose-dependent manner. At
least at lower doses (40 mg/kg and below) this effect was specific to ethanol consumption as
BUP failed to significantly reduce sucrose intake; however, as we did not assess the effects
of the 60 mg/kg dose of BUP on sucrose intake thus we cannot rule out non-specific effects
of this high dose. Furthermore, the combination of subthreshold doses of BUP (20 mg/kg)
and NAL (3 mg/kg), when given in combination, reduced binge-like ethanol drinking in
mice while failing to significantly reduce ethanol intake when given alone. Importantly, this
combination of BUP and NAL failed to influence sucrose drinking. Additionally, when we
tested the effect of BUP on ethanol intake after 16-weeks of IAE, we found that like the DID
study, BUP significantly reduced ethanol drinking. When taken together, these data provide
the first pre-clinical evidence the BUP and BUP + NAL reduce ethanol intake in animal
models of binge and chronic ethanol consumption at doses that do not alter the acute
consumption of the caloric and salient reinforcer, sucrose.

Interestingly, the effects of 40 mg/kg BUP and 20 mg/kg BUP + 3 mg/kg NAL on ethanol
intake were restricted to the first hour of ethanol intake. This relatively short-term effect
likely stems for the rapid metabolism of BUP, where the half-life of this drug is 1.8 + 0.2
hours in mice (Welch et al., 1987). However, this is of little concern from a therapeutic
point-of-view as extended release forms of BUP have been developed for use in humans
(Fava et al., 2005). It is also of interest to consider that observation that the 40 mg/kg dose of
BUP, and the combination of 20 mg/kg dose of BUP + 3 mg/kg dose of NAL effectively
reduced binge-like ethanol drinking in mice without altering sucrose drinking, a stimulus
with caloric content. This is noteworthy as both pre-clinical and clinical studies suggest that
BUP is effective in reducing food intake and body weight, particularly when combined with
NAL (Greenway et al., 2009b, Guerdjikova et al., 2017). However, higher doses of BUP may
be necessary to reduce food intake. For example, a recent report showed that while a 20
mg/kg dose of BUP reduced food intake in rats, a 50 mg/kg dose was used to reduce food
intake in mice (Clapper et al., 2013). This raises the interesting possibility that BUP and/or
BUP + NAL therapy may be effective against binge drinking at doses that do not alter food
intake, allowing physicians the benefit of targeting binge alcohol drinking independent of
effects on eating behaviors.

It has previously been shown that BUP + NAL therapy produces synergistic weight loss
which exceeds either BUP or NAL treatment alone (Greenway et al., 2009a, Greenway et
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al., 2010), work that supported the FDA approval of Contrave ®. Because of these
observations here we provided an initial assessment of combined BUP + NAL on binge-like
ethanol drinking in mice and we showed that this drug combination effectively reduces
binge-like ethanol intake using subthreshold doses of each drug. Consistently, it was recently
reported that doses of BUP and NAL (10 mg/kg each) failed to reduce voluntary ethanol
intake in rats selectively bred for high ethanol intake when administered alone but when
administered together reduce ethanol intake, suggesting potential synergistic interactions
(Nicholson et al., 2018). However, our limited initial assessment prevents us from making
statements about synergistic interactions and more thorough studies will be necessary to
address synergy. We have previously shown that MT-11, which is a non-selective MCR
agonist, synergistically augments the ability of NAL to blunt excessive ethanol intake in a
mouse model of binge drinking (Navarro et al., 2015). These data suggest that
pharmaceutical compounds that stimulate POMC-derived MC signaling may be good
candidates to reduce binge drinking and to augment the effectiveness of a currently FDA-
approved drug for treating AUDs.

The neurobiological mechanisms underlying the actions of BUP on ethanol intake are
currently unknown, but one possibility is that BUP stimulates MC signaling, a system which
we have shown to modulate ethanol intake (Olney et al., 2014a). Activity of the POMC
system is influenced by both dopamine (DA) and norepinephrine (NE) (Billes and Cowley,
2007, Billes and Cowley, 2008). BUP is a DA and NE reuptake inhibitor that augments
DA/NE signaling (Roitman et al., 2010, Foley et al., 2006, Nomikos et al., 1992).
Interestingly, it has been shown that BUP, and to a greater degree BUP + NAL, stimulates
murine POMC neurons /n vitro (Greenway et al., 2009b), which in turn would lead to
stimulation of MC activity and promote the reduction of ethanol intake. The increased
effectiveness of BUP to reduce feeding when combined with NAL has been hypothesized to
involved an interaction between the opioid and POMC systems at the level of the arcuate
nucleus of the hypothalamus (Greenway et al., 2009b). Since POMC-derived p-endorphin
reduces the activity of POMC by binding to auto-inhibitory opioid receptors located on
POMC cells in the arcuate nucleus (Kelly et al., 1990, Loose and Kelly, 1990), when BUP is
giving in combination with NAL, an opioid antagonist, NAL blocks the opioid receptors on
the POMC cells thus preventing the auto-inhibitory feedback produced by B-endorphin, and
as a result, the ability of BUP to stimulate POMC activity, and by extension the MC
signaling, goes unopposed. A similar theoretical mechanism may also explain our current
findings and our previous observations of synergistic interactions between a MCR agonist
and NAL in blunting binge-like ethanol intake (Navarro et al., 2015), and it will be
important to more thoroughly examine the interactions of BUP and NAL in future studies.

Two of the 4 FDA-approved medications for treating AUDs are NAL-based therapies,
however there are data showing that NAL produces only modest reductions of ethanol
drinking relative to placebo controls (Del Re et al., 2013). Thus, an approach that increases
the effectiveness of NAL in managing excessive ethanol drinking would have high clinical
value. In this project, we provide novel evidence that BUP is an effective treatment for
reducing ethanol intake using two pre-clinical models of ethanol consumption and that a
combination of subthreshold doses of BUP and NAL also blunts binge-like ethanol intake.
Collectively, our pre-clinical observations raise the possibility that BUP alone and/or in
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combination with NAL may be effective treatments against AUDs, particularly problematic
binge drinking. To this end, we are currently in the midst of conducting phase I clinical trial
studies with BUP and combined BUP + NAL to assess the potential utility of these
approaches in treating binge drinking in humans.
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Fig. 1:

Bi?]ge-like ethanol consumption of a 20% (v/v) ethanol solution with DID procedures
beginning 30-minutes after administration of vehicle (0 mg/kg) or BUP (20 or 40 mg/kg;
i.p.). Panels A and B show ethanol consumption during the first and second hours of testing,
respectively, and panel C shows cumulative ethanol consumption over the 2-hour test. Panel
D shows BECs that were assessed immediately after the 2-hour test. Panels E and F show
consumption of a 3% (w/v) sucrose solution during the first and second hours of test,
respectively, and panel G shows cumulative sucrose consumption over the 2-hour test. Data
are presented as means + SEM, and * = p < 0.05 relative to the vehicle group. # = p<0.05
relative to the 20 mg/kg group.
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Fig. 2:

Bi?]ge-like ethanol consumption of a 20% (v/v) ethanol solution with DID procedures
beginning 30-minutes after administration of vehicle (VEH), BUP alone (20 mg/kg; i.p.),
NAL alone (3 mg/kg, i.p.) or combined BUP/NAL (20 mg/kg and 3 mg/kg, respectively;
i.p.). Panels A and B show ethanol consumption during the first and second hours of testing,
respectively, and panel C shows cumulative ethanol consumption over the 2-hour test. Panel
D shows BECs that were assessed immediately after the 2-hour test. Panels E and F show
consumption of a 3% (w/v) sucrose solution during the first and second hours of test,
respectively, and panel G shows cumulative sucrose consumption over the 2-hour test. Data
are presented as means + SEM, and * = p < 0.05 relative to the vehicle group.
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Fig. 3:

ansumption of a 20% (v/v) ethanol solution beginning 30-minutes after administration of
vehicle (0 mg/kg) or BUP (20, 40, or 60 mg/kg; i.p.) in mice with 16-days of prior
experience with IAE. Panel A shows average daily ethanol consumption, and Panel B shows
ethanol preference ratios, averaged over each of the 16-weeks of testing. Panels C and D
show ethanol consumption during the first and second hours of testing, respectively, and
panel E shows cumulative ethanol consumption over the 2-hour test. Panel F shows BECs
that were assessed immediately after the 2-hour test. Data are presented as means + SEM,
and * = p< 0.05 relative to the vehicle group. # = p < 0.05 relative to the 20 mg/kg group.
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