
Combined Effects of Acamprosate and Escitalopram on Ethanol 
Consumption in Mice

Ada Man-Choi Ho, Ph.D., Yanyan Qiu, Ph.D., Yun-Fang Jia, Ph.D., Felipe S. Aguiar, David J. 
Hinton, Victor M. Karpyak, M.D. Ph.D., Richard M. Weinshilboum, M.D., and Doo-Sup Choi, 
Ph.D.
Department of Molecular Pharmacology and Experimental Therapeutics (AMH, FSA, YQ, YJ, 
DJH, and DSC), Department of Psychiatry and Psychology (AMH, VMK, and DSC), Neurobiology 
of Disease Program (DJH and DSC), Mayo Clinic, College of Medicine, Rochester, Minnesota 
55905

Abstract

Background—Major depression is one of the most prevalent psychiatry comorbidities of alcohol 

use disorders (AUD). Since negative emotions can trigger craving and increase the risk of relapse, 

treatments that target both conditions simultaneously may augment treatment success. Previous 

studies showed a potential synergist effect of FDA approved medication for AUD acamprosate and 

the antidepressant escitalopram. In this study, we investigated the effects of combining 

acamprosate and escitalopram on ethanol consumption in stress-induced depressed mice.

Methods—Forty singly-housed C57BL/6J male mice were subjected to chronic unpredictable 

stress. In parallel, 40 group-housed male mice were subjected to normal husbandry. After 3 weeks, 

depressive- and anxiety-like behaviors and ethanol consumption were assessed. For the next 7 

days, mice were injected with saline, acamprosate (200 mg/kg; twice/day), escitalopram (5 mg/kg; 

twice/day), or their combination (n = 9–11/drug group/stress group). Two-bottle choice limited 

access drinking of 15% ethanol and tap water was performed 3 hours into dark phase for 2 hours 

immediately after the dark phase daily injection. Ethanol drinking was monitored for another 7 

days without drug administration.

Results—Mice subjected to the chronic unpredictable stress paradigm for 3 weeks showed 

apparent depression- and anxiety-like behaviors compared to their non-stressed counterparts 

including longer immobility time in the forced swim test and lower sucrose preference. Stressed 

mice also displayed higher ethanol consumption and preference in a 2-bottle choice drinking test. 

During the drug administration period, the escitalopram-only and combined drug groups showed 

significant reduction in ethanol consumption in non-stressed mice, while only the combined drug 

group showed significantly reduced consumption in stressed mice. However, such reduction did 

not persist into the post-drug administration period.

Conclusions—The combination of acamprosate and escitalopram suppressed ethanol intake in 

both non-stressed and stressed mice, hence this combination is potentially helpful for AUD 

individuals with or without comorbid depression to reduce alcohol use.
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INTRODUCTION

Major depression is one of the most prevalent psychiatric comorbidities of alcohol use 

disorders (AUD). It has been reported to occur in up to 70% of patients in some studies 

(Conner et al., 2009; Grant et al., 2004). National epidemiological surveys reported 24.3% 

of men and 48.5% of women who fulfilled criteria for alcohol dependence also fulfilled 

those for depression (Kendler et al., 1997). Manifestation of major depression prior to that of 

alcohol problems, i.e., primary depression, has been associated with later development of 

alcohol dependence (Boschloo et al., 2012; Kessler et al., 1997). Major depressive episode is 

associated with an increase in days spent drinking at home alone as well as drinking to 

enhance depressed mood (Cranford et al., 2011). Comorbid depression also impacts 

treatment outcomes, including shorter time to relapse, higher dropout rates, and greater 

consumption of alcohol during treatment (Adamson et al., 2009; Burns et al., 2005). The 

close relationship between negative moods and alcohol lapse calls for effective and 

integrated treatment of AUD and comorbid depression to maximize positive treatment 

outcomes.

Acamprosate was proposed to act as a partial coagonist of N-methyl-D-aspartate (NMDA) 

receptors (al Qatari et al., 1998) and has been shown to modulate NMDA receptor function 

and subunit synthesis (Naassila et al., 1998; Rammes et al., 2001). Acamprosate also acts on 

the type I metabotropic glutamate receptor, in particular mGluR5, to reduce ethanol 

consumption and ethanol-induced sensitization (Blednov and Harris, 2008; Kotlinska et al., 

2006). Despite the fact that the exact mechanism of acamprosate remains unknown and a 

recent study which claims that calcium rather than homotaurine is the active component 

(Spanagel et al., 2014), acamprosate is postulated to balance neurotransmission disrupted by 

alcohol dependence, particularly that of glutamatergic neurotransmission. Copious studies 

showed that acamprosate suppressed alcohol withdrawal-related behaviors and alleviated the 

withdrawal-induced hyperglutamatergic state (e.g., Dahchour and De Witte, 1999; Dahchour 

and De Witte, 2003; De Witte, 2004; Hinton et al., 2012). In ethanol self-administration 

models of non-dependent animals, acamprosate also demonstrated a suppression effect on 

ethanol drinking behavior (Brager et al., 2011; Gupta et al., 2008; Lee et al., 2011).

Serotonergic transmission is negatively correlated with ethanol drinking behavior (reviewed 

by Lovinger, 1997). Selective serotonin reuptake inhibitors (SSRIs), which inhibit 

presynaptic serotonin reuptake by blocking serotonin transporter, may help to regulate 

drinking behavior. Serotonin transporter knockout mice showed lower alcohol consumption 

in a free-choice paradigm and were insensitive to the suppression of alcohol consumption by 

the SSRI fluoxetine, which was demonstrated in wild-type mice (Boyce-Rustay et al., 2006; 

Kelai et al., 2003). Treatment with other SSRIs have also been shown to reduce alcohol 

consumption (e.g., Ciccocioppo et al., 1997; Maurel et al., 1999; Murphy et al., 1985). In 

addition, chronic antidepressant treatments, including SSRIs and ketamine, have been shown 
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to modulate glutamatergic neurotransmission by dampening presynaptic glutamate release, 

modulating functions of postsynaptic NMDA and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors, as well as that of metabotropic glutamate 

receptors and glial-specific glutamate transporters (reviewed by Musazzi et al., 2013). These 

mechanisms may help relieve the heightened activity of the glutamatergic system observed 

in depressed individuals, in turn reversing the neurological damage caused by 

hyperglutamatergic toxicity such as dendritic atrophy (Musazzi et al., 2013). Therefore, the 

use of antidepressants as adjunctive therapy for AUD with comorbid depression might be 

considered since combining acamprosate and SSRIs such as escitalopram in theory could 

simultaneously downregulate glutamatergic and upregulate serotonergic neurotransmissions, 

in turn suppressing ethanol consumption. Clinical studies found SSRIs improved depressed 

mood and decrease alcohol use in some alcohol dependent individuals (Kranzler et al., 2012; 

Muhonen et al., 2011; Muhonen et al., 2008). Escitalopram is currently the most widely used 

SSRI (Owens et al., 2001). The combined use of acamprosate and escitalopram to treat AUD 

patients with comorbid major depressive disorder yielded a depression response rate of 50% 

and a remission rate of 42%, with significant reduction in alcohol consumption per week and 

per month, outcomes that were superior to those obtained with escitalopram alone (Witte et 

al., 2012). These data suggest that acamprosate and escitalopram combined therapy may 

have synergistic effects in treating AUD with comorbid depression.

Since studies on the joint effects of antidipsotropic agents and antidepressant are limited, we 

conducted this study to investigate whether the combined use of acamprosate and 

escitalopram would be more efficacious in reducing alcohol consumption than their sole 

administration in stressed-induced depressed mice. We hypothesize that this drug 

combination would yield a synergistic effect on alcohol consumption reduction compared to 

the use of either drug alone in mice demonstrating depression- and anxiety-like behaviors 

induced by chronic unpredictable stress.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice (n = 80) were obtained from Jackson Laboratory (Bar Harbor, ME, 

USA). We used C57BL/6J due to its extensive use in alcoholism research and its high 

voluntary consumption of unsweetened alcohol (e.g., Rhodes et al., 2007, Yoneyama et al., 

2008). Upon arrival, they were kept in groups of 5 and were maintained under standard 

animal house conditions with food and water access available ad libitum (12 hour light/dark 

cycle; light on at 0600; 21± 1°C) for 2 weeks before the experiment started when mice 

reached 8 weeks of age. After acclamation, half of the mice were subjected to a chronic 

unpredictable stress regimen for 3 weeks and were singly housed on Day 1 of the regimen 

(stressed group; n = 40), while the rest were only subjected to normal handling and remained 

group-housed during the same period (non-stressed group; n = 40). Following 2 weeks of 

ethanol consumption training in a 2-bottle choice drinking setting, mice were separated into 

4 drug groups (saline, acamprosate, escitalopram, acamprosate plus escitalopram) and were 

subjected to drug administration for a week during which the 2-bottle choice drinking 

continued. Mice were monitored for their 2-bottle choice drinking performance in the week 
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after drug treatment (post-treatment). The study design overview is illustrated in Figure 1. 

Animal care and handling procedures were approved by Mayo Clinic Institutional Animal 

Care and Use Committee in accordance with NIH guidelines.

Chronic Unpredictable Stress Paradigm

Forty mice were subjected to a chronic unpredictable stress paradigm modified from Dias-

Ferreira et al. (2009) throughout the whole experiment. The paradigm consisted of three 

stressors: social defeat, forced swim, and restrain stress. Each stressed mouse was subjected 

to one of these stressors daily during one of the experiment sessions (0900–1200 or 1400–

1700). The day-to-day order of stressor presented was randomized, but the total number of 

exposures to each stressor was ensured to be similar for all subjects. (1) Social defeat. Male 

CD-1 retired breeders (n = 10), which were known to be aggressive, were obtained from 

Charles-River Laboratory (Wilmingon, MA, USA) as aggressive residents. They were singly 

housed under the aforementioned standard animal house condition for a week to establish 

territorial defense behavior before use. They were screened for their attack propensity and 

aggressiveness in five test sessions. Residents were selected if in three consecutive sessions, 

they had attacked the intruder within 30 sec after introduction and initiated a series of fights 

in the first 10 min with each fight lasting for at least 5 sec and resulting in intruder fleeting 

and/or displaying a surrender posture. Five out of ten residents were excluded after the 

screen. The social defeat session began with the introduction of an intruder mouse into the 

resident’s cage. The intruder and the resident were allowed to fully interact for 10 min and 

then were separated by a plexiglass divider for another 20 min. At the end of the 30-min 

session, the intruder was returned to its cage and the resident was allowed to rest for an hour 

before the next session. Due to the small number of aggressive residents available, each 

subject had been presented multiple times to each resident, but it was ensured that each 

intruder had not met the same resident in consecutive sessions and that each intruder had 

been exposed to all residents. (2) Restrain stress. 50 ml falcon tubes with perforations on the 

lid were used as restrainers. A mouse was guided into the tube with head facing the entrance. 

Each restrain session lasted for 30 min. (3) Forced swim. Mice were placed in a 2000 ml 

glass beaker half-filled with 25±1°C tap water for 6 min, followed by thorough drying on 

heating pad to prevent hypothermia before returning to their home cage. Note that single 

housing (chronic isolation) of these mice was a fixed stressor in addition to the three variable 

stressors (Lopez et al., 2011; Nollet et al., 2013).

Behavioral Tests for Chronic Stress-induced Mood Disorder Model Validation

After the 3 weeks of the chronic unpredictable stress treatment, a subset of stressed and non-

stressed mice (n = 10) were subjected to four behavioral tests, one test each day between 

0900 and 1700 (apart from sucrose preference test), in the following sequence. (1)Sucrose 
preference test. On the day before the test day, subjects were singly housed in a cage and 

presented with food and two sipper bottles filled with 1% (w/v) sucrose (Sigma-Aldrich, 

MO, USA) in tap water for 24 hours for acclamation to the environment as well as to the 

taste of sucrose. At the end of the acclamation period at 9 a.m., both bottles were exchanged 

for tap water. The test began on the same day at 9 p.m. (3 hours into dark phase), with one 

water bottle exchanged for 1% sucrose. At 9 a.m. on the next day, the sucrose bottle was 

exchanged for tap water. Bottles were weighed at 9 p.m. and 9 a.m. before the 
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aforementioned changes were made. This process was repeated once with bottle position 

switched. Liquid dripping and evaporation were accounted for by two control cages that did 

not have a mouse. (2) Elevated plus maze. A subject was placed in the center zone of a light 

gray elevated plus maze (width 80 cm; length 80 cm; platform 60 cm above ground) facing a 

designated open arm. Its movement during the 5-minute test period was video tracked and 

analyzed by EthoVision XT software (Noldus, Wageningen, Netherlands). The time spent in 

and the numbers of entry into the open or closed arms were measured only when the 

subject’s nose, body and tail points were all tracked within a region. (3) Open field test. 
Subjects were placed in an open field chamber (Med Associates, VT, USA) for one hour. 

Location and movement of the subjects during the test period were tracked by infrared 

sensors located at the base of the field and were analyzed by Activity Monitor v5.9 (28 cm × 

28 cm × 20 cm; Med Associates Inc., VT, USA). The center zone was defined as a 13.5 cm 

× 13.5 cm area in the middle of the field. (4)Forced swim test. Procedures as described 

above in the force swim stress with addition of video recording. Latency to the first 

immobility was recorded and total immobility time was measured in the last four minutes of 

the test by a blinded researcher. Immobility was defined as limb and body movements other 

than balancing and keeping head above water as well as body displacement without limb 

movement.

Testing of Drug Effects on Two-bottle Choice Limited Access Ethanol Drinking

We adopted the drinking paradigm by Lopez et al. (2011), which showed self-administration 

of 15% ethanol in C57BL/6J mice was altered by chronic variable stress and isolation, but 

we adjusted the drinking session start time to 3 hours into dark phase (9 p.m. to 11 p.m.) as 

ethanol consumption was found to be higher compared to starting from the beginning of 

dark phase (e.g., Gupta et al., 2008, Rhode et al., 2005). During the drinking session, the 

mice were presented with two 50 ml sipper bottles installed with a stainless steel sipper tip 

which contained either tap water or ethanol in tap water. Bottles were weighed before and at 

the end of the drinking session for the calculation of ethanol consumption and preference. 

Control bottles were installed in four empty cages to adjust for leakage. Positions of ethanol 

and tap water tubes were swapped daily to account for side preference. Mice were presented 

with 10% ethanol in the first two days and then escalated to 15% for the rest of the 

experiment. Non-stressed mice were singly housed only during the ethanol drinking period 

and were returned to their home cage after the drinking session. In order to standardize the 

effect of stress caused by injection on ethanol drinking throughout the course of drinking 

period, an i.p. injection was always immediately followed by the drinking session. During 

the 14-day training period, saline (0.9% sodium chloride) was injected. In the subsequent 7 

days of drug administration, each stress group was sub-divided into four drug groups (n = 9 

– 11): saline (vehicle), acamprosate only (400 mg/kg/day), escitalopram only (10 mg/kg/

day), and combined drug (400 mg/kg/day acamprosate and 10 mg/kg/day escitalopram). 

Saline was injected in the subsequent 7-day post-drug period. Both acamprosate 

(Estechpharma, Kyonggi-do, Korea) and escitalopram (Sigma-Aldrich, MO, USA) were 

dissolved in saline for injection. Acamprosate dose (400 mg/kg/day) was based on 

previously published literature illustrating that 400 mg/kg/day was the highest effective dose 

for reducing ethanol intake and preference (Gupta et al., 2008; Kotlinska et al., 2006; Olive 

et al., 2002). The escitalopram dose (10 mg/kg/day) was based on its effect of reducing 
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ethanol withdrawal symptoms in rats (Saglam et al., 2006) and reversing depression 

symptoms induced by 1-(m-chlorophenyl)piperazine in mice (Rajkumar et al., 2009).

Statistical Analysis

GraphPad Prism 5 (GraphPad Software Inc., CA, USA) was used for statistical analysis and 

graphing. Two-tailed t test (adjusted for assumed unequal variance if necessary) was used to 

compare data of behavioral tests, ethanol consumption and preference between stress 

groups. For each mouse, baseline ethanol consumption and preference were represented by 

averaging the measurements in the last two days of the training period. These parameters in 

the subsequent drug administration and post-treatment weeks were represented by the 

averages over their corresponding seven days. Due to individual differences at baseline, 

ethanol consumption and preference were presented and compared as percentage to baseline, 

which was calculated by dividing average ethanol consumption during the drug 

administration or post-treatment week by the baseline average of each individual mouse. 

One-way ANOVA was applied to compare ethanol consumption and preference among drug 

groups at each time point independently within each stress group. Statistical significance 

was set at p < 0.05.

REUSLTS

Validation of depressive-like behavior after exposure to chronic unpredictable stress

After 3 weeks of chronic unpredictable stress paradigm, stressed mice exhibited significantly 

longer immobility time in the forced swim test (180.4 ± 9.8 sec; t = 2.345, df = 18, p = 

0.015) and lower sucrose preference (86.5 ± 2.9%; t =3.583, df = 9, p = 0.006) compared to 

the non-stress controls (152.4 ± 6.9 sec and 97.0 ± 0.7% respectively; Figure 2A and B), 

supporting that the former had a higher degree of behavioral despair and anhedonia. Stressed 

mice also demonstrated anxiety-like behaviors compared to non-stressed controls by 

entering the open arms less frequently (13.5 ± 4.4% vs 28.3 ± 4.4% of total zone entry; t = 

2.216, df = 18, p = 0.041) and spending significantly shorter time in the open arms of the 

elevated plus maze (6.0 ± 1.5% vs 15.1 ± 3.6% of total time; t = 2.636, df = 18, p = 0.017; 

Figure 2C). They also spent significantly shorter time in the center zone of the open field 

arena (288.6 ± 39.6 sec; t = 5.670, df = 18, p <0.0001) compared to non-stressed controls 

(655.0 ± 51.1 sec; Figure 2D). In addition, stressed mice also showed reduced exploratory 

behaviors by having fewer vertical/rearing counts (657.7 ± 82.8; t = 2.408, df = 18, p = 

0.027) during the open field test.

Ethanol consumption and preference were higher in stressed mice

Compared to non-stressed mice, stressed mice demonstrated significantly higher ethanol 

consumption (1.697 ± 0.123 vs 2.010 ± 0.009; t = 2.076, df = 70, p = 0.042) and ethanol 

preference (77.3 ± 3.2% vs 86.9 ± 2.0%; t = 2.551, df = 66, p = 0.013; Figure 3B and C).

Effects of acamprosate and escitalopram on ethanol consumption & preference

During the drug administration week, ethanol consumption ratios were significantly different 

among drug groups in non-stressed mice (one-way ANOVA: F3,36 = 10.13, p < 0.0001; 

Figure 4A). The escitalopram-only group and the combined drug group demonstrated 
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significantly lower ethanol consumption percentage to baseline compared to the saline or 

acamprosate-only groups (post hoc Tukey’s tests p < 0.05). Similarly in stressed mice, 

ethanol consumption percentages to baseline were significantly different among drug groups 

during the drug administration week (F3,36 = 8.284, p = 0.0003; Figure 4C). However, only 

the combined drug group demonstrated a significantly lower ethanol consumption 

percentage to baseline compared to all three other drug groups (post hoc Tukey’s tests p < 

0.05). Ethanol preference percentages to baseline were not significantly different among 

drug groups in either non-stressed or stressed groups (one-way ANOVA p > 0.05). In 

contrast, during the post-drug treatment week, ethanol consumption and preference 

percentage to baseline were not significantly different among drug groups in either non-

stressed or stressed groups (one-way ANOVA p > 0.05).

During the post-drug treatment week, we observed that ethanol consumption percentages of 

all treatment groups had escalated to around or above the baseline level (Fig. 4B and D), 

hence we performed one-tailed paired t test to determine whether ethanol consumption 

percentages to baseline had significantly increased in the post-treatment week compared to 

the drug administration week. In the non-stressed group, ethanol consumption percentage to 

baseline increased significantly in mice which were treated with escitalopram-only or with 

combined drugs (p = 0.024 and 0.006 respectively). Similarly, in the stressed group, a 

significant increase of ethanol consumption percentage to baseline was observed in the 

escitalopram-only and the combined drug treated mice (p = 0.011 and 0.003 respectively).

DISCUSSION

In this study, we investigated the effect of combining acamprosate and escitalopram on 

ethanol consumption in stress-induced depressed mice. We have applied a chronic 

unpredictable stress paradigm to induce depression- and anxiety-like behaviors and 

subsequently studied their response to the sole and combined use of acamprosate and 

escitalopram on limited-access ethanol drinking. We observed that the sole administration of 

acamprosate did not affect ethanol consumption, while the sole administration of 

escitalopram reduced ethanol consumption in non-stress mice but not in stressed mice, 

whereas the combined drug treatment could reduce ethanol intake in both groups. These 

results suggest that combining acamprosate and escitalopram may be more effective in 

controlling ethanol use for AUD individuals with or without comorbid depression.

We first used a chronic unpredictable stress paradigm, which was previously used in rats 

(Dias-Ferreira et al., 2009), to induce depression- and anxiety-like behaviors in male 

C57BL/6J mice. This paradigm consists of three social and physical stressful stimuli (social 

defeat, forced swim, and restrain) without day-light cycle interference and food or water 

restriction, hence it is similar to human day-to-day life stress exposure. After only 3 weeks 

of stress treatment, we showed that this paradigm was capable of inducing depression- and 

anxiety-like behaviors in C57BL/6J mice, which is a strain relatively less vulnerable to 

stress despite being most widely used (Monteiro et al., 2015). It is also less demanding in 

terms of resources and time (all stressors can be performed simultaneously) than other 

chronic unpredictable mild stress mice models which involved six to eight stressors extended 

up to 9 weeks (e.g., Mineur et al., 2006; Monteiro et al., 2015; Nollet et al., 2013). The short 
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duration required by each stressor (≤ 30 min) allows ethanol drinking behavior or even 

alcohol dependence induced by chronic intermittent ethanol exposure to be studied in 

parallel with the stress paradigm, hence further imitates human alcohol use under continuous 

daily stress. Furthermore, mice that underwent this stress paradigm showed higher ethanol 

binging consumption and preference, which mirrors alcohol binging in depressed humans 

for mood elevation. Nonetheless, the overall impact of this stress treatment was significant 

but did not have a large effect compared to what was observed in rats (Dias-Ferreira et al., 

2009), which could be due to the difference in stress vulnerability between species and 

C57BL/6 mice are known to be relatively less vulnerable to (Monteiro et al., 2015) and 

demonstrate high voluntary ethanol consumption (e.g., Rhodes et al., 2007). Moreover, 

repeated exposure to the same stressor may reduce its impact as the paradigm proceed, 

adding additional stressors may attenuate habituation towards the stressors. Finally, the 

inclusion of forced swim in the paradigm may influence forced swim test performance, but 

the tail suspension test can be used alternatively for assessing behavioral despair. Despite 

these limitations, we have demonstrated that this chronic unpredictable stress paradigm 

displays construct and face validity with logistical practicality for modelling depression 

comorbid with AUD.

In this study, we did not observe an effect of acamprosate on ethanol intake. In order to 

maintain constant exposure to acamprosate, we injected the drug twice daily, thus each dose 

was halved and the immediate effect during the two-bottle ethanol drinking would be 

equivalent to 200 mg/kg. This dose reduction could partially explain the ineffectiveness of 

sole acamprosate treatment since previous studies showed a dose dependent effect of i.p. 
injected acamprosate on ethanol intake and conditioned place preference for ethanol (Gupta 

et al., 2008; McGeehan and Olive, 2003) and the dose we administered was at the lower 

range. Next, we observed that the sole administration of escitalopram reduced ethanol 

consumption in non-stressed mice, which was not observed in the stressed mice. The 

observation in the non-stress mice agreed with previous reports of SSRIs such as fluoxetine, 

sertraline, paroxetine and citalopram reducing ethanol intake (e.g., Ciccocioppo et al., 1997; 

Maurel et al., 1999; Murphy et al., 1985). This effect may be due to the ability of SSRI to 

upregulate serotonin transmission which is correlated with reduced ethanol drinking 

behavior (reviewed by Lovinger, 1997). However, SSRIs had also been found to affect fluid 

consumption (e.g., Maurel et al., 1999; Strekalova et al., 2006). Maurel et al (1999) screened 

the impact of various SSRIs, including citalopram, the racemic mixture of escitalopram and 

its enantiomer, on the specificity of consummatory behavior in alcohol-preferring rats. They 

observed a dose-dependent subtle reduction of ethanol intake and preference as well as fluid 

and food intake at 3 and 10 mg/kg citalopram, but such reductions became most significant 

when the dose was increased to 30 mg/kg with ethanol preference showing the least 

reduction compared to ethanol, fluid, and food intake. Thus, our observation of reducing 

ethanol consumption by escitalopram in non-stressed mice agrees with Maurel et al (1999), 

but since 5 mg/kg escitalopram was a relatively low dose, its impact on ethanol preference 

was not detected, suggesting escitalopram may have affected general liquid consumption.

By combining these doses of acamprosate and escitalopram, ethanol consumption was 

significantly reduced in both stressed and non-stressed mice. In non-stressed mice, this 

effect may be attributed mainly to escitalopram since escitalopram alone demonstrated such 
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capacity. However, stressed mice required both drugs to reduce ethanol consumption, 

demonstrating that escitalopram’s effect was insufficient under the chronic unpredictable 

stress condition. Chronic unpredictable stress treatment induces the loss of AMPA and 

NMDA receptors, limiting glutamate-glutamine cycling, and reducing glial progenitors, 

indicating a heightened glutamatergic system (see review by Popoli et al., 2012). This stress 

treatment also decreases the level of serotonin and its metabolites in frontal cortex and 

striatum (Ahmad et al., 2010). On top of these effects, repeated binge drinking exacerbates 

the increase of extracellular glutamate levels while further reducing brain serotonin levels 

(George et al., 2010; Szumlinski et al., 2007). Antagonizing NMDA receptors and type I 

metabotropic glutamatergic receptors had been shown to ameliorate the impact on synaptic 

structure induced by chronic unpredictable stress (Li et al., 2011) and reduce binge intake 

(Cozzoli et al., 2012; Cozzoli et al., 2014; Lum et al., 2014). Intra-hippocampal 

administration of serotonin was shown to reduce depressive-like symptoms induced by 

chronic unpredictable stress (Luo et al., 2008) and SSRIs capacity to reduce ethanol 

consumption behavior (reviewed by Lovinger, 1997). Since our results implicate that co-

treatment of acamprosate and escitalopram may normalize glutamatergic and serotoninergic 

systems simultaneously, which results in a more potent effect in reducing alcohol 

consumption, further investigations are warranted on the expression of NMDA and AMPA 

receptors, glial progenitor and glutamate levels as well as serotonin and its metabolites levels 

under combined drug treatment as compared to control and mono-therapy groups. Taken 

together with our results, suppressing glutamatergic transmission while simultaneously 

potentiating serotonergic transmission may be an effective strategy to decrease ethanol 

intake under chronic stress exposure, hence explaining why combining acamprosate and 

escitalopram showed antidipsotropic efficacy in stressed mice.

The ethanol consumption suppression effect in certain drug groups during the drug 

administration week did not persist into the post-treatment week in either stressed or non-

stressed mice. Ethanol consumption of the escitalopram and combined drug groups in both 

stressed and non-stressed mice had increased to a level similar to or above the baseline 

during the post-treatment week. These results might be attributed to the inadequacy of the 

current drug dosage and/or the drug administration duration to impose long-lasting changes 

in ethanol consumption. Moreover, owing to the inter-species differences in 

pharmacokinetics, mice might absorb, metabolize and excrete acamprosate and escitalopram 

before a stable blood concentration of the drugs could be attained, thus despite our effort to 

mimic daily multiple drug dosing in humans, the drugs imposed their effects most strongly 

within a narrow time window shortly after injection. For the current drug administration 

scheme at least, our results did not support a prolonged ethanol consumption suppression 

effect by these drugs or their combination after cessation of drug administration. Notably, 

these results infer an increased risk of relapse or retuning to previous drinking level when 

AUD patients stop using these medications, thus motivating them to sustain their medication 

compliance, albeit challenging, is crucial to maintain treatment effectiveness.

A few limitations of this study need to be noted. Firstly, mice were not dependent on ethanol 

and were only provided with ethanol two hours per day, thus the present study design was 

modelling the initial stage of alcohol misuse (binging) preceded by chronic stress induced 

mood abnormalities that may be observed in human. Thus, it could be possible that 
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administration of an antidipsotropic agent and/or antidepressant could reduce the amount of 

excessive alcohol consumed during repeated exposure, which is a character of AUD, hence 

lowering the risk for progressing into more severe levels of AUD. Secondly, the non-stressed 

mice were group-housed before being exposed to ethanol during which they were singly 

housed. Thus, the non-stressed mice were subjected to extra handling during transferring 

between cages. In addition, these mice were singly housed during the 2-hour drinking 

session, to which these mice were not previously subjected. These stressors might contribute 

to a continuous increase of ethanol consumption during the post-treatment week in the saline 

group of the non-stressed mice which could potentially be alleviated by longer habituation 

time. Thirdly, we observed that some mice were relatively more resistant to the chronic 

unpredictable stress treatment than others. It is possible that future studies might need to 

exclude these animals before proceeding to further treatment to reduce behavioral 

heterogeneity. Finally, there could be gender differences in the response to our stress 

paradigm and drugs, which would require investigation on female mice.

In summary, we have applied a chronic unpredictable stress model to study the combined 

effects of acamprosate and escitalopram on ethanol consumption in mice demonstrating 

depression-like behaviors. We have confirmed that the chronic unpredictable stress model 

could induce depression- and anxiety-like behaviors in C57BL/6J mice. In non-stressed 

mice, administration of escitalopram alone or in combination with acamprosate reduced 

ethanol intake. However, combined medication was required to attain such effect in stressed 

mice. These results suggest that the combination of acamprosate and escitalopram may help 

AUD individuals with or without comorbid depression to reduce alcohol use.
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Fig. 1. 
Study design overview.
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Fig. 2. 
Behavioral test results after 3 weeks of the chronic unpredictable stress paradigm (n = 10): 

forced swim test (A), sucrose preference test (B), elevated plus maze (C), and open field test 

(D). Compared to the non-stress mice, stressed mice had a significantly lower sucrose 

preference and displayed a significantly longer forced swim immobility time (*unpaired t 
test p < 0.05). Stressed mice demonstrated significantly lower percentage time in the open 

arms of the elevated plus maze with lower percentage of total entry into these arms 
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(*unpaired t tests p < 0.05). They also spent less time in the center zone of the open field 

(*unpaired t test p < 0.05).
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Fig. 3. 
(A) Ethanol consumption during the training period. Note that 10% ethanol was presented 

for the first 2 days, and was then escalated to 15% for the rest of the experiment. Averages of 

the last two days of ethanol consumption and preference were used as baseline. Stressed 

mice demonstrated significantly higher ethanol consumption (B) and ethanol preference (C) 

compared to non-stressed mice (*unpaired t test p < 0.05).
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Fig. 4. 
Ethanol consumption during drug administration and post-treatment weeks are presented as 

percentage to baseline (mean ± SEM; n = 9 – 11 for each drug group). During the drug 

administration week, ethanol consumption percentage to baseline was significantly different 

among drug treatment groups in both non-stressed and stressed mice (one-way ANOVA p < 

0.05). (A) In non-stressed mice, the escitalopram-only (Escit) and the combined drug 

treatment (A+E) groups showed significantly lower ethanol consumption percentage to 

baseline compared to the saline and acamprosate-only groups (*Tukey posthoc tests p < 

0.05). (C) While in stressed mice, only the combined treatment group (A+E) showed 

significantly lower ethanol consumption percentage to baseline to all other drug treatment 

groups (*Tukey posthoc tests p < 0.05). (B and D) In the post-treatment week, ethanol 

consumption percentages to baseline had significantly increased compared to the drug 
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administration week in mice previously treated with escitalopram-only (Escit) or with 

combined drugs (A+E) in both stress treatment groups (*paired t tests p < 0.05).
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