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Abstract

Environmental factors, including exposure to stress, are known to contribute to the propensity to 

consume ethanol. However, stress produces inconsistent effects on ethanol drinking in rodent 

models. Therefore, the present study examined the impact of different stressors on limited access 

ethanol consumption and determined whether there were sex-dependent differences in response to 

stress. To this end, male and female C57BL/6J mice had 2-hr access to a water and 10% ethanol 

solution, beginning 30 minutes before onset of the dark cycle. Once ethanol intake was stable, the 

effect of restraint, tail suspension, predator odor, foot shock, and tail pinch on subsequent intake 

was explored. Both plasma corticosterone (CORT) and allopregnanolone (ALLO) were assessed 

as indices of hypothalamic-pituitary-adrenal (HPA) axis activity and of endogenous neurosteroid 

levels respectively, following restraint, tail suspension and predator odor. Ethanol intake was 

decreased following restraint, tail suspension, foot shock, and tail pinch in both sexes, with 

stressor-related differences in the duration of the suppression. The effect of predator odor on 

ethanol intake was biphasic in females; ethanol consumption was significantly reduced on the day 

of stress but significantly increased on the following two days. In males, predator odor produced a 

delayed significant increase in ethanol intake on the second day after stress. All three stressors 

increased plasma CORT, with higher CORT levels in females when compared with males. 

Notably, there was a significant positive correlation between CORT levels immediately after 

predator odor stress and ethanol intake on the following day as well as a significant positive linear 

relationship between CORT levels immediately after restraint stress and ethanol intake on the 

following day in females. Furthermore, the three stressors produced a greater increase in ALLO 

levels in female versus male mice, but ALLO levels following predator odor were not correlated 

with subsequent ethanol intake. In summary, the type of stressor administered had a profound 

impact on subsequent ethanol consumption, with subtle sex differences in the magnitude and 

persistence of the effect. These findings are the first to demonstrate that a single, acute exposure to 

restraint, tail suspension, and predator odor stress increased plasma CORT and ALLO levels in 

animals with a history of ethanol consumption and that female mice were more responsive than 

males to the ability of stress to increase CORT levels as well as to the ability of predator odor 
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stress to produce a delayed increase in ethanol intake. Because predator odor stress is a model of 

posttraumatic stress disorder, the present sex differences have important implications for future 

preclinical studies modeling the comorbidity of posttraumatic stress disorder and alcohol use 

disorders.
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Introduction

In human studies, research has clearly demonstrated a link between alcohol consumption 

and stress with those individuals that experience higher levels of stress exhibiting higher 

levels of alcohol consumption (reviewed in Keyes et al., 2012). Stress, either an internal or 

environmental event, disrupts homeostasis via an activation of the hypothalamic-pituitary-

adrenal (HPA) axis, which leads to the rapid secretion of corticotropin-releasing hormone 

(CRH) and ultimate release of glucocorticoids such as corticosterone (CORT) in the rodent 

(reviewed in Biggio et al., 2014; Gunn et al., 2011; Makino et al., 2002). Disruptions in 

HPA axis function are believed to influence alcohol self-administration (Koob and Kreek, 

2007; Koob and Le Moal, 2001), and alcohol itself increases brain levels of CRH and 

plasma levels of CORT (Lee et al., 2004; Richardson et al., 2008; Rivier, 1999; Willey et al., 

2012), thereby activating the HPA axis. Once the HPA axis is activated, metabolic processes 

are accelerated, with the magnitude of the stress response depending on a wide variety of 

variables including genetics, sex, previous stress experience, and neurosteroid responsivity 

(Anisman and Matheson, 2005; Gunn et al., 2011; Herman et al., 2004).

The CRH neurons of the paraventricular nucleus (PVN) of the hypothalamus receive 

projections that send an inhibitory gamma-aminobutyric acid (GABA) signal to these 

neurons (Cullinan et al., 2008); thus, GABA is capable of regulating the activity of the HPA 

axis under basal conditions and in response to stress. Additionally, the neurosteroid 

allopregnanolone (ALLO), a potent positive allosteric modulator of GABAA receptors, 

inhibits HPA axis activity and the stress-induced increase in plasma CORT (Patchev et al., 

1996). Considering that exposure to various stressors as well as ethanol self-administration 

have been shown to increase concentrations of ALLO in a time- and sex-dependent manner 

(reviewed in Barbaccia et al., 2001; Finn et al., 2004), further exploration of the relationship 

between stress-induced alterations in ALLO and CORT during ethanol consumption is 

warranted.

It is generally accepted that stressful life events influence alcohol drinking in the human 

population (Keyes et al., 2012). However, animal models examining stress and ethanol 

interactions are plentiful but demonstrate conflicting evidence in terms of the change in 

ethanol consumption. In fact, the relationship between stress and alcohol consumption 

contains complexities related to alcohol consumption modeling (history of use, level of 

drinking, and timing of administration) and stress-related factors (type, duration, and timing 

of administration), which then relate to biological factors (genetics, age, and sex) (reviewed 
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in Becker et al., 2011). In studies conducted using mice, most research indicates that 

administration of an acute stressor fails to alter or reduces ethanol consumption and/or self-

administration (i.e. Chester et al., 2006, 2008; Matthews et al., 2008; Tambour et al., 2008; 

Yang et al., 2008; reviewed in Becker et al., 2011). However, these studies are in direct 

contrast to research indicating that an acute or chronic stressor increases ethanol 

consumption in mice (i.e. Chester et al., 2006; Farook et al., 2009; Lopez et al., 2011; 

Matthews et al., 2008; Pelloux et al., 2005; Racz et al., 2003; reviewed in Becker et al., 

2011). With variations in stressors administered, genotype and sex of the mouse used, and 

ethanol access paradigm employed, interpretation of the impact of stress on ethanol 

consumption in mice is difficult. While some chronic stress models (e.g., maternal 

separation, adolescent social isolation) can produce a more consistent increase in subsequent 

ethanol intake (Becker et al., 2011), the purpose of the current study was to examine the 

impact of acute exposure to a a combination of physical stressors (restraint, foot shock, and 

tail pinch) as well as psychological stressors (tail suspension and predator odor) on limited 

access ethanol consumption (water vs. 10% v/v ethanol; 10E) in both male and female 

C57BL/6J mice in order to evaluate whether one form of acute stress exposure would have a 

greater impact on subsequent ethanol consumption than the other stress exposures.

Our choice of these particular stressors was based on evidence that acute exposure to each 

stressor increased ethanol intake in particular rodent genotypes (reviewed in Becker et al., 

2011). However, only footshock and restraint stress were examined and reported to increase 

ethanol intake in male C57BL/6J mice (females not examined; Farook et al., 2009; 

Matthews et al., 2008). Thus, male and female C57BL/6J mice have not been systematically 

tested for their responsivity to the effects of various stressors on ethanol intake. We used a 

drinking procedure in which animals consume ethanol at levels that result in physiologically 

relevant blood ethanol concentrations (BECs; e.g., Finn et al., 2004) to test the hypothesis 

that the subsequent ethanol consumption following stress exposure would vary in a sex- and 

stressor-dependent way. In support of this general hypothesis, limited available data in other 

genotypes indicate that repeated restraint stress significantly increased ethanol intake in 

male and significantly decreased ethanol intake in female mice that were selectively bred for 

high alcohol preference (HAP; Chester et al., 2006), and that tail suspension stress 

significantly increased ethanol intake only in female but not in male CD-1 mice with high 

immobility scores (Pelloux et al., 2005). Finally, because perceived predation risk has a 

profound biological effect across species (Zanette et al., 2011), and predator odor stress 

significantly increased ethanol self-administration in male Wistar rats (Edwards et al., 2013; 

Roltsch et al., 2014), we predicted that exposure to predator odor stress would significantly 

increase ethanol intake and that the effect might be more pronounced in female mice.

Additionally, it has been suggested that one potential mechanism underlying sex differences 

in the impact of stress on ethanol intake could be alterations in HPA axis responsivity 

(Chester et al., 2006), as measured by plasma CORT or ALLO levels in response to stress. 

Therefore, the current study also examined whether a sex difference existed in the stress-

induced alteration in CORT and ALLO levels following predator odor, tail suspension, and 

restraint stress. Finally, the relationship between stress-induced CORT and ALLO levels and 

subsequent ethanol consumption was evaluated in order to determine whether there was a 

positive correspondence between the stress-induced changes in CORT and/or ALLO levels 
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and subsequent ethanol intake and whether this relationship differed in male and female 

mice.

Materials and Methods

Animals

A total of 22 female and 21 male adult (minimum age of 8 weeks) C57BL/6J mice were 

obtained from a breeding colony maintained by the Portland Alcohol Research Center in the 

Department of Veterans Affairs Veterinary Medical Unit (Portland, OR) in two separate 

cohorts. Mice were maintained on a 12-hr reverse light/dark cycle (lights off 1100) in a 

temperature (22 ± 2°C) and humidity controlled environment. Rodent chow (Labdiet 5001 

rodent diet; PMI International, Richmond, IN) and water were available ad libitum. All 

rodent cages were changed once per week. Following a one week period of acclimation, 

animals were individually housed in clear polycarbonate cages (28 × 18 × 13 cm) on 

Ecofresh bedding and given two water sipper tubes. All procedures complied with the 

National Institute of Health Guidelines for the Care and Use of Laboratory Animals and 

were approved by the local Institutional Animal Care and Use Committee.

Limited access 2-bottle choice procedure

After animals were single-housed, a limited access 2-bottle choice procedure began (Sinnott 

et al., 2002). At 30-min before lights out, mice had access to 10E versus water for 2 hours. 

Volume before and after each access period was recorded in order to calculate total mLs 

consumed as well as g/kg consumed, based on the animal’s body weight, which was 

determined weekly. Animals were given 10E access on 5 days per week with only access to 

water over the weekend. After 14-15 days of ethanol intake (depending on cohort) to 

establish a stable baseline (less than 20% variability across 3 days), the initial blood 

collection or administration of environmental stressors began (Figure 1).

Blood Ethanol Concentrations (BECs)

BECs were measured in the second cohort of animals following 2-hr access to 10E (Figure 

1). A 20-μ1 blood sample was taken from the retro-orbital sinus immediately following the 

session, and the blood sample was analyzed for ethanol content via headspace gas 

chromatography (Finn et al., 2007).

Environmental Stressors

Each stressor was administered directly before presentation of the 10E bottle. Upon 

completion of the stressor, animals were returned to the home cage, and 10E bottles were 

presented. Two separate cohorts of animals were used, with each cohort receiving select 

stressors (see Figure 1 for details). Use of 2 cohorts enabled us to stagger the start time for 

each stressor to ensure that upon completion of the stress exposure, animals were returned to 

their home cages and drinking commenced immediately. It also allowed us to test predator 

odor twice (3rd in Cohort 1; 1st in Cohort 2) to examine potential order effects. Cohort 1 

included 10 females and 9 males; tail blood collection occurred on day 16 (prior to any 

stress exposures) and on days 19, 34, and 42 (immediately after each stressor and prior to 
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returning animals to the home cage for ethanol access). Cohort 2 included 12 females and 12 

males; orbital blood collection occurred on day 36 after the 2 hr ethanol session.

Restraint Stress (Cohort 1)

Mice were removed from their home cage and placed in custom-made polycarbonate 

restrainers (1 ¼-inch diameter, 3 ¾-inch length; Flair Plastics, Portland, OR) for 30 minutes 

(Burrows et al., 1998).

Tail Suspension Stress (Cohort 1)

Mice were removed from their home cage and suspended by taping their tails with medical 

adhesive tape to a metal bar (approximately 3” tall × 2” wide × 36” long) that was 

approximately 24” off of the floor. All activity was video-recorded for 6 minutes. Behavior 

was measured as latency to first period of immobility (a 2 second period during which no 

movement occurred), time spent immobile, percent of time spent immobile, and total 

episodes of immobility. Behavior was scored by two technicians and then averaged (see 

Table 1; Barfield et al., 2010; Pelloux et al., 2005).

Predator Odor Stress (Cohort 1 and 2)

Mice were removed from their home cage and placed in a polycarbonate cage containing 

dirty rat bedding for 30 minutes. Dirty rat bedding was attained from male and female adult 

rat cages after the rats had been housed in their cages for 1 week (Hebb et al., 2003). In a 

pilot study, we found that 30 min exposure to dirty rat bedding from male and female rats 

significantly increased CORT levels in ethanol naïve male and female C57BL/6J mice. 

Mean ± SEM CORT levels were 41.39 ± 2.83 μg/dL (males, n=5) and 53.43 ± 4.16 μg/dL 

(females, n=5), and values were significantly higher in female versus male mice [F(1,8) = 

5.734, p<0.05].

Foot Shock Stress (Cohort 2)

Animals were removed from the home cage and placed into an operant box fitted with a 

metal floor. The Precision Animal Shocker (Coulbourn Instruments, Whitehall, PA) was 

used to deliver a 0.5 mA foot shock for 5 seconds every minute, for a total of 5 minutes 

(Sanford et al., 2010).

Tail Pinch Stress (Cohort 2)

A wooden clothespin was affixed near the base of the animal’s tail for 15 minutes, and the 

animal was monitored while in the home cage during the stress (Butts et al., 2011). If the 

animal was able to remove the clothespin, researchers immediately replaced it.

Tail Blood Collection

Mice in Cohort 1 were gently restrained using the custom-made mouse restrainers, and a tail 

blood sample was collected into a 20-μL micro-capillary pipet (Kimble Glass Inc., Vineland, 

NJ), centrifuged for 20-min at 914 × g to isolate plasma, and then stored at −80 °C until 

assayed. The baseline blood sample was taken on day 16, immediately after the 2 hr period 

of 10E intake. Blood samples also were taken immediately following exposure to each 
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stressor (see Figure 1), before returning the animal to its home cage, in order to measure 

CORT levels at the time of peak increase following stress exposure. Blood collection took 

under 1 minute, which minimized the potential for added mild stress prior to the 

measurement of ethanol intake.

Corticosterone (CORT) Levels

Steroid concentrations were measured using a commercially available 125I 

radioimmunoassay kit (ImmuChem Double Antibody Corticosterone for rodents; MP 

Biomedicals, Orangeburg, NY). The manufacturer supplied protocol was implemented, with 

minor modifications. In brief, CORT concentration in plasma samples (5-μL) was single-

determined via interpolation from a standard curve derived from six standards (ranging from 

25 to 1000 ng/mL; i.e., 2.5 – 100 μg/dL).

Allopregnanolone (ALLO) Levels

Neurosteroid concentrations were measured using a commercially available enzyme 

immunoassay kit (DetectX Allopregnanolone Immunoassay kit; Arbor Assays, Ann Arbor, 

MI). The manufacturer supplied protocol for plasma was implemented without extraction. In 

brief, ALLO concentration in plasma samples (3-μL) was single-determined via 

interpolation from a standard curve derived from 8 standards (ranging from 0.391 to 50 ng/

mL).

Statistics

Analysis of BEC was conducted using t-tests. Analysis of body weight was conducted using 

a 2 × 2 × 2 analysis of variance (ANOVA; Time × Sex × Cohort) with time as a within 

subjects factor, and average ethanol intake across time was analyzed with a 2 × 2 ANOVA 

(Sex × Cohort). For the analysis of the impact of select stressors on subsequent ethanol 

consumption, water consumption and preference ratio, pre-stressor baseline was calculated 

as the 2 day average intake prior to the day of stress. Alterations in intake (ethanol and 

water) and preference were tested using a repeated measures ANOVA with sex as a between 

subjects factor. Due to our a priori hypothesis that there would be sex-specific differences in 

the response to stress, deconstruction of the ANOVAs were conducted by grouping the data 

by sex and performing subsequent one-way repeated measures ANOVAs and post-hoc 

paired t-tests. Linear least squares regression was conducted to determine the relationship 

between ethanol intake (g/kg) and BEC (mg/ml), CORT (μg/dL) levels, ALLO (ng/ml) 

levels or percent time immobile. CORT and ALLO levels were analyzed using a 2-way 

ANOVA with day/stressor and sex as factors (Due to loss of data points, we did not conduct 

a repeated measures ANOVA). All analyses were performed by Systat 11 (San Jose, CA), 

with significance set at p<0.05. All figures were derived from Prism version 4.0 (La Jolla, 

CA).

Results

Overall ethanol consumption and body weight

At the beginning of the ethanol intake procedure, mice weighed 27.6±0.5 g (male) and 

21.7±0.5 g (female) in Cohort 1 and 24.3±0.6 g (male) and 20.8±0.7 g (female) in Cohort 2. 
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Analysis of body weight across time revealed significant effects of sex [F(1,39)=62.151, 

p<0.001], time [F(8,312)=30.819, p<0.001], and sex × time interaction [F(8,312)=2.788, 

p<0.01], with male mice from both cohorts weighing significantly more than female mice at 

baseline (Cohort 1: t17=7.95, p≤0.001; Cohort 2: t22=3.851, p≤0.001 and upon completion of 

the studies (Cohort 1- males: 26.9±0.4 g, females: 22.4±0.4 g, t17=7.290, p≤0.001; Cohort 2- 

males: 25.7±0.6 g, females 22.5±0.5 g, t22=4.510, p≤0.001). Additionally the significant 

effect of time indicated that animals continued to gain weight throughout the study. 

However, a significant effect of Cohort [F(1,39)=9.962, p<0.01], which lead to time × 

Cohort [F(8,312)=19.382, p<0.001] and time × sex × Cohort [F(8, 312)=2.636, p<0.01] 

interactions, was also present. Deconstruction of this ANOVA by sex revealed that body 

weight in female mice increased significantly over time [F(8,160)=29.558, p<0.001], but 

there was no effect of Cohort (p>0.05). In male mice, body weight was significantly 

influenced by time [F(8,152)=9.178, p<0.001] and Cohort [F(1,19)=10.424, p<0.001]. 

Closer evaluation of body weight in male mice revealed that male mice in the first Cohort 

weighed significantly more than male mice in the second Cohort at the start of the 

procedures (t19=4.133, p<0.01). However, body weight in the two Cohorts of male mice did 

not differ upon completion of the studies (t19=1.618, p>0.05).Average 10E intake (across all 

days of the study in g/kg) was 1.65±0.13 for females and 1.42±0.13 for males in Cohort 1 

and 2.38±0.10 for females and 1.75±0.11 for males in Cohort 2, and 10E intake was 

significantly affected by sex [F(1,39)=11.784, p≤0.001] and Cohort [F(1,39)=20.572, 

p≤0.001]. The main effect of sex was due to the significantly higher 10E intake in females 

than in males when collapsed across Cohort (t41=2.858, p<0.01), while the main effect of 

Cohort was due to the significantly higher 10E intake in Cohort 2 versus Cohort 1 

(t41=3.857, p≤0.001). Interestingly, when deconstructed by sex, male mice did not differ in 

ethanol intake across cohorts (p>0.05). Thus, the significant cohort effect was the result of 

female mice in the second cohort drinking on average more ethanol than those in the first 

cohort (t20=4.610, p≤0.001).

BECs on a non-stress day

BECs were measured in Cohort 2. On the day of sampling, 10E intake (t22=5.213, p<0.001) 

and BECs (t22=2.954, p<0.01) were significantly higher in female versus male mice (Figure 

2A and 2B, respectively). Examination of the relationship between 10E intake and BEC 

revealed that in females there was a trend toward a significant linear relationship (r2=0.25, 

p=0.09; Figure 2C) and in males this relationship was significant (r2=0.378, p<0.05; Figure 

2D). However, when data for both sexes were combined, the linear relationship between 

10E intake and the subsequent BEC reached greater significance (r2=0.47, p≤0.001) (Figure 

2E).

Restraint stress

Restraint stress significantly decreased ethanol consumption without producing a sex-

dependent effect [Figure 3A; Sex: F(1,17)=0.338, p>0.05, Day: F(3,51)=14.275, p≤0.001, 

Sex × Day: F(3,51)=1.203, p>0.05]. The ability of restraint stress to reduce 10E intake was 

significant in both males and females, with effects present at least two days following 

administration of the stressor (p<0.05). Analysis of water consumption revealed a transient 

increase as a result of restraint stress [Table 2; Sex: F(1,17)=2.708, p>0.05; Day: 
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F(3,51)=3.592, p>0.05; Sex × Day: F(3,51)=0.540, p<0.05]. Water consumption was 

significantly increased in male mice on the day of restraint stress (p<0.05) and tended to be 

increased in females (p=0.08). To further elucidate the impact of restraint stress on ethanol 

consumption, analysis of ethanol preference (Table 3) was conducted. Again this analysis 

revealed a significant impact of day [F(3,39)=5.935, p<0.01] but no effect of sex 

[F(1,13)=0.898, p>0.05] nor an interaction between sex and day [F(3,39)=1.472, p>0.05]. 

The effect of day was driven by a significant decrease in ethanol preference in males on the 

day of restraint (p<0.05) as well as a trend on the first post-day (p=0.08). Females were 

more resistant to alteration in ethanol preference following restraint, with only a trend 

toward a decrease in preference on the day of the restraint (p=0.08). Altogether these data 

suggest that restraint stress produced a decrease in ethanol consumption in both sexes that 

lasted for at least 2 days following the stressor and that was accompanied by a slight 

increase in water consumption.

Tail suspension stress

In terms of behavior in the tail suspension test, latency to first immobility was significantly 

shorter in the male versus female mice (p<0.05), and males tended to spend more time 

immobile, when compared with females (p<0.10; Table 1). However, tail suspension stress 

produced a modest decrease in ethanol intake that was not influenced significantly by sex 

[Figure 3B; Sex: F(1,17)=2.326, p>0.05, Day: F(3,51)=3.334, p>0.05, Sex × Day: 

F(3,51)=0.305, p<0.05]. The reduction in 10E intake was transient, with deconstruction by 

sex revealing a significant decrease in ethanol intake only on the day of the stressor in both 

females (p<0.01) and males (p<0.01). Additionally, tail suspension stress did not alter water 

consumption (Table 2) or ethanol preference (Table 3) in either sex, suggesting that tail 

suspension stress induced a transient decrease in ethanol consumption. When the 

relationship between percent time immobile (Table 1) and 10E intake was examined, there 

was a trend for a negative relationship on the day of tail suspension stress in male and 

female mice (r2=0.15, p = 0.10; not shown). When the regressions were conducted for each 

sex, there was a significant negative relationship between percent time immobile and 10E 

intake only in the male mice (r2=0.47, p = 0.04) on the day of tail suspension stress (not 

shown). Similar results were found when the relationship between immobility time (Table 1) 

and 10E intake was examined (not shown). These results indicate that 47% of the variance 

in 10E intake could be accounted for by the variation in percent time immobile on the day of 

the tail suspension test in male mice.

Predator odor stress

The impact of predator odor stress on ethanol intake was assessed in both cohorts. In the 

first cohort (Figure 3C), 10E intake after exposure to predator odor was significantly 

influenced by sex [F(1,17)=5.723, p<0.05] and day [F(3,51)=3.013, p<0.04], with a trend 

toward a significant interaction [F(3,51)=2.667, p=0.057]. The effect of predator odor in the 

first cohort was driven by females, with a significant increase in alcohol consumption 

occurring on post days 1 and 2 (p<0.05). Males in the first cohort had a very modest increase 

in alcohol consumption on post day 2 that failed to reach statistical significance (p=0.09). 

Analysis of water consumption (Table 2) revealed a significant effect of day [F(3,51)=5.848, 

p<0.01] but not sex [F(1,17)=0.203, p>0.05] and no interaction [F(3,51)=0.457, p>0.05]. In 
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this case, the effect of predator odor on water consumption was driven by males, with a 

significant increase in water consumption occurring on the day of the predator odor stress 

(p<0.05). Analysis of ethanol preference ratio (Table 3) also revealed an effect of day 

[F(3,51)=8.485, p≤0.001]. Similar to the results with water consumption, only males showed 

a significant decrease in preference occurring on the day of the predator odor stress 

(p<0.05).

As the first predator odor stress was preceded by both restraint and tail suspension stress and 

was followed by tail blood collection, we tested predator odor stress as the first stressor in 

the second cohort of animals and eliminated the tail blood collection to evaluate the possible 

impact of these factors on the subsequent drinking behavior. In the second cohort, the effect 

of sex on the response to predator odor stress was more robust as evident from the 

significant interaction between sex and day [Sex: F(1,22)=3.357, p=0.08, Day: 

F(3,66)=9.327, p≤0.001, Sex × Day: F(3,66)=7.291, p≤0.001]. As shown in Figure 3D, 

predator odor stress altered 10E intake in both females [F(3,33)=12.433, p≤0.001] and males 

[F(3,33)=4.064, p<0.05]. Subsequent analyses revealed that predator odor stress produced a 

transient increase in 10E intake in males that was only present on the second post day 

(p<0.01), while females showed a biphasic effect with predator odor first decreasing intake 

on the day of the stressor (p<0.05) and then increasing 10E intake on both days post stress 

(p<0.05 and p<0.01, respectively). Analysis of water intake revealed both an effect of sex 

and day [Table 2; Sex: F(1,22)=4.287, p<0.05; Day: F(3,66)=22.620, p≤0.001; Sex × Day: 

F(3,66)=2.080, p>0.05]. The increase in water intake was significant on the day of predator 

odor stress (females: p≤0.001; males: p<0.01). Analysis of ethanol preference (Table 3) 

revealed an effect of predator odor [Day: F(3,66)=22.922, p≤0.001] and an interaction [Sex 

× Day: F(3,66)=3.526, p<0.05], with a slight trend in the effect of sex [F(1,22)=3.137, 

p=0.09]. Subsequent deconstruction by sex revealed a significant decrease in ethanol 

preference that occurred only on the day of predator odor stress (females p≤0.001 vs. males 

p<0.01).

Foot shock stress

Foot shock stress significantly decreased ethanol intake without resulting in an interaction 

between intake and sex [Figure 3E; Sex: F(1,22)=6.557, p<0.05, Day: F(3,66)=10.234, 

p≤0.001, Sex × Day: F(3,66)=0.723, p>0.05]. Interestingly, there was a progressive decrease 

in 10E intake across days in females (day of stress: p=0.06; post day 1: p<0.01; post day 2: 

p<0.01), while 10E intake was more variable in males after foot shock stress (day of stress: 

p<0.01; post day 1: p=0.06; post day 2: p≤0.001). Analysis of water intake revealed an effect 

of foot shock stress [Table 2; Sex: F(1,22)=2.471, p>0.05; Day: F(3,66)=3.233, p>0.05; Sex 

× Day: F(3,66)=1.135, p<0.05]. Subsequent analyses revealed that foot shock stress caused a 

trend towards a decrease in intake on the second post day (p=0.08) in female mice, whereas 

water intake in male mice was unaffected (p>0.05). Analysis of ethanol preference (Table 3) 

did not initially reveal any significant effects, although female mice did have a trend toward 

a significant reduction in preference on the first post day (p=0.06). Altogether these data 

suggest that foot shock stress decreased ethanol intake in males and in females, with the 

effects lasting for at least two days following the stressor.
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Tail pinch stress

Tail pinch stress significantly decreased ethanol consumption [Figure 3F; Sex: 

F(1,22)=6.400, p<0.05, Day: F(3,66)=10.542, p≤0.001, Sex × Day: F(3,66)=0.460, p>0.05]. 

The suppression in 10E intake persisted until the second day post stress in females (day of 

tail pinch: p<0.01; post day 1: p<0.05) while 10E intake was significantly decreased only the 

day of the stress in males (p<0.05). Additionally, analysis of water intake revealed a slight 

increase in water consumption after tail pinch stress [Sex: F(1,22)=5.434, p<0.05; Day: 

F(3,66)=2.923, p>0.05; Sex × Day: F(3,66)=0.312, p<0.05]. However, post-hoc t-tests only 

revealed a significant increase in water consumption in females on the second day post 

stress (p<0.05). Although initial analysis of ethanol preference failed to reveal an effect of 

tail pinch stress [Sex: F(1,20)=1.648, p>0.05; Day: F(3,60)=1.933, p>0.05; Sex × Day: 

F(3,60)=0.395, p>0.05; Table 3], post-hoc t-tests revealed that, in complement with the 

water intake data, tail pinch stress reduced ethanol preference only in females to very near 

significance on the day of the stress as well as significantly reduced preference on post day 2 

(p=0.06 and p=0.04, respectively).

CORT levels following select stressors

Plasma CORT levels were higher in females versus males and were increased significantly 

following restraint, tail suspension, and predator odor stress [Figure 4; Sex: F(1,67)=15.111, 

p≤0.001; Stressor: F(3,67)=22.948, p≤0.001; Sex × Stressor: F(3,67)=1.745, p>0.05]. When 

collapsed across sex, linear regression analysis indicated that there was no relationship 

between CORT levels and ethanol intake on either the day of the stressor or the first day 

post stressor for restraint and tail suspension stress (Figure 5A-D; p’s>0.05), and there was 

no relationship between CORT levels and ethanol intake on the day of the predator odor 

stress (Figure 5E, p>0.05). However, there was a significant positive relationship between 

CORT levels and ethanol intake on the first day post predator odor stress (r2=0.26, p<0.05) 

(Figure 5F). The goodness of fit of the regression line indicates that 26% of the variance in 

10E intake (g/kg) on the day after predator odor stress could be accounted for by the 

variation in CORT levels on the day of the stress exposure. When the regressions were 

conducted for each sex, there was a significant positive relationship between CORT levels 

and ethanol intake on the first day post restraint stress in females (r2=0.42, p<0.05) (Figure 

5B). This result indicates that 42% of the variance in 10E intake in female mice after 

restraint stress could be accounted for by the variation in CORT levels following the 

stressor. Altogether, these data indicate that the amount of HPA activation the animal 

experienced following the specific stressors (predator odor stress for both, restraint stress for 

females) impacted the amount of ethanol that the animal consumed on the next day.

ALLO levels following select stressors

Plasma ALLO levels were also increased significantly following restraint, tail suspension, 

and predator odor stress [Figure 6; Sex: F(1,61)=0.795, p>0.05, Stressor: F(3,61)=3.002, 

p>0.05, Sex × Stressor: F(3,61)=0.476, p<0.05]. Linear regression analysis indicated that 

there was no relationship between ALLO levels and ethanol intake on either the day of the 

stressor or the first day post stressor for tail suspension and predator odor stress (Figure 7C-

F; p’s>0.05). There was, however, a trend toward a significant negative relationship between 
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ALLO levels and ethanol intake on the day of the restraint stress (r2=0.20, p=0.06) (Figure 

7A), indicating that the higher ALLO levels circulating in the plasma following the stressor 

corresponded to lower ethanol intake immediately following the stress. This was only true 

on the day of the stressor, with no relationship between ALLO levels and ethanol intake on 

the day after the restraint stress (Figure 7B, p>0.05).

Discussion

The present studies evaluated the impact of acute exposure to a variety of stressors with a 

strong physical or psychological component on limited access ethanol intake using adult 

male and female C57BL/6J mice. All five stressors significantly decreased 10E intake on the 

day of stress in males and females, with the exception of predator odor stress. In both sexes, 

the suppression in 10E intake was transient following tail suspension stress, but 10E intake 

remained suppressed for two days post restraint and footshock stress. However, female mice 

were more delayed in returning to baseline 10E intake than were males following tail pinch 

stress, and 10E intake was significantly increased on the two days following predator odor 

stress in female mice and increased on the second day following predator odor in males. 

Preference ratio was rarely altered by the stressors, but there was an increase in water intake 

and a decrease in preference ratio on the day of restraint stress and predator odor stress. The 

lack of parallel changes in preference ratio and 10E intake following all stress exposures is 

likely due to the low water intake during the 2 hr session and the high baseline preference 

ratio (range 0.833 – 0.975). Additionally, exposure to restraint, tail suspension, and predator 

odor stress significantly increased plasma CORT levels in male and female mice, with sex 

differences in the increase over baseline following predator odor stress (increase of 173.4% 

in females and 117.0% in males) and in the rank order of the stress-induced increase in 

CORT levels (predator odor > restraint > tail suspension in females; restraint > predator 

odor > tail suspension in males). It is notable that 26% of the variance in 10E intake in male 

and female mice on the day after predator odor stress as well as 42% of the variance in 10E 

intake in female mice could be explained by CORT levels immediately after predator odor 

or restraint stress exposure, respectively. Likewise, exposure to the three stressors produced 

a greater increase in ALLO levels in female versus male mice over baseline, especially for 

restraint stress and predator odor stress (increase of 267.3% & 261.5% for females; increase 

of 95.7% & 90.6% for males). Altogether, these data are the first to survey the impact of a 

variety of acute, environmental stressors on limited-access ethanol consumption in adult 

male and female C57BL/6J mice, and they reveal that the type of stressor administered has a 

profound impact on subsequent ethanol consumption, consistent with existing evidence 

(reviewed in Becker et al., 2011). Furthermore, the greater HPA activation following 

predator odor stress as well as in levels of a GABAergic neurosteroid following predator 

odor and restraint stress in female mice suggests that females may be more sensitive to these 

effects.

The main focus of this study was to evaluate the impact of various acute stressors on ethanol 

consumption using a limited access 2-bottle choice paradigm. In the present study, 10E 

intake fluctuated across time, reflecting the normal variation in 2 hr ethanol intake that we 

observe in male and female C57BL/6J mice, with the exception of the drop in 10E intake 

after restraint stress and prior to the tail suspension stress in male mice from Cohort 1. We 
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always ensured that a stable baseline was established prior to administration of another 

stressor, and in most cases, at least one week elapsed between each stressor. Although we 

cannot rule out the potential for order effects in the present findings, we observed similar 

effects of predator odor stress on subsequent ethanol intake when it was the first (Cohort 2) 

or third (Cohort 1) stressor to be administered, suggesting that order effects did not 

contribute significantly to the present findings. Consistent with this idea, a recent study 

examined swim-, restraint-, and footshock-stress in male C57BL/6J mice for potential 

effects on depression-like behaviors and found no test interactions (Chourbaji et al., 2008), 

suggesting that each stressor did not affect performance in a subsequent behavioral test. 

Thus, we believe that order effects did not exert a significant confound to interpretation of 

the present results.

When evaluating baseline ethanol intake, female mice not only consumed greater levels of 

ethanol than male mice but they also had significantly higher BECs. This finding agrees 

with evidence that female mice consume higher doses of ethanol than male mice in a 

multitude of ethanol access conditions (e.g. Finn et al., 2004; Juárez and Barrios de Tomasi, 

1999; Lancaster and Spiegel, 1992; Lopez et al., 2003, 2011; Middaugh and Kelley, 1999; 

Middaugh et al., 1999; Sinnott et al., 2002; Yoneyama et al., 2008). The greater ethanol 

intake in females extended across time in the present studies with one exception; when the 

impact of restraint stress was evaluated, baseline 10E consumption by females was slightly 

lower than that by males. Restraint stress was measured first in Cohort 1 on day 19 (Figure 

1A), so it is unclear why a sex difference in 10E intake did not emerge until day 28 of the 

study. We did not monitor the females for stage of estrous cycle in the present studies, 

which can influence ALLO levels (e.g., Finn and Gee, 1994; Paul and Purdy, 1992) as well 

as ethanol consumption (Morin and Forger, 1982; Lancaster and Spiegel, 1992; Roberts et 

al., 1998). However, it is not known whether ethanol consumption or acute stress exposures 

would alter estrous cyclicity in the female mice in the present study. Limited data indicate 

that separate groups of female rats exposed to intermittent restraint stress, in the presence or 

absence of exposure to predator odor (female cat odor) stress, exhibited normal 4-5 day 

estrous cycles (Perrot-Sinal et al., 2004), suggesting that exposure of female rats to a female 

predator odor did not alter estrous cycling. In the present study, the dirty rat bedding was 

obtained from male and female rats; thus, it is unknown if the combination of male and 

female predator odor would alter estrous cyclicity. Likewise, the induction of physical 

dependence can disrupt normal estrous cycling in female mice (Veatch et al., 2007), but 

there is no evidence that female C57BL/6J mice with months of 2 hr limited access ethanol 

drinking exhibit signs of physical dependence. Thus, we are not aware of any data to show 

that the duration of limited access ethanol drinking in the present study (44-45 days) would 

alter estrous cycling in females. In the present study, baseline ALLO levels did not differ in 

male and female mice, and low levels in females at baseline suggested that the female mice 

were in diestrus-2 at that time point. However, our assessment of “baseline” ALLO levels 

was taken prior to any stressor exposure but after the 2 hr 10E intake session on day 16, and 

our earlier work indicated that brain ALLO levels did not differ in male and female 

C57BL/6J mice after 17 continuous days of 2 hr 10E intake (Finn et al., 2004). Thus, it is 

difficult to know if the lack of sex difference in “baseline” ALLO levels in the present study 

reflects an influence of 10E consumption or stage of the estrous cycle. Nonetheless, the 
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range in variation in 10E intake across days did not differ in males or females, suggesting 

that estrous cycle phase did not contribute significant variability in the present studies.

As mentioned above, blood samples to measure “baseline” CORT and ALLO levels were 

collected following 16 days of limited access ethanol drinking. And while this does not 

reflect a true baseline measurement, we previously found that CORT levels did not differ in 

male and female C57BL/6J mice following 17 days of limited access 10E intake or 17 days 

of water intake (Finn et al., 2004). Thus, the “baseline” CORT measurement in the present 

study provided a good estimate of basal CORT levels in individually housed adult male and 

female mice from which to compare the increase in CORT levels following stress exposure. 

Importantly, exposure to restraint, tail suspension, and predator odor stress significantly 

increased CORT levels over “baseline” in male and female mice with a history of limited 

access ethanol intake, and the predator odor stress-induced increase in CORT levels was 

similar to the results from a pilot study in ethanol naïve male and female C57BL/6J mice 

(see Methods). In both the present and pilot study, CORT levels were significantly higher in 

the female versus male C57BL/6J mice. Thus, it is unlikely that a history of limited access 

ethanol intake in the present study, which would not be expected to produce physical 

dependence, altered the acute stress response, measured by plasma CORT levels.

Previous studies utilizing repeated or single episodes of foot shock stress found either no 

effect on subsequent ethanol intake in adult mice (male and female HAP mice in Chester et 

al., 2008; male DBA/2J and A/J mice in Matthews et al., 2008) or a modest and non-

significant increase in ethanol intake in male C57BL/6J mice that was due to a decrease in 

ethanol intake in the control animals. In contrast to these results, the current studies 

determined that foot shock stress caused a persistent decrease in ethanol intake that became 

more pronounced across the three days of measurement in male and female C57BL/6J mice. 

While procedural differences, such as intensity and duration of the footshock, likely 

contribute to the different results across studies, the mechanism contributing to the decrease 

in ethanol intake in the present study is unknown. Acute and chronic footshock did not alter 

the acquisition of ethanol-induced conditioned place preference (CPP) in adult male and 

female Kunming mice to a 1 g/kg dose of ethanol (Song et al., 2007), suggesting that 

footshock stress does not alter ethanol’s rewarding properties to a low ethanol dose in adult 

mice. Additionally, footshock stress increased CORT levels by approximately 100% in male 

C57BL/6J mice (Chourbaji et al., 2008; Matthews et al., 2008), consistent with a stress-

induced activation of the HPA axis, but it is not known whether footshock stress would 

produce a similar increase in CORT levels in female C57BL/6J mice. However, female 

versus male HAP mice show greater anxiety-related behavior following footshock stress, as 

evident by a greater startle response (Chester et al., 2008), which reflects well with human 

studies indicating that females are more susceptible and/or vulnerable to depression and 

anxiety disorders (Bruce et al., 2005; Cryan et al., 2005).

Repeated restraint stress also has produced varying results in adult mice. Ten days of 2-hr 

restraint, followed by 20 days of intermittent restraint stress, increased ethanol intake in 

male HAP mice, but decreased ethanol intake in female HAP mice (Chester et al., 2006). 

However, acoustic startle reactivity did not differ in the male and female HAP mice 

following a final 2-hr restraint stress session, when compared with control (no-stress) 
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groups. So, it is not known whether HAP mice habituated to the ability of repeated restraint 

to increase anxiety-related behavior or whether HAP mice are resistant to an anxiogenic 

effect of restraint stress. Additionally, subtle changes in ethanol intake were detected 

following repeated restraint stress in male and female genetically heterogeneous mice (i.e., 

Withdrawal Seizure Control; Tambour et al., 2008) or in male C57BL/6J mice (Farook et 

al., 2009). In the study by Farook et al. (2009), daily 1-hr restraint stress increased 

continuous access ethanol consumption in C57BL/6J male mice, but this effect was only 

present after administration of the fifth stressor. In our current study, acute 30-min restraint 

stress produced a decrease in ethanol intake that lasted at least two days post-restraint and 

that impacted both sexes equally. Taken in conjunction with the results of Farook et al. 

(2009), we do not know whether there would be sex differences in the ability of repeated 

restraint stress to produce a delayed increase in ethanol intake. Nonetheless, we also found 

that restraint stress produced a similar activation of the HPA axis in male and female mice, 

measured by plasma CORT levels, consistent with earlier work in male and female inbred 

long-sleep and short-sleep selected lines (Parker et al., 2008). The restraint stress-induced 

increase in CORT levels in the present study was positively correlated with 10E intake on 

the following day only in female C57BL/6J mice. In fact, regression analysis indicated that 

42% of the variance in 10E intake in female mice on the day after restraint stress in the 

present study could be explained by the plasma CORT concentrations immediately after 

restraint stress. In contrast to the similar increase in CORT levels, there was a much greater 

increase in levels of the GABAergic neurosteroid ALLO following restraint stress in female 

versus male C57BL/6J mice. Conversely, plasma ALLO levels in both males and females 

were negatively correlated with 10E intake on the day of restraint stress, with regression 

analysis indicating that 20% of the variance in 10E intake on the day of restraint stress could 

be explained by ALLO levels immediately after the restraint stress. Collectively, these 

findings suggest that there are sex differences in the relationship between restraint stress-

induced changes in ALLO or CORT on subsequent ethanol intake.

Traditionally, tail suspension stress (more commonly referred to as tail suspension test or 

TST) is used to assess depression-like symptoms (see Cryan et al., 2005 for details), and one 

study investigated the relationship between immobility time in the TST and ethanol 

consumption in male and female CD-1 mice (Pelloux et al., 2005). Placing mice into 

subgroups for high immobility (HI) versus low immobility (LI) time did not influence 

ethanol intake in male mice. However, intake of 20% ethanol (but not 3%, 6%, or 10E) was 

significantly higher in HI (174 sec) versus LI (69 sec) female mice (Pelloux et al., 2005). 

Ethanol-induced CPP also differed in the HI versus LI female mice; HI females exhibited 

CPP to a 3 g/kg ethanol dose, whereas LI females exhibited CPP to a 1.5 g/kg ethanol dose. 

These findings suggest that immobility time can influence ethanol consumption and 

ethanol’s rewarding properties in female CD-1 mice. In the current study, tail suspension 

stress caused a transient reduction in ethanol consumption in both male and female 

C57BL/6J mice, with 10E intake returning to baseline levels on the day following the 

stressor. Tail suspension stress also produced a similar activation of the HPA axis in male 

and female mice, measured by the percent increase in CORT levels over baseline values, as 

well as a fairly similar increase in ALLO levels. Immobility times in the current study were 

equivalent to those associated with HI times in the study by Pelloux et al. (2005), but we 
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found that there was a negative relationship between percent time immobile and 10E intake 

on the day of tail suspension stress in both male and female C57BL/6J mice, which was 

influenced primarily by the data in male mice. In other words, high percent time immobile 

was associated with low 10E intake, and in male mice, 47% of the variation in 10E intake 

could be explained by the percent time immobile. This negative relationship between 

immobility time and ethanol intake is opposite to that reported by Pelloux et al. (2005) for 

intake of 20% ethanol in female CD-1 mice, but intake of 10E did not differ in male and 

female CD-1 mice with HI versus LI times. Collectively, tail suspension stress and 

assessment of immobility as a measure of behavioral despair or depressive-like response 

may be useful in studies investigating the relationship between stress and alcohol 

consumption.

The current work is the first to examine the effects of predator odor and tail pinch stress on 

ethanol consumption in mice. Tail pinch is traditionally used either as a model of stress-

induced eating, where the pressure applied to the tail induces a coping strategy involving 

consumption of food (e.g., Heinrichs et al., 1992), or as a model of nociception, where the 

pressure and subsequent behavior is used to assess the analgesia of a given compound (e.g., 

Bodnar et al., 1978). In Maudsley Reactive inbred rats, tail pinch was found to transiently 

increase alcohol consumption in both males and females, but this study involved 35 days of 

stress, which occurred prior to establishing alcohol consumption, as well as an inbred strain 

of rats created to be highly reactive to stress (Adams, 1995). The increase in ethanol 

consumption was marginal in male versus female Maudsley Reactive rats, but the increase 

in female rats after tail pinch stress was greater after re-exposure to ethanol following a 6 

week period of abstinence (Adams, 1995). The delayed effect of tail pinch stress may 

explain why the above results contrast with the current findings, where tail pinch stress 

produced a transient decrease in ethanol consumption in male and female C57BL/6J mice. 

Intake of 10E returned to baseline by the 2nd day post tail pinch stress, and it did not vary by 

more than the normal day-to-day variations for the remaining 14 days of the study. Thus, it 

is unclear whether tail pinch can be considered as a stressor of biological significance that 

produces a delayed increase in ethanol intake, or whether it is an arousing stimulus that can 

alter ethanol consumption in a highly reactive species.

Similarly, predator odor stress has also been assessed in rats, and has begun to be used as a 

model of posttraumatic stress (e.g., Cohen & Zohar, 2004). In agreement with the current 

results that predator odor stress using dirty rat bedding increased subsequent ethanol 

consumption in male and female C57BL/6J mice, male Wistar rats increased operant 

responding for ethanol after exposure to predator odor stress using bobcat urine (at least in 

those animals which avoided the odor-paired chamber; Edwards et al., 2013; Roltsch et al., 

2014). Exposure to bobcat urine also increased thermal nociception 5 days later and 

increased startle reactivity 2 days later (Roltsch et al., 2014), suggesting that a high arousal 

and high nociception state after predator odor stress may contribute to the increase in 

ethanol self-administration. Mice also exhibit increased anxiety after exposure to predator 

odor stress. When male mice from 9 mouse strains were examined for their anxiogenic-like 

behavior after unavoidable cat exposure or exposure to cat odor, C57BL/6J and DBA/2J 

were the 2 high reactive strains that displayed the greatest anxiogenic-like responses, using 

the free-exploration test (Belzung et al., 2001). Exposure to dirty rat bedding increased 
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anxiety-like behavior in male CD-1 mice, measured by acoustic startle reactivity, that 

persisted for one week after the stress exposure (Hebb et al., 2003), but ethanol intake was 

not measured. Thus, we presume that exposure to dirty rat bedding will increase anxiety in 

male and female C57BL/6J mice, and future studies will test this assumption. Importantly, 

predator odor stress significantly increased CORT and ALLO levels in the present study, 

and also produced a sex-dependent effect, with female mice showing greater stress-induced 

increases in both steroids than male mice. Because ethanol intake was significantly 

increased following predator odor stress in females on both post-stress day measurements, 

the higher CORT levels in female mice support the possibility that HPA axis responsivity 

could be one potential mechanism underlying sex differences in the impact of stress on 

ethanol intake (Chester et al., 2006). Consistent with this idea, 26% of the variance in 10E 

intake on the day after predator odor stress could be explained by CORT levels immediately 

after predator odor exposure. Together these data support the notion that predator odor stress 

may be an excellent model of posttraumatic stress and compliment literature from human 

studies indicating that posttraumatic stress disorder and alcohol-use disorders are comorbid 

(e.g., Engdahl et al., 1998).

It is interesting that the acute stress-induced increase in plasma CORT and ALLO levels was 

not consistently correlated with subsequent 10E intake, implying differences in the effects of 

these steroids on HPA axis responsivity and in the potential impact on ethanol consumption. 

Although the mechanism is not known, a few possibilities will be considered. It is well 

documented that CORT exerts negative feedback at the level of the PVN to inhibit the 

synthesis and release of CRH (e.g., Makino et al., 2002), and recent findings indicate that 

physiological concentrations of ALLO (10 – 100 nM) inhibit the output of PVN neurons 

(i.e., CRH release) via a potentiation of GABAA receptors (see Gunn et al., 2011); both 

actions could contribute to a termination of the stress response, but the time course for the 

two steroids across various stressors likely differs. In mice that are drinking ethanol, it is 

possible that diminished negative feedback and/or enhanced positive feedback at the level of 

the amygdala (e.g., Makino et al., 2002) would offset an ALLO-induced constraint of the 

HPA axis. Alternately, GABAA receptor transmission can shift from hyperpolarization to 

depolarization, depending on the expression of cation-chloride co-transporters (CCC) that 

maintain the transmembrane chloride (Cl-) gradient (Blaesse et al., 2009). Recent work 

found that restraint stress down-regulated one of the CCCs, which produced a depolarizing 

action of GABA in the PVN and weakened the inhibitory constraint of the HPA axis (Hewitt 

et al., 2009). It is not known whether the various stressors employed would exert similar 

changes in the Cl- gradient and the impact on GABAA receptor-mediated transmission in the 

PVN. A final consideration is that a stress-induced increase in CRH also activates the locus 

coeruleus (LC) – norepinephrine (NE) stress/arousal system, and that there are sex 

differences in LC neuronal responses to CRH as well as in the trafficking of CRH-R1 

receptors in LC dendrites and in the potential engagement of distinct cell signaling pathways 

(reviewed by Valentino et al., 2012). Under this scenario, the response to CRH could be 

either prolonged in females due to compromised receptor internalization or qualitatively 

distinct in males and females as a result of engaging different cell signaling pathways. 

Regardless, there are numerous potential mechanisms that may contribute to the present 

findings.
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Altogether, the current study indicates that during baseline conditions female C57BL/6J 

mice consume greater amounts of ethanol during a 2-bottle choice limited-access paradigm 

as reflected by higher g/kg and BECs, when compared with male mice. Both physical and 

psychological stressors were examined, and the impact of acute stress on ethanol intake was 

dependent on type of stressor administered as well as the sex of the animal. We are the first 

to demonstrate that a single, acute exposure to restraint, tail suspension, and predator odor 

stress increased plasma CORT and ALLO levels in animals with a history of ethanol 

consumption and that female mice were more responsive than males to the ability of stress 

to increase CORT and ALLO levels as well as to increase10E intake following predator 

odor stress. The positive linear relationships between CORT levels following restraint stress 

or predator odor stress and 10E intake provide insight regarding HPA axis following an 

acute stressor and subsequent ethanol intake. Acute stress-related changes in immobility 

times and in anxiety-related behaviors also may be informative to studies modeling the 

relationship between anxiety- and/or depression-related symptoms and alcohol use 

disorders. Finally, perceived predation risk has a profound biological effect across species 

(Zanette et al., 2011). Because predator odor stress is a model of posttraumatic stress 

disorder, the present sex differences have important implications for future preclinical 

studies modeling the comorbidity of posttraumatic stress disorder and alcohol use disorders.
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Figure 1. 
Experimental timeline for (A) cohort 1 and (B) cohort 2. Dark arrows refer to days of 

limited access 10% ethanol (10E) intake without any experimental manipulation. Days of 

drinking are numbered consecutively, with weekends excluded (since animals had no 

ethanol access on the weekends). The order and specific day of drinking that each stressor 

was administered are shown. In cohort 1 (panel A; n=10 Females and n=9 Males), a tail 

blood sample was taken immediately after the stress exposure on days 19, 34, and 42 for 

corticosterone (CORT) and allopregnanolone (ALLO) levels and prior to returning the 

animal to its home cage. A tail blood sample also was taken on day 16 after the 2 hr 10E 

intake, to assess a pre-stress “baseline”. In cohort 2 (panel B; n=12 Females and n=12 

Males), an orbital blood sample was on day 36 to assess blood ethanol concentration (BEC) 

on a non-stress day.
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Figure 2. 
Blood ethanol concentrations (BECs) and ethanol intake during the 2-hr 2-bottle choice 

paradigm. Mean (±SEM) BEC (mg/mL) and ethanol intake (g/kg) in female (A) and male 

(B) mice following 2-hour access to both water and 10% ethanol (10E). Female mice not 

only consumed greater amounts of 10E during the access period but also had higher BECs 

when compared to male mice. ***p<0.001, **p<0.01 vs. male mice. (C-E) Regression 

analysis of 10E intake and BECs, confirming a significant positive relationship between 

amount of ethanol consumed and the respective BEC in this paradigm. Male mice (n=11) are 

presented in gray circles, females (n=12) are presented in black squares.
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Figure 3. 
Impact of environmental stressors on ethanol intake. Mean (±SEM) of 10% ethanol (10E) 

intake (g/kg/2hr) in female and male mice following (A) 30-min restraint (Cohort 1), (B) 6-

min tail suspension (Cohort 1), (C) 30-min predator odor (Cohort 1), (D) 30-min predator 

odor (Cohort 2), (E) 5-min intermittent foot shock (Cohort 2), and (F) 15-min tail pinch 

stress (Cohort 2). Baseline is the average of the two drinking days immediately prior to the 

stress day. ***p<0.001, **p<0.01, *p<0.05 and +p≤0.09 vs. respective baseline intake (post 

hoc t-test). Cohort 1 group size was 9 (males) and 10 (females); Cohort 2 group size was 12 

(males) and 12 (females).
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Figure 4. 
Plasma corticosterone (CORT) levels following select stressors. Mean (±SEM) CORT levels 

(μg/dL) in female and male mice from Cohort 1 at “baseline” and following exposure to 30-

min restraint, 6-min tail suspension, and 30-min predator odor. ***p≤0.001 vs. “baseline” 

level (ANOVA, main effect of stressor), °°°p≤0.001 vs. females (ANOVA, main effect of 

sex); Group size for females was 10 except for baseline where one sample was lost; Group 

size for males was 9.
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Figure 5. 
Regression analysis of g/kg ethanol (10E) intake and μg/dL corticosterone (CORT) levels 

following select stressors in Cohort 1. There was no relationship between CORT levels in 

male and female mice following restraint or tail suspension stress and 10E intake on the day 

of (A and C, respectively) or the day after (B and D, respectively) administration of the 

stressor. However, in female mice, there was a significant positive linear relationship 

between CORT levels and ethanol intake on the first day post restraint stress (B; r2=0.42, 

p<0.05), indicating that 42% of the variance in 10E intake on the day after restraint stress 

could be explained by CORT levels immediately after restraint. Although levels of CORT 

were not related to 10E intake on the day of predator odor stress (E), there was a significant 

positive relationship (p<0.05) between CORT levels and ethanol intake on the day after 

exposure to the predator odor (F) in male and female mice. The r2 value indicates that 26% 

of the variance in 10E intake on the day after predator odor stress could be explained by 

CORT levels immediately after predator odor exposure.
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Figure 6. 
Plasma allopregnanolone (ALLO) levels following select stressors. Mean (±SEM) ALLO 

levels (ng/mL) in female and male mice from Cohort 1 at “baseline” and following exposure 

to 30-min restraint, 6-min tail suspension, and 30-min predator odor. *p<0.05 vs. “baseline” 

level (ANOVA, main effect of stressor); Group size for females was 5 (baseline), 9 

(restraint), and 10 (tail suspension and predator odor); Group size for males was 9 (baseline, 

restraint, and tail suspension) and 8 (predator odor). A change in group size is reflective of 

either loss of plasma or levels of ALLO falling below the sensitivity of the assay.
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Figure 7. 
Regression analysis of g/kg ethanol (10E) intake and ng/mL allopregnanolone (ALLO) 

levels following select stressors in Cohort 1. There was a trend toward a significant negative 

relationship between ALLO levels following restraint stress and 10E intake on the day of 

(A), but not the day after (B) administration of the stressor. The r2 value indicates that 20% 

of the variance in 10E intake on the day of restraint stress could be explained by ALLO 

levels immediately after 30 min of restraint. There was no relationship between ALLO 

levels following tail suspension or predator odor stress on the day of (C and E, respectively) 

or the day after (D and F, respectively) administration of the stressor.
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Table 1

Sex differences in immobility scores during the 6-minute tail suspension stress.

Sex Latency to First
Immobility (sec)

Time Spent
Immobile (sec)

Percent of
Time Immobile

Episodes of
Immobility

Male 15.9±2.9* 197.8±13.5
+

55.0±3.7
+ 15.9±0.9

Female 42.7±11.8 160.0±16.3 44.4±4.5 15.9±1.1

Immobility scores are given in mean ± SEM for 9 male and 10 female mice. Immobility was determined as any period in which the animal stopped 
all movement for at least 2 seconds. Latency to first immobility is the amount of time (in sec) it took the animal to become immobile for the first 
time. Total time spent immobile was calculated and then divided by the total session time (360 sec) to yield percent of time immobile. Total 
episodes of immobility were also recorded. In general, males tended to spent more time immobile, when compared with females, and latency to 
first immobility was significantly shorter in the male versus female mice.

*
p<0.05

+
p<0.10 vs. respective female value (t-test).
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Table 2

Influence of environmental stressors on water intake during the limited-access 2-bottle choice paradigm.

Restraint Tail
Suspension

Predator
Odor 1

Predator
Odor 2

Foot Shock Tail Pinch

Females

Baseline .07±.02 (10) .02±.01(10) .08±.04(10) .11±.04(12) .08±.03(12) .06±.02(12)

Stress .18±.06(10)
+ .06±.04(10) .18±.12(10) .43±.06 (12)*** .15±.04(12) .17±.06(12)

Post Day 1 .06±.03 (10) .04±.03 (10) .04±.03 (10) .12±.04(12) .10±.03(12) .08±.04(12)

Post Day 2 .08±.03 (10) .06±.03 (10) .02±.02(10) .08±.03 (12) .03±.02 (12)
+ .15±.04(12)*

Males

Baseline .12±.09(9) .07±.05 (9) .06±.02 (9) .05±.02 (12) .06±.02 (12) .03±.01 (12)

Stress .38±.12(9)* .04±.03 (9) .27±.06 (9)* .25±.06 (12)** .05±.04 (12) .07±.04(12)

Post Day 1 .18±.09(9) .04±.04 (9) .02±.02 (9) .07±.04 (12) .07±.03 (12) .02±.02(12)

Post Day 2 .24±.13(9) .09±.07 (9) .04±.03 (9) .08±.03 (12) .02±.02 (12) .10±.05(12)

Mean (±SEM) of water intake (in mLs) in female and male mice following 30-min restraint (Cohort 1), 6-min tail suspension (Cohort 1), 30-min 
predator odor (1= Cohort 1, 2= Cohort 2), 5-min intermittent foot shock (Cohort 2), and 15-min tail pinch stress (Cohort 2). Baseline is the average 
of the two drinking days immediately prior to stress day. Group size is given in parentheses.

***
p≤0.001

**
p<0.01

*
p<0.05

+
p<0.09 vs. respective baseline intake (post hoc paired t-test).
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Table 3

Influence of environmental stressors on ethanol preference during the limited-access 2-bottle choice paradigm.

Restraint Tail
Suspension

Predator
Odor 1

Predator
Odor 2

Foot Shock Tail Pinch

Females

Baseline .87±.04 (9) .95±.03 (8) .90±.03 (10) .83±.07 (12) .92±.03(12) .94±.02(12)

Stress .63±.13(9)
+ .85±.10(8) .73±.13(10) .45±.07 (12)*** .82±.06 (12) .79±.07(12)

+

Post Day 1 .87±.07 (9) .94±.06 (8) .95±.04(10) .85±.06 (12) .85±.05 (12)
+ .96±.10(12)

Post Day 2 .80±.08 (9) .92±.06 (8) .98±.02(10) .91±.04 (12) .94±.05 (12) .85±.04(12)*

Males

Baseline .87±.08 (6) .96±.04 (6) .91±.04 (9) .92±.03 (12) .93±.03 (12) .98±.02(10)

Stress .43±.14(6)* .86±.09 (6) .57±.12(9)* .72±.06 (12)* .90±.08 (12) .92±.06(10)

Post Day 1 .64±.13(6) 1.0±.01 (6) .96±.04 (9) .90±.06 (12) .89±.05 (12) .97±.03 (10)

Post Day 2 .89±.ll (6) .92±.08 (6) .93±.05 (9) .91±.04 (12) .96±.04 (12) .89±.05 (10)

Mean (±SEM) of ethanol preference in female and male mice following 30-min restraint (Cohort 1), 6-min tail suspension (Cohort 1), 30-min 
predator odor (1= Cohort 1, 2= Cohort 2), 5-min intermittent foot shock (Cohort 2), and 15-min tail pinch stress (Cohort 2). Baseline is the average 
of the two drinking days immediately prior to stress day. Group size is given in parentheses; only those animals that consumed fluid during the 
limited access procedure across all days of interest were included (as no fluid consumed indicates that preference could not be calculated).

***
p<0.001

**
p<0.01

*
p<0.05

+
p<0.09 vs. respective baseline preference (post hoc t-test).
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