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Abstract

Background—Alcohol use disorders are characterized by a complex behavioral 

symptomatology, which includes the loss of control over alcohol consumption and the emergence 

of a negative affective state when alcohol is not consumed. Some of these symptoms can be 

recapitulated in rodent models, for instance following chronic intermittent exposure to ethanol 

vapor inhalation (CIE). However, the detection of negative affect in mice withdrawn from CIE has 

proven challenging and variable between strains. The present study aimed to detect reliable indices 

of negative emotionality in CIE-exposed C57BL/6J (C57) and DBA/2J (DBA) mice. Males were 

used because they are known to escalate their voluntary ethanol consumption upon CIE exposure, 

which is hypothesized to be driven by negative reinforcement (relief from negative affect).

Methods—Adult male mice were exposed to 4-6 weeks of CIE and were evaluated 3-10 days 

into withdrawal in the social approach, novelty-suppressed feeding, digging, marble burying, and 

bottle brush tests.

Results—Withdrawal from CIE decreased sociability in DBA mice but not in C57 mice. 

Conversely, hyponeophagia was exacerbated by CIE in C57 mice but not in DBA mice. 

Withdrawal from CIE robustly increased digging activity in both strains, even in the absence of 

marbles. Aggressive responses to bottle brush attacks were elevated in both C57 and DBA mice 

following CIE exposure, but CIE had an opposite effect on defensive responses in the two strains 

(increase in C57 versus decrease in DBA).

Conclusions—Our results indicate that withdrawal from CIE elicits negative emotionality in 

both C57 and DBA mice but different tests need to be used to measure the anxiogenic-like effects 

of withdrawal in each strain. Increased digging activity and irritability-like behavior represent 

novel indices of affective dysfunction associated with withdrawal from CIE in both mouse strains. 

Our findings enrich the characterization of the affective symptomatology of protracted withdrawal 

from CIE in mice.
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Introduction

Alcohol use disorders are characterized by pathological patterns of alcohol consumption, in 

which attempts to cut down on drinking can be complicated by the experience of a negative 

emotional state (e.g., depressed mood, anxiety, anger) during abstinence. Negative affect is 

hypothesized to be a major drive in the transition to alcohol addiction, as alcohol drinking 

becomes progressively motivated by the relief from negative affect (i.e. negative 

reinforcement) rather than by the positively reinforcing properties of alcohol (Koob, 2017). 

Rat models have been extensively used to understand the neurobiological basis of this 

phenomenon. Notably, rats chronically exposed to ethanol via passive vapor inhalation 

exhibit a time-dependent elevation in intracranial self-stimulation thresholds during 

withdrawal, indicating reduced brain reward (Schulteis et al., 1995). Numerous studies have 

also reported that rats undergoing acute or protracted withdrawal from chronic ethanol 

exposure exhibit increased anxiety-like behavior (Baldwin et al., 1991; Knapp et al., 1998; 

Lal et al., 1991; Overstreet et al., 2004; Rasmussen et al., 2001; Somkuwar et al., 2017; 

Valdez et al., 2002; Zhao et al., 2007). Similar measures of negative affect have been 

frustratingly difficult to obtain in mice, although recent studies have started to expand the 

repertoire of withdrawal-associated behavioral alterations in mice (see Holleran and Winder, 

2017 for review). Furthermore, a report indicated between-strain variability in the 

manifestation of negative affect in this species, whereby ethanol-withdrawn DBA/2J (DBA) 

mice, but not C57Bl/6J (C57) mice, exhibited increased anxiety-like behavior in the light-

dark transition test compared to their ethanol-naïve counterparts (McCool and Chappell, 

2015). Interestingly, both strains escalate their voluntary ethanol consumption when made 

dependent to ethanol, as long as the taste aversion of DBA mice for ethanol is circumvented 

(Cunningham et al., 2013; Fidler et al., 2012; McCool and Chappell, 2015; but see Lopez et 

al., 2017). We reasoned that if ethanol intake escalation is indeed driven by negative 

reinforcement, it should be possible to obtain measures of negative affect in both strains, 

albeit behavioral tests tapping into different dimensions of negative affect may be needed in 

each strain.

In the present study, we used four assays to characterize the affective behaviors of adult male 

C57 and DBA mice following 4 to 6 weeks of chronic intermittent ethanol inhalation (CIE) 

and 3-10 days of withdrawal, a time frame when CIE-exposed mice display escalated 

ethanol drinking and other behavioral alterations (Becker and Lopez, 2004; Jury et al., 2017; 

Kroener et al., 2012; McCool and Chappell, 2015; Rose et al., 2016). We only tested males 

because evidence for robust ethanol intake escalation following dependence induction has 

only been obtained for this sex (Jury et al., 2017). We first used the social approach test 

(SAT), which measures the propensity of mice to interact with a unfamiliar conspecific 

(sociability), as well as their preference for social novelty (Moy et al., 2004). Reduced social 

interaction can be interpreted as evidence of social anxiety (Toth and Neumann, 2013). We 

also used the novelty-suppressed feeding (NSF) test, which measures the unconditioned 
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inhibition of feeding due to novelty (see Dulawa and Hen, 2005 for review). In this test, the 

latency of food-deprived mice to initiate feeding in a novel environment provides an index of 

anxiety-like behavior, although changes in appetite and impulsivity-like behavior may also 

influence this variable (Dulawa and Hen, 2005; Holleran and Winder, 2017). Digging was 

measured both in the absence or presence of marbles to clarify whether previous reports of 

increased marble burying during ethanol withdrawal reflected anxiety-like behavior or a 

general increase in digging activity (Deacon, 2006b). Finally, we implemented the bottle 

brush test (BBT), in which aggressive and defensive responses to repeated attacks with a 

mechanical stimulus provide an index of irritability-like and avoidance-like behavior, 

respectively (Lagerspetz and Portin, 1968; Riittinen et al., 1986). We found that withdrawal 

from CIE affected all these measures, albeit in a mouse strain-dependent manner.

Materials and Methods

Animals

Male C57BL/6J (C57) mice were obtained from The Scripps Research Institute Rodent 

Breeding Colony. Male DBA/2J (DBA) mice were purchased from The Jackson 

Laboratories (Sacramento, CA). The mice were at least 10 weeks old when ethanol exposure 

started. Mice were maintained on a 12 h/12 h light/dark cycle and all behavioral testing was 

performed during the dark phase. Food (Teklad LM-485, Envigo) and acidified or reverse 

osmosis purified water were available ad libitum except for a 24-h period of food deprivation 

before the novelty-suppressed feeding test. Sani-Chips (Envigo) were used for bedding 

substrate. The mice were group-housed except for irritability testing. For all behavioral tests, 

mice were transferred to the experimental room at least 1 h prior to start of testing. All 

procedures were carried out in accordance with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals and were approved by The Scripps Research 

Institute Institutional Animal Care and Use Committee.

Ethanol vapor exposure

Mice were subjected to chronic intermittent ethanol (CIE) exposure in inhalation chambers 

(La Jolla Alcohol Research Inc., La Jolla, CA), as previously described (Becker and Hale, 

1993; Becker and Lopez, 2004; Contet et al., 2011) and according to the standard operating 

procedure used by The Scripps Research Institute Alcohol Research Center. During each 

CIE week, mice were subjected to four 16-h periods of intoxication (ethanol vapor 

inhalation) separated by 8-h periods of withdrawal (air inhalation). Before each 16-h ethanol 

vapor inhalation period, mice received an intraperitoneal injection of ethanol and pyrazole to 

stabilize serum ethanol concentrations across the 16-h period (target level = 200 mg/dL). 

C57 mice received 1.5 g/kg ethanol and 68.1 mg/kg pyrazole, while DBA mice received half 

of these doses during their first week of CIE, and three quarters of these doses during 

subsequent weeks. We had to adjust the dose used for DBA mice because they showed signs 

of overintoxication when the full dose was used. Control mice received injections of 

pyrazole only. Tail vein blood samples were collected periodically (at least once a week) at 

the end of intoxication periods using heparinized capillary tubes and centrifuged for 5 min at 

13000 rpm. The supernatant was processed in a GM7 analyzer (Analox Instruments, 

London, UK). Average serum ethanol concentrations in each cohort are shown in Table 1. 
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There was no significant difference between the serum ethanol concentrations of C57 and 

DBA mice tested in the same behavioral assay (see Table 2). Mice were exposed to 4-6 

weeks of CIE and tested 3-10 days after their last ethanol vapor exposure (see Table 1 for 

details).

Social approach test

The social approach test (SAT) was performed using a three-chamber paradigm as described 

previously (Kaidanovich-Beilin et al., 2011; Moy et al., 2004; Sidhu et al., 2014). The 

apparatus was a rectangular box constructed from clear Plexiglas and containing three 

adjacent chambers 19 cm × 45 cm each, with 30 cm high walls. The three chambers were 

separated by dividing walls made from clear Plexiglas with openings between the central 

chamber and each side chamber. Removable doors over these openings permitted chamber 

isolation or free access to all chambers. Testing was conducted under red lights and 

comprised three consecutive phases: habituation, sociability (session 1) and preference for 

social novelty (session 2). During habituation, the test mouse was placed in the central 

chamber with free access to the side chambers and allowed to explore for 5 min before 

testing began. In session 1, an unfamiliar mouse (stranger 1) was placed under a small wire 

cup (Galaxy cup, Spectrum Diversified) in one of the side chambers. The other side chamber 

contained an empty cup. The test mouse was allowed to explore all three chambers for 10 

min. The time spent in each chamber (all four paws) and the time the test mouse spent 

interacting with stranger 1 were recorded. In session 2, a novel unfamiliar mouse (stranger 

2) was placed under the empty wire cup in the second side chamber, while stranger 1, the 

already-investigated unfamiliar mouse, remained in place. The test mouse was allowed to 

explore all three chambers for another 10 min and the same parameters were recorded. 

Placement of stranger 1 in the left or right side chambers was randomly alternated between 

test mice. Both stranger mice were males and strain-matched to the test mouse. The floor of 

the chamber was cleaned with 2-3% acetic acid, 70% ethanol, and water between tests to 

eliminate odor trails.

Novelty-suppressed feeding

Novelty-suppressed feeding (NSF), also known as hyponeophagia or novelty-induced 

hypophagia (Deacon, 2011; Dulawa and Hen, 2005), was measured by presenting regular 

chow to food-deprived mice, as described by Samuels and Hen (Samuels and Hen, 2011). 

Mice were transferred to a new, clean home cage without food approximately 24 h before 

testing. Right before testing, mice were transferred to new, clean holding cages to clear 

home cages. Testing consisted of two consecutive phases: feeding in arena and feeding in 

home cage. The experimental arena consisted of a brightly lit (400 lux) Taconic Transit Cage 

(56-cm long × 40-cm wide × 18-cm deep) whose bottom was lined with 2 cm of fresh 

bedding. One food pellet was secured onto a platform (see Samuels and Hen, 2011 for 

details) located in the center of the arena. The test mouse was placed in a corner of the arena 

and the latency to eat the food pellet was recorded, with a cutoff time of 10 min. The mouse 

was removed from the arena as soon as it started eating the food pellet and was immediately 

transferred to its home cage with a single food pellet of known weight (no lid on the cage, 

same lighting condition as the arena). The latency to eat this pellet was recorded. After 5 

min the mouse and the pellet were weighed in order to determine body weight loss and 
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amount of food consumed in home cage. The mouse was then transferred into a new, clean 

home cage with free access to food and water.

Digging and marble burying

Digging and marble burying (DMB) were measured as described by Deacon (Deacon, 

2006b). Testing was conducted under dim lighting (20 lux). The mouse was placed in a new, 

clean cage with a bedding thickness of 5 cm and no lid, and allowed to freely dig for 3 min. 

The number of digging bouts and total digging duration were recorded (phase 1). The mouse 

was then removed from the cage, the bedding flattened and 12 marbles arranged in a 4 × 3 

array on top of the bedding. The mouse was reintroduced into the cage and allowed to bury 

the marbles for 30 min with a lid covering the cage. The number of marbles that were buried 

(two-thirds or more) was counted at the end of the test (phase 2).

Bottle brush test

The bottle brush test (BBT) was conducted as described by Riittinen and colleagues 

(Riittinen et al., 1986). The BBT measures defensive and aggressive responses to an “attack” 

by a mechanical stimulus (a moving bottle brush, Lagerspetz and Portin, 1968). This test 

was recently used to reveal irritability-like behavior during ethanol withdrawal in CIE-

exposed Wistar rats (Kimbrough et al., 2017; Somkuwar et al., 2017). Testing was conducted 

under red lights on five consecutive days. The mice were single-housed for three days before 

testing started and throughout the testing period. The mouse was “attacked” by moving a 

bottle brush (14-cm long × 5-cm wide cylindrical brush, 33-cm total length with handle) 

toward it. The attacks were made in the home cage with the lid and food tray removed. On 

each testing day, the mouse was attacked 10 times and the attacks were carried out 

consecutively with 10-15 s intervals. Each attack consisted of five stages as follows:

1. Brush (in rotation) approaching the mouse from the opposite end of the cage 

(starting position).

2. Brush (in rotation) touching the whiskers of the mouse.

3. Brush (in rotation) returning to the starting position in the opposite end of the 

cage.

4. Brush (in rotation) at the starting position.

5. Brush (no rotation) at the starting position.

Each stage of the attack lasted 1.5 s, except for stage 5 that was prolonged, if necessary, until 

the mouse returned to its end of the cage or 5 s had elapsed. Responses to the attacks were 

observed. The total number of occurrences of each behavior across all phases of all 10 

attacks was recorded. These behaviors were further classified as aggressive (smelling/

exploring the brush, biting the brush, boxing the brush, following the brush, and tail rattling) 

or defensive behaviors (escaping from the brush, digging, jumping, climbing/rearing, 

defecation, vocalization and grooming).
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Experimental cohorts

Data were generated from three independent cohorts of C57 mice and three independent 

cohorts of DBA mice tested by the same experimenter (HS) over a total span of 3 years. The 

group sizes, serum ethanol concentrations during CIE and testing timeline are presented in 

Table 1 for each of these cohorts. NSF and BBT data from C57 cohorts 2 and 3, and NSF 

data of DBA cohorts 2 and 3 were pooled.

Statistical analysis

Data from C57 and DBA mice were analyzed separately. In the SAT, the time spent in each 

chamber of the apparatus was analyzed by two-way analysis of variance (ANOVA), with 

treatment as between-subject variable and chamber as within-subject variable. The time 

spent interacting with stranger mice was analyzed by unpaired t-test for session 1 and one-

way ANOVA (treatment as between-subject variable and stranger mouse as within-subject 

variable) for session 2. In the NSF, latencies to eat the pellet in the arena and home cage 

were analyzed by two-way ANOVA (treatment as between-subject variable and environment 

as within-subject variable), and amount eaten and body weight lost were analyzed by 

unpaired t-tests. DMB data were analyzed by unpaired t-tests. BBT data were analyzed 

using two-way ANOVA with treatment as between-subject variable and day as within-

subject variable. When ANOVA interactions were significant, posthoc pairwise comparisons 

were conducted using the Bonferroni correction. All t-tests were two-tailed. Data are 

expressed as mean ± standard error of the mean (s.e.m.).

Results

Withdrawal from CIE reduces social interaction in DBA but not in C57 mice

Results obtained during SAT session 1 in C57 mice are shown in Fig. 1A-B. Overall, C57 

mice spent differential amounts of time in the chamber containing the stranger mouse (S1), 

the central compartment (C) and the chamber containing the empty cup (E) (main effect of 

chamber, F2,18=124.0, p<0.001). They spent more time in the S1 chamber than in the C and 

E chambers, reflecting normal sociability (Fig. 1A). There was no significant main effect of 

CIE on the time spent in each chamber of the SAT apparatus (F1,18=1.0, n.s.) nor an 

interaction between treatment and chamber (F2,36=0.5, n.s.). In addition, CIE mice spent the 

same amount of time directly interacting with the stranger mouse as Air mice, indicating that 

CIE did not alter sociability in C57 mice (t18=−0.8, n.s., Fig. 1B).

Results obtained during SAT session 2 in C57 mice are shown in Fig. 1C-D. There was 

again a significant main effect of chamber (F2,18=52.9, p<0.001), no main effect of treatment 

(F1,18=1.5, n.s.) and no interaction between the two variables (F2,36=0.005, n.s.). Both Air 

and CIE mice spent more time in the S2 compartment than in the S1 compartment, reflecting 

normal preference for social novelty (Fig. 1C). This preference was less pronounced when 

examining the time spent directly interacting with each stranger mouse (effect of stranger, 

F1,18=5.5, p<0.05, Fig. 1D). In contrast to session 1, CIE reduced the time spent directly 

interacting with stranger mice, but the effect was modest (effect of treatment, F1,18=5.3, 

p<0.05) and there was no significant interaction between variables (F1,18=0.3, n.s., Fig. 1D).

Sidhu et al. Page 6

Alcohol Clin Exp Res. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results obtained during SAT session 1 in DBA mice are shown in Fig. 1E-F. Overall, DBA 

mice also spent differential amounts of time in the S1, C and E chambers (main effect of 

chamber, F2,11=56.4, p<0.001). Although there was no significant main effect of CIE on the 

time spent in each chamber of the SAT apparatus (F1,11=3.7, p=0.08), there was a significant 

interaction between treatment and chamber (F2,22=15.9, p<0.001). Posthoc analysis revealed 

that CIE-exposed DBA mice spent less time in the S1 chamber (p<0.01) and more time in 

the E chamber (p<0.05) compared to their air-exposed counterparts (Fig. 1E). As expected, 

Air mice spent more time in the S1 chamber compared to both the C and E chambers (Fig. 

1E, p<0.001 for both). In contrast, CIE mice spent an equivalent amount of time in the S1 

and E chambers, indicating reduced sociability (Fig. 1E). Furthermore, they spent less time 

directly interacting with the stranger mouse compared to Air mice (t11=10.6, p<0.001, Fig. 

1F). Results obtained during SAT session 2 in DBA mice are shown in Fig. 1G-H. There was 

again a significant main effect of chamber (F2,11=81.4, p<0.001), no main effect of treatment 

(F1,11=1.0, n.s.) and a significant interaction between the two variables (F2,22=6.7, p<0.01, 

Fig. 1G). Posthoc analysis revealed that both air- and CIE-exposed DBA mice preferred the 

compartment containing the novel stranger mouse (S2) to the S1 (p<0.01 for Air mice, 

p<0.05 for CIE mice) and C (p<0.001 for Air mice, p<0.05 for CIE mice) chambers (Fig. 

1G). However, CIE mice spent more time in the C chamber than Air mice (Fig. 1G, p<0.01). 

In addition, they spent less time directly interacting with both stranger mice, as reflected by 

a main effect of treatment (F1,22=73.0, p<0.001, Fig. 1H). Overall, DBA mice exhibited 

preference for social novelty, i.e. they spent more time interacting with the novel stranger 

(S2) than with the already-investigated stranger (S1) (effect of stranger, F1,11=65.2, 

p<0.001) and there was no significant interaction between variables (F1,11=3.0, n.s., Fig. 

1H).

Withdrawal from CIE increases hyponeophagia in C57 but not in DBA mice

Results obtained in the NSF test in C57 mice are shown in Fig. 2A-C. One-way ANOVA 

revealed a main effect of environment on the latency to eat the pellet (F1,25=95.1, p<0.001), 

consistent with hyponeophagia (i.e., feeding inhibition in the anxiogenic environment of the 

arena; Fig. 2A). There was also a main effect of treatment (F1,25=11.4, p<0.01) and an 

interaction between treatment and environment (F1,25=23.0, p<0.001). Posthoc analysis 

indicated that although both Air and CIE mice exhibited hyponeophagia (arena vs. home 

cage, p<0.001 for both), CIE mice had a longer latency to eat the pellet in the arena 

(p<0.001), albeit not in the home cage, compared to Air mice (Fig. 2A). There was no effect 

of treatment on the amount of food consumed in the home cage, indicating that the effect of 

CIE on feeding latency in the arena did not result from reduced appetite (t25=−0.3, n.s.; Fig. 

2B). CIE also did not affect the extent of body weight loss during the 24-h food deprivation 

(t25=−0.3, n.s.; Fig. 2C).

Results obtained in the NSF test in DBA mice are shown in Fig. 2D-F. In this strain, there 

was also a main effect of environment on the latency to eat the pellet (F1,20=61.1, p<0.001), 

reflecting hyponeophagia (Fig. 2D). However, in contrast to C57 mice, there was no effect of 

treatment (F1,20=0.5, n.s.) nor an interaction between variables (F1,20=0.3, n.s.). As in C57 

mice, there was no effect of CIE on appetite (t20=1.6, n.s.; Fig. 2E) and body weight loss 

(t20=−1.2, n.s.; Fig. 2F).
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Withdrawal from CIE increases digging activity in both C57 and DBA mice

Results obtained for C57 mice in the DMB test are shown in Fig. 3A-C. CIE increased the 

number of digging bouts (t18=−5.7, p<0.001, Fig. 3A) and the total duration of digging (t18=

−3.8, p<0.01, Fig. 3B) during the first phase of the test, and the number of marbles buried 

(t18=−3.6, p<0.01, Fig. 3C) during the second phase of the test.

Results obtained for DBA mice in the DMB test are shown in Fig. 3D-F. CIE also increased 

the number of digging bouts (t10=−5.5, p<0.001, Fig. 3D), the total duration of digging (t10=

−3.6, p<0.01, Fig. 3E) and the number of marbles buried (t10=−2.6, p<0.05, Fig. 3F) in this 

strain.

Withdrawal from CIE increases irritability-like behavior in both C57 and DBA mice

Results obtained in the BBT for C57 mice are shown in Fig. 4A-B. For aggressive responses, 

repeated-measures ANOVA revealed significant effects of treatment (F1,26=73.4, p<0.001) 

and time (F4,104=3.9, p<0.01), as well as a significant interaction between time and 

treatment (F4,104=5.0, p<0.01). These effects reflected a gradual increase in aggressive 

responses that peaked 6 days into withdrawal in CIE mice (day 4: p<0.01; days 5-7: 

p<0.001), while there was no effect of repeated testing in Air mice (Fig. 4A). CIE mice also 

exhibited more defensive responses than Air mice, as indicated by a significant effect of 

treatment (F1,26=5.7, p<0.05). There was a main effect of time (F4,104=14.6, p<0.001) but no 

time × treatment interaction (F4,104=0.4, n.s.), as both Air and CIE mice gradually reduced 

their defensive responses over time (Fig. 3B). Results obtained in the BBT in DBA mice are 

shown in Fig. 4C-D. There was a significant main effect of treatment on aggressive 

responses (F1,8=34.5, p<0.001), with CIE mice also being more aggressive than Air mice in 

this strain (Fig. 4C). The effect of time (F4,32=49.3, p<0.001) and the time × treatment 

interaction (F4,32=17.2, p<0.001) were both significant, reflecting the steep decrease in 

aggressive responses of CIE mice after their first testing day (3 days into withdrawal), 

compared to subsequent days (Fig. 4C). Posthoc analysis revealed a significant difference 

between Air and CIE mice on withdrawal days 3 (p<0.01), 4, 6 and 7 (p<0.05). The effect of 

treatment almost reached significance for defensive responses (F1,8=5.0, p= 0.056), with CIE 

mice tending to exhibit less defensive responses than Air mice 5-7 days into withdrawal 

(Fig. 4D). There was a significant effect of time (F4,32=4.0, p<0.01) but no interaction 

between time and treatment (F4,32=0.9, n.s.).

Discussion

Our study shows that the behavioral symptomatology of ethanol withdrawal in mice, as 

evaluated 3-10 days after 4-6 weeks of chronic intermittent ethanol vapor inhalation, reflects 

negative affect but differs between C57 and DBA mouse strains. Withdrawal from CIE 

reduced social interaction in DBA mice, but not in C57 mice. It did not alter preference for 

social novelty in either strain. In contrast, withdrawal from CIE increased hyponeophagia in 

C57 mice, but not in DBA mice. The effect of CIE in C57 mice did not result from 

differential body weight loss or appetite. Withdrawal from CIE was associated with a robust 

increase in digging activity in both strains, as reflected both by direct measures of digging 

behavior and by marble burying. Furthermore, withdrawal from CIE increased aggressive 
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responses to bottle brush attacks in both strains, albeit with a different time-course, with the 

effect of withdrawal peaking earlier in DBA mice (3 days) than in C57 mice (6 days). 

Withdrawal from CIE also increased defensive responses in C57 mice, but tended to 

decrease them in DBA mice. These results corroborate previous findings and enrich the 

characterization of affective disturbances elicited by ethanol withdrawal in mice. 

Importantly, different behavioral assays are needed to capture anxiety-like behavior in C57 

and DBA mice withdrawn from CIE.

In accordance with our findings, recent studies showed that chronic ethanol exposure via 

inhalation (CIE) or drinking (continuous two-bottle choice) exacerbates hyponeophagia in 

C57 mice experiencing 3 days or 2-5 weeks, respectively, of abstinence (Holleran et al., 

2016; Jury et al., 2017; Pang et al., 2013) and that CIE increases marble burying in C57 

mice 2-6 days into withdrawal (Jury et al., 2017; Pleil et al., 2015; Rose et al., 2016). Other 

studies are consistent with the mouse strain specificity we observed in the SAT and NSF 

assays. For instance, CIE reduced social interaction in DBA mice 24 h and 7 days into 

withdrawal (Lowery-Gionta et al., 2015; Marcinkiewcz et al., 2015), while C57 mice fed an 

ethanol liquid diet for 12 days and tested during early withdrawal (5-6 h) exhibited unaltered 

sociability (Moy et al., 2013). Conversely, anxiety-like behavior could be detected in DBA 

mice but not C57 mice using the light/dark box assay 3-10 days into withdrawal from CIE 

(Bray et al., 2017; McCool and Chappell, 2015). Importantly, each of these behavioral 

assays tap into different aspects of anxiety, a complex, multifaceted affective state, by using 

different incentives (food, social interaction, environment exploration) to establish an 

approach-avoidance conflict. It appears that genetic variations between mouse strains 

produce differential sensitivity of each of these aspects to the anxiogenic-like effects of CIE 

withdrawal. The discrepant withdrawal symptomatology of C57 and DBA mice may result 

from differential effects of CIE and abstinence on neuronal activity and gene expression in 

the two strains. For instance, c-fos induction in the amygdala, hippocampus, prelimbic 

cortex and lateral septum is much stronger and differential gene expression in the 

hippocampus is more extensive in DBA mice than in C57 mice following 72 h of ethanol 

vapor inhalation and 7 h withdrawal, suggesting that similar strain differences may exist in 

mice withdrawn from several weeks of CIE (Chen et al., 2009; Daniels and Buck, 2002).

The present study focused on affective responses exhibited by CIE-exposed males. An effect 

of sex on the behavioral symptomatology of withdrawal from CIE was previously reported 

in C57 mice, with females not exhibiting the increased ethanol consumption, hyponeophagia 

and marble burying that were observed in males (Jury et al., 2017). In the same way that 

C57 and DBA males manifest negative affect differentially across a battery of behavioral 

tests, our study suggests that alternative assays may be needed to detect negative affect in 

CIE-exposed C57 females.

Our study implemented two assays that had not been previously used to characterize the 

symptomatology of ethanol withdrawal in mice: the BBT and digging in the absence of 

marbles. Two recent studies used the BBT to measure irritability-like behavior in Wistar rats 

subjected to operant ethanol oral self-administration combined with passive ethanol vapor 

inhalation (CIE). In both studies, CIE increased aggressive responses during withdrawal 

from ethanol vapor (from 8 h onwards and up to 2 weeks), but did not affect defensive 
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responses at any time point (Kimbrough et al., 2017; Somkuwar et al., 2017). Consistent 

with the rat phenotype, C57 and DBA mice also showed a significant increase in aggressive 

responses during their first week of withdrawal. CIE also affected defensive responses in 

mice, although it had a differential effect in C57 and DBA mice (significant increase and 

trend for reduction, respectively). An earlier study that characterized the effect of social 

isolation and overstimulation on BBT responses in male mice (mixed Swiss/NMRI 

background) identified a first factor underlying data variance for responses that were 

categorized as aggressive in the present study (following, boxing, biting), which was 

interpreted as irritability, while responses categorized here as defensive (escape, digging, 

jumping, climbing) mostly loaded onto a second factor that was hypothesized to reflect 

avoidance or fear (Riittinen et al., 1986). Accordingly, our results together with previous rat 

studies indicate that withdrawal from CIE consistently increases irritability-like behavior in 

rodents, while the effect on avoidance-like behavior is species- and strain-dependent. This 

observation corroborates the factor analysis of Riittinen and colleagues, which showed that 

the two types of responses were not sharing a common source of variance (i.e., were not 

correlated). Furthermore, the fact that C57 mice showed an increase in both aggressive and 

defensive responses indicates that these two coping strategies are not mutually exclusive. 

The consistent effect of withdrawal from CIE on irritability-like behavior across rodent 

species and mouse strains has clinical relevance. Heavy drinkers and alcohol-dependent 

subjects can experience frustration or exhibit aggressive behavior during abstinence 

(Cardoso et al., 2006; Miczek et al., 2015; Winward et al., 2014). Interestingly, aggression 

and frustration sensitivity were stronger predictors of relapse than anxiety, depression or 

impulsivity in a sample of abstinent male alcoholics (Baars et al., 2013).

Several studies had previously reported that CIE-exposed male C57 mice bury more marbles 

when tested 2, 3 or 6 days into withdrawal from vapor and interpreted this observation as an 

indication of increased anxiety-like behavior (Jury et al., 2017; Pleil et al., 2015; Rose et al., 

2016). However, the validity of marble burying as a measure of anxiety-like behavior has 

been repeatedly called into question (Deacon, 2006b; Gyertyan, 1995; Njung’e and Handley, 

1991; Thomas et al., 2009). Lack of habituation and lack of avoidance of the marbles 

indicated that marble burying is a by-product of spontaneous digging behavior, rather than 

an aversive response to the presence of marbles (Gyertyan, 1995; Njung’e and Handley, 

1991; Thomas et al., 2009). Our observation that CIE increased digging activity even in the 

absence of marbles corroborates this interpretation. The effect of CIE on digging activity 

was more pronounced than on marble burying in both C57 and DBA mice, in accordance 

with the observation of Gyertyan that “digging time” is a more sensitive measure than 

“marble buried” (Gyertyan, 1995). Digging is an instinctive behavior that many species of 

wild rodents use to make burrows for habitat and predator protection. In the laboratory 

setting, digging shows some features of compulsivity (stereotypy, repetitiveness and 

resistance to extinction, Dalley et al., 2011; Pitman, 1989; see also De Boer and Koolhaas, 

2003; Gyertyan, 1995 for discussion), and the fact that chronic ethanol exposure increases 

its frequency may reflect a worsening of compulsivity-like tendencies, as proposed in earlier 

studies (Perez and De Biasi, 2015; Umathe et al., 2008). Nevertheless, our observation that 

withdrawal from CIE increases digging/burying activity in both C57 and DBA mice does not 
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provide an indication of the exact nature of the affective state associated with excessive 

digging, which could possibly include anxiety, compulsivity and/or irritability.

Recent efforts to identify emotional disturbances in mice withdrawn from chronic ethanol 

exposure turned to the forced swim test (FST), an assay that can predict antidepressant 

efficacy and is therefore hypothesized to provide a measure of depression-like behavior. 

Several studies reported that prolonged abstinence (2 weeks) from chronic voluntary ethanol 

administration increases immobility in the FST (see Holleran and Winder, 2017 for review). 

Immobility in the FST was not affected (or even decreased) in mice exposed to 4 weeks of 

CIE and tested 8 h to 12 days after last vapor exposure (Bray et al., 2017; Maldonado-

Devincci et al., 2016), but additional studies are needed to determine whether immobility 

may increase after longer periods of abstinence post-CIE, as previously observed in rats 

(Walker et al., 2010). Another study reported reduced nest building during the first 24 h of 

withdrawal in mice exposed to 3 days of CIE (Greenberg et al., 2016). Nest building is a 

species-typical behavior of many small rodents that serves a critical role in the wild for heat 

conservation, sheltering and reproduction, and is considered a good ethological indicator of 

mouse welfare in the laboratory setting (Deacon, 2006a; Gaskill et al., 2013). In the future, it 

would be interesting to determine whether nest building could be used as another indicator 

of affective disruption during protracted abstinence from long-term exposure to ethanol.

Overall, our study provides evidence that exposure of mice to CIE elicits a negative 

emotional state during the first week of withdrawal, which can be detected in various assays 

evaluating anxiety-like, compulsive-like and irritability-like behaviors. The new measures 

introduced in this paper (digging and irritability) can be used to refine the experimental 

design of studies investigating the effects of chronic ethanol exposure in mouse models, as 

they provide easily accessible behavioral endpoints that can be correlated with molecular 

and cellular variables. Altogether, our findings enrich the characterization of the affective 

symptomatology of protracted withdrawal from CIE in mice and emphasize that multiple 

behavioral assays are needed to capture complex affective phenotypes.
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Figure 1. Withdrawal from CIE reduces social interaction in DBA but not in C57 mice
C57 (A-D; Air, n=10; CIE, n=10) and DBA (E-H; Air, n=7; CIE, n=6) mice were tested in 

the social approach test (SAT) 6-7 days into withdrawal from 4 weeks of chronic intermittent 

ethanol (CIE) inhalation. Sociability was first evaluated by assessing the behavior of the 

mouse in the presence of a stranger mouse (S1) in one of the three chambers of the SAT 

apparatus (A-B, E-F). Preference for social novelty was then evaluated by introducing 

another stranger mouse (S2) in the opposite chamber. A, C, E, G: Time spent in each 

chamber (S1, chamber containing first stranger mouse under a wire cup; C, central chamber; 

E, chamber containing empty wire cup; S2, chamber containing novel stranger mouse under 

a wire cup). B, D, F, H: Time spent directly interacting with the stranger mice. *, effect of 

treatment. #, effect of chamber (A, C, E, G) or stranger novelty (D, H). One symbol, p<0.05; 

two symbols, p<0.01; three symbols, p<0.001.
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Figure 2. Withdrawal from CIE increases hyponeophagia in C57 but not in DBA mice
C57 (A-C; Air, n=15; CIE, n=12) and DBA (D-F; Air, n=12; CIE, n=10) mice were tested in 

the novelty-suppressed feeding test 5 days into withdrawal from 4-5 weeks of chronic 

intermittent ethanol (CIE) inhalation. A, D: Latency to initiate feeding in the experimental 

arena and in the home cage. B, E: Amount of food eaten during first 5 min in the home cage. 

C, F: Body weight lost during 24-h food deprivation. *, effect of treatment. #, effect of 

environment. Three symbols, p<0.001.
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Figure 3. Withdrawal from CIE increases digging in both C57 and DBA mice
C57 (A-C; Air, n=10; CIE, n=10) and DBA (D-F; Air, n=7; CIE, n=5) mice were tested in 

the digging and marble burying test 10 days into withdrawal from 4 weeks of chronic 

intermittent ethanol (CIE) inhalation. A, D: Number of digging bouts. B, E: Total duration 

of digging. C, F: Number of marbles buried. *, effect of treatment. One star, p<0.05; two 

stars, p<0.01; three stars, p<0.001.
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Figure 4. Withdrawal from CIE increases irritability-like behavior in both C57 and DBA mice
C57 (A-B; Air, n=16; CIE, n=12) and DBA (C-D; Air, n=5; CIE, n=5) mice were tested in 

the bottle brush test 3-7 days into withdrawal from 6 weeks of chronic intermittent ethanol 

(CIE) inhalation. A, C: Number of aggressive responses. B, F: Number of defensive 

responses. *, effect of treatment. #, effect of time. One symbol, p<0.05; two symbols, 

p<0.01; three symbols, p<0.001.
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Table 1
Cohort information

This table indicates the number of mice per treatment in each cohort, serum ethanol concentrations (SEC) 

measured in CIE-exposed mice and the time-point of behavioral testing.

Strain Cohort Group sizes SEC (mg/dL) Behavioral tests

C57

Cohort 1 Air, n=10
CIE, n=10 211.2 ± 25.0 SAT 6-7 days withdrawal from CIE4 (Fig. 1A-D)

DMB 10 days withdrawal from CIE4 (Fig. 3A-C)

Cohort 2 Air, n=12
CIE, n=7 206.2 ± 17.5 NSF 5 days withdrawal from CIE5 (Fig. 2A-C)

BBT 3-7 days withdrawal from CIE6 (Fig. 4A-B)

Cohort 3 Air, n=4*
CIE, n=5

217.5 ± 22.6 NSF 5 days withdrawal from CIE5 (Fig. 2A-C)
BBT 3-7 days withdrawal from CIE6 (Fig. 4A-B)

DBA

Cohort 1 Air, n=7
CIE, n=6 253.3 ± 16.0 SAT 6-7 days withdrawal from CIE4 (Fig. 1E-H)

Cohort 2 Air, n=5
CIE, n=5 179.5 ± 22.3 NSF 5 days withdrawal from CIE4 (Fig. 2D-F)

BBT 3-7 days withdrawal from CIE6 (Fig. 4C-D)

Cohort 3 Air, n=7
CIE, n=5 169.5 ± 19.9 NSF 5 days withdrawal from CIE4 (Fig. 2D-F)

DMB 10 days withdrawal from CIE4 (Fig. 3D-F)

CIEn, week n of CIE exposure; SAT, social approach test; NSF, novelty-suppressed feeding; BBT, bottle brush test; DMB, digging and marble 
burying.

*
one Air male from C57 cohort 3 was excluded from the NSF test because it kept trying to escape from the arena and home cage
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Table 2
Serum ethanol concentrations

This table indicates the average serum ethanol concentrations measured in CIE-exposed C57 and DBA mice 

tested in a given behavioral assay. There was no significant difference between strains in any of the assays, as 

evaluated by unpaired two-tailed t-test.

Behavioral assay C57 mice DBA mice t-test

Social approach test 211.2 ± 25.0 253.3 ± 16.0 t54 = −1.26, n.s.

Novelty-suppressed feeding 208.8 ± 14.3 173.3 ± 14.7 t55 = 1.72, n.s.

Digging and marble burying 211.2 ± 25.0 169.5 ± 19.9 t26 = 1.32, n.s.

Bottle brush test 208.8 ± 14.3 179.5 ± 22.3 t39 = 1.03, n.s.
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