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Abstract

Rationale—Women represent a vulnerable and growing population with respect to alcohol abuse. 

Elevated glucocorticoid exposure in adolescence increases addiction risk and stress sensitivity in 

adulthood. However, little is known about sex differences in ethanol craving-like behavior.

Objective—This study characterized sex differences in ethanol-motivated behavior following 

ethanol-paired cues and/or acute stimulation of the HPA axis in male and female rats with or 

without exposure to chronically elevated glucocorticoids in adolescence.

Methods—Adolescent corticosterone-treated (Experiment 1) or naïve (Experiment 2) male and 

female rats were trained as adults to self-administer ethanol paired with a cue, and tested for the 

effects of this cue, alone or in combination with yohimbine, on the reinstatement of ethanol 

seeking.

Results—Females showed elevated ethanol self-administration and seeking compared to males. 

In Experiment 1, corticosterone exposure in adolescence augmented cue-induced reinstatement of 

ethanol seeking in females only, and females were more sensitive to yohimbine in promoting 

reinstatement. Experiment 2 replicated these findings and showed that exposure to both yohimbine 

and alcohol-related cues enhanced the reinstatement of alcohol seeking, producing additive effects 

in females. Corticosterone levels were higher in females and in yohimbine-treated rats, and 

corticosterone and estradiol correlated with responding during reinstatement.

Conclusions—Chronic manipulations in adolescence and acute manipulations in adulthood of 

the HPA axis increase cue-induced reinstatement of ethanol seeking to a greater degree in females 

than in males. Elucidating the mechanisms that underlie these effects may lead to the development 

of sex-specific interventions aimed at mitigating alcohol relapse risk in females.
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Introduction

Recent epidemiological data suggest that the gender gap in the prevalence of alcohol use 

disorders is narrowing, with women significantly increasing drinking frequency, but not men 

(Dawson et al. 2015; Keyes et al. 2011). Moreover, studies indicate that women more rapidly 

transition to alcohol dependence (“telescoping”) (Diehl et al. 2007; Randall et al. 1999), 

exhibit greater negative emotions related to their drinking (King et al. 2003), and 

demonstrate greater stress and cue reactivity, evidenced by increased alcohol craving, when 

compared to men (Hartwell and Ray 2013; Rubonis et al. 1994). However, despite clear 

evidence that women represent a vulnerable population with respect to alcohol misuse, 

females are understudied in clinical and especially preclinical research (Beery and Zucker 

2011). Specifically, little is known about sex differences in the sensitivity to stress in 

promoting alcohol-motivated behaviors, and what is known is inconsistent as very few 

studies have made explicit comparisons between males and females (Becker et al. 2011).

In addition to sex, age can influence drinking-related outcomes. For example, stress 

exposure during adolescence, a period of neurodevelopment that is sensitive to 

glucocorticoids, increases the risk of drug and alcohol dependence later in life (Burke and 

Miczek 2014; Crews et al. 2007; Eiland and Romeo 2013). In addition, in preclinical 

models, chronic exposure to psychogenic stress (Toledo-Rodriguez and Sandi 2011) or to 

corticosterone (CORT) via the drinking water (Torregrossa et al. 2012) during adolescence 

leads to increased risk-taking/impulsive behaviors, which predict later drug use (de Wit 

2009; Jentsch and Taylor 1999). The chronic CORT model produces elevations in plasma 

corticosterone consistent with mild physiological stressors (Gourley and Taylor 2009) and 

specifically addresses the role of glucocorticoid signaling in mediating risk for addiction. As 

some studies have shown female rats to be more sensitive to the effects of stress in 

adolescence compared to males (Barha et al. 2011; Bourke et al. 2012), and it is known that, 

in humans, stress exposure can lead to increased alcohol drinking (Becker et al. 2011; Sinha 

2001), we hypothesized that females would be more sensitive to the effects of both prior 

chronic and acute manipulations of the stress axis in motivating alcohol seeking behaviors.

The goal of the present experiments was to characterize sex differences in alcohol-motivated 

behavior as a function of pharmacological manipulations of the stress system and to alcohol-

related cues. In Experiment 1, we sought to determine the effects of chronic CORT exposure 

during adolescence on operant alcohol self-administration and cue- and yohimbine-induced 

reinstatement of alcohol seeking in adulthood. It was predicted that CORT-treated rats would 

exhibit elevated alcohol-motivated behaviors, and that this effect would be enhanced in 

female rats. In Experiment 2, we built upon previous findings that drug-related cues and 

stress produced additive effects on reinstatement in male rats trained to self-administer 

alcohol (Liu and Weiss 2002), and that this effect was enhanced in females trained to self-

administer cocaine (Feltenstein et al. 2011), by testing male and female rats for the effects of 

alcohol-paired cues and yohimbine, alone or in combination, on the reinstatement of alcohol 

seeking.
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Methods

Subjects

Adolescent (aged 27–28 days; Experiment 1) or young adult (aged 67–68 days; Experiment 

2) male and female Sprague-Dawley Rats (Harlan, Frederick, MD) were pair-housed and 

maintained on a regular light:dark cycle in a temperature- and humidity-controlled room. 

Behavioral testing was conducted during the light cycle in Experiment 1, and during the dark 

cycle in Experiment 2. Rats were given ad libitum access to water and food except where 

noted. All procedures were conducted in accordance with the policies set forth by University 

of Pittsburgh Institutional Animal Care and Use Committee and the National Institutes of 

Health Guidelines on the Care and Use of Laboratory Animals.

Apparatus

Behavioral testing was conducted in operant conditioning chambers housed in sound-

attenuating cubicles (Med Associates, St. Albans, VT). Operant conditioning chambers were 

equipped with two retractable levers situated on either side of a magazine into which a 

dipper arm would deliver 0.05ml of the reinforcer; cue lights above each lever; and a tone 

generator. During testing, the house light was illuminated and an exhaust fan was turned on 

to mask external noise.

Drugs

Corticosterone (CORT; 4-pregnen-11b,21-diol-3,20-dione 21-hemisuccinate, Steraloids, 

Newport, RI; 12.5, 25, and 50µg/ml) and ethanol (EtOH; 10%v/v+0.1%w/v saccharin) and 

saccharin (0.1%w/v saccharin) solutions were dissolved in tap water. Yohimbine HCl (YOH; 

Sigma-Aldrich, St. Louis, MO; 0.625 and 1.25mg/ml) was dissolved in sterile water.

Procedures

Acquisition and Extinction of EtOH Self-Administration—A timeline of the 

experimental procedures is described in Fig. 1. Starting on postnatal day 70 (or later), rats 

were restricted to ~85% of their free feeding weight and habituated to the EtOH solution in a 

novel cage. Rats then received a 30-min magazine training session, during which EtOH was 

presented every 30-s. EtOH self-administration training was conducted on a fixed ratio 1 

schedule of reinforcement. Responses on the active lever produced 10-s presentation of 

EtOH, a 75dB tone, and a cue light, followed by a 10-s timeout. Inactive lever responses had 

no programmed consequences. Troughs were weighed before and after each session to 

measure fluid intake. Sessions were one hour in length, and rats received a total of 21 self-

administration sessions. Food restriction was gradually reduced such that rats were free 

feeding by the final week of training. Following successful acquisition (average of ≥20 

reinforcers earned over the last 3 days of training), instrumental lever extinction training 

began, during which responses had no programmed consequences. Rats were given a 

minimum of 7 extinction sessions to meet criterion (≤25 active lever presses over two 

consecutive days) before reinstatement testing (described below). The majority of rats met 

this criterion within 10 sessions, and no systematic differences in the time to reach criterion 

were evident across groups.
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Experiment 1: Sex differences in the effects of chronic corticosterone 
exposure during adolescence on EtOH self-administration and reinstatement 
of EtOH seeking

Chronic CORT exposure in adolescence: From postnatal day 30–50, rats received ad 
libitum access to food and either CORT or water as their sole fluid. Intake was measured 

daily, and rats were weighed every other day. CORT-treated rats received 50µg/ml CORT for 

14 days, followed by 25 and 12.5µg/ml for 3 days each. Rats were then given a 10-day 

washout period to allow for the normalization of HPA axis function (Gourley and Taylor 

2009).

Reinstatement: Reinstatement tests were conducted in the absence of reinforcement. Rats 

were first tested for cue-induced reinstatement, wherein responding on the active lever 

produced the light+tone cue. Next, rats were tested for reinstatement following injection of 

either 0.625 or 1.25mg/kg YOH (−10 min) in separate tests. Between tests, rats underwent at 

least two extinction sessions to ensure that the extinction criterion was met. Only rats that 

met both the self-administration and extinction criteria were included in the reinstatement 

analyses.

Saccharin self-administration: To determine if the effects of sex and/or adolescent 

corticosterone exposure were selective for EtOH, a separate group of male and female rats 

underwent the same CORT exposure and self-administration protocol described above, with 

the exception that they responded for a solution of 0.1% saccharin.

Experiment 2: Sex differences in cue-, yohimbine-, and cue+yohimbine-induced 
reinstatement of EtOH seeking: To determine if sex differences observed in Experiment 1 

were associated with handling during adolescence, a separate group of young adult rats were 

trained to self-administer EtOH and were extinguished as described above. Vaginal lavage 

samples were taken from female rats immediately following the final self-administration 

session, and estrous cycle phase was confirmed by examining vaginal cytology. Rats were 

exposed to two of the following conditions: vehicle injection/no cue; vehicle injection/cue; 

1.25mg/kg YOH/no cue; 1.25mg/kg YOH/cue; meeting extinction criterion between 

reinstatement tests.

Hormone Assays

Rats in Experiment 2 were euthanized via rapid decapitation immediately following the 

second reinstatement test. Trunk blood samples were collected in heparinized 1.5ml 

centrifuge tubes. Plasma was analyzed for corticosterone and estradiol using commercially 

available EIA kits (Enzo Life Sciences, Farmingdale, NY) according to the manufacturer’s 

instructions.

Statistics

Statistical analyses were conducted using IBM SPSS Statistics v21 (IBM Corporation, 

Armonk, NY). Missing values (e.g., fluid spillage) were interpolated from the day preceding 

and following that data point. Fluid intake, reinforcers earned, active and inactive lever 

presses, and body weight were subjected to mixed factorial ANOVAs (p < 0.05), followed by 

Bertholomey et al. Page 4

Psychopharmacology (Berl). Author manuscript; available in PMC 2017 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bonferroni post-hoc comparisons where appropriate. In Experiment 1, sex and adolescent 

treatment (CORT vs. H2O) were between-subjects factors for measures taken during CORT 

exposure, and day (across self-administration sessions or extinction vs. reinstatement) was 

the within-subjects factor during EtOH and saccharin self-administration, extinction, and 

reinstatement. In Experiment 2, ANOVAs with sex as the between-subjects factor and 

reinstatement order (first vs. second reinstatement) as the within-subjects factor failed to find 

order effects; as such, reinstatement test days were collapsed and subsequent ANOVAs with 

sex, cue (cue vs. no cue), injection (vehicle vs. YOH) as the between-subjects factors and 

day (extinction vs. reinstatement) were conducted. Active lever responding on the final 

reinstatement day was correlated with plasma corticosterone and estradiol levels collected 

immediately after testing.

Results

Experiment 1: Sex differences in the effects of chronic corticosterone exposure during 
adolescence on EtOH self-administration and reinstatement of EtOH seeking

Chronic CORT exposure in adolescence—Fluid intake (ml/kg) increased across the 

treatment period [F(19,1178)=36.18, p<0.001], but no differences as a function of sex or 

fluid type were found (Fig. 2a). CORT intake (mg/kg) decreased as the concentration 

decreased, and males showed small, but significantly greater CORT intake compared to 

females at the highest dose, corresponding with postnatal days ~30–40 (day×sex interaction 

[F(19,570)=5.98, p<0.001], Fig. 2b). Main effects of day [F(19,1178)=3994.61, p <0.001], 

sex [F(1,62)=105.21, p <0.001], and adolescent treatment [F(1,62)=5.18, p=0.026], as well 

as day×sex [F(19,1178)=184.57, p < 0.001] and day×treatment [F(19,1178)=7.59, p < 0.001] 

interactions (Fig. 2c) were found for body weight, illustrating the expected weight gain over 

the course of treatment, and that males weighed more than females. CORT-treated rats 

showed slightly, but significantly lower body weights compared to H2O-treated controls.

Acquisition and extinction of EtOH self-administration—Analysis of sex and 

adolescent treatment effects on ethanol self-administration revealed that females earned 

more reinforcers than males (main effects of day [F(20,1100)=38.22, p<0.001], sex 

[F(1,55)=22.8, p<0.001], and a day×sex interaction [F(20,1100)=6.18, p<0.001]; Fig. 3a) 

Similar results were found for active lever presses (main effects of day [F(20,1100)=22.71, 

p<0.001], sex [F(1,55)=24.51, p<0.001], and a day×sex interaction [F(20,1100)=3.34, 

p<0.001]; Fig. 3b, large symbols), and inactive lever presses (main effect of day 

[F(20,1100)=11.92, p<0.001] and a day×sex interaction [F(20,1100)=3.45, p<0.001]; Fig. 

3b, small symbols), though these differences were driven by high inactive lever presses in 

females on the first day of self-administration. Ethanol intake (g/kg) followed a similar 

pattern, with main effects of day [F(20,1100)=31.87, p<0.001], sex [F(1,55)=79.91, 

p<0.001], and a day×sex interaction [F(20,1100)=7.33, p<0.001] indicating higher intake in 

females compared to males (Fig. 3c). During extinction, rats showed the expected decrease 

in responding across days (main effect of day [F(6,330)=63.19, p<0.001]; Fig. 3b, right 

panel). A day×sex interaction [F(6,330)=6.39, p<0.001] indicated that females responded 

more on the first day of extinction [t(57)=5.916, p<0.001], but this was likely driven by the 

higher response rates in females during self-administration, not an extinction deficit.
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Cue-induced reinstatement—Analysis of cue-induced reinstatement test day 

responding revealed main effects of day [F(1,55)=78.68, p<0.001], sex [F(1,55)=4.01, 

p=0.05], and day×sex [F(1,55)=6.76, p=0.012] and day×adolescent treatment [F(1,55)=4.71, 

p=0.034] interactions (Fig. 4a), indicating that responding was higher during reinstatement 

compared to extinction, and that adolescent CORT-treated (vs. H2O-treated) and female rats 

(vs. males), exhibited greater reinstatement. During reinstatement, there was a trend for 

increased responding in CORT-treated rats (vs. H2O; p=0.06), and significantly higher 

responding in female rats (vs. males; [t(68)=2.45, p=0.011]. Further, a trend (p=0.09) for a 

sex×adolescent treatment interaction suggested that CORT-treated females, but not males, 

responded more than their H2O-treated counterparts. No significant differences in inactive 

lever responding were evident during cue-induced reinstatement (Fig. 4d).

Yohimbine (0.625mg/kg)-induced reinstatement—In response to a low dose of YOH 

we observed a main effect of injection [F(1,53)=16.53, p<0.001] and a sex×injection 

interaction [F(1,53)=5.42, p=0.024]. Post hoc analysis revealed that only females 

significantly increased active lever responding to yohimbine [t(30)=3.99, p<0.001] (Fig. 4b). 

A main effect of injection on inactive lever presses [F(1,53)=8.02, p=0.007] suggests that 

YOH can increase general responding in both sexes. Nevertheless, the magnitude of increase 

in active lever responding following YOH is larger (63%) than for the inactive lever (45%) 

(Fig. 4e).

Yohimbine (1.25mg/kg)-induced reinstatement—Reinstatement to a higher dose of 

YOH was observed in both sexes as we found a main effect of drug injection 

[F(1,53)=27.35, p<0.001] but no interaction with sex (Fig. 4c). A main effect of injection 

was also found for inactive lever presses [F(1,53)=819.72, p<0.001]. Removal of rats 

exhibiting inactive lever responding exceeding 2 standard deviations above the mean did not 

eliminate this effect; however, the magnitude of the increase in active lever responding 

following YOH was larger (85%) than for inactive lever responding (69%; Fig. 4f).

Saccharin self-administration—To control for any potential effects of the addition of 

saccharin to the EtOH solution, we also analyzed self-administration of a saccharin only 

solution. As with EtOH, females earned more reinforcers than males, and there was an 

increase in the number of reinforcers earned across training (main effects of day 

[F(20,500)=7.08, p<0.001] and sex [F(1,25)=18.2, p<0.001]; Fig. 5). However, a 

sex×adolescent treatment interaction was also uncovered [F(20,500)=7.08, p=0.013], and 

further analysis indicated that adolescent CORT treated females exhibited significantly 

decreased saccharin self-administration than control females [F(1,15)=10.33, p=0.006]. 

Similar results were found for active lever presses and saccharin intake (ml/kg; data not 

shown). Importantly, the magnitude of the sex differences in H2O-treated rats responding for 

saccharin was comparable to those responding for EtOH, but saccharin-trained rats earned 

half the amount of reinforcers of EtOH-trained rats.
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Experiment 2: Sex differences in cue-, yohimbine-, and cue+yohimbine-induced 
reinstatement of EtOH seeking

Acquisition and extinction of EtOH self-administration—Analysis of sex 

differences in EtOH self-administration without a history of adolescent treatment revealed 

similar sex differences as observed in Experiment 1. As expected, active lever presses, 

reinforcers earned, EtOH intake (g/kg), and body weight all increased across training, while 

inactive lever presses decreased across training (all main effects p<0.001; Fig. 6a–d). In 

addition, significant main effects of sex were found for reinforcers earned [F(1,43)=14.993, 

p<0.001], active lever presses [F(1,43)=15.537, p<0.001], and EtOH intake [F(1,43)=55.531, 

p<0.001], but not inactive lever presses, indicating that increased EtOH self-administration 

in females was specific to EtOH seeking and drinking and not simply increased general 

locomotor activity. Significant sex×day interactions were also observed for all measures, 

suggesting that females had accelerated acquisition of self-administration (all ps<0.01). 

Thus, the sex differences in self-administration observed in Experiment 1 were replicated in 

Experiment 2. During extinction, main effects of day [F(6,258)=49.429, p<0.001] and sex 

[F(1,43)=4.226, p=0.046] and a day×sex interaction [F(6,258)=2.757, p=0.013] were found 

(Fig. 6b, right panel). The sex effects were driven by increased responding by females only 

on day 1 of extinction [t(43)=2.827, p=0.007].

Reinstatement testing—Analysis of active lever presses during cue, YOH, and cue

+YOH reinstatement tests revealed main effects of sex [F(1,78)=9.18, p=0.003] in response 

to all stimuli (Fig. 7a), indicating increased reinstatement responding in females compared 

to males. Day×sex [F(1,78)=12.24, p=0.001], day×cue [F(1,78)=31.26, p<0.001], 

day×injection [F(1,78)=32.58, p<0.001], day×sex×cue [F(1,78)=7.12, p=0.009] and 

day×sex×injection [F(1,78)=12.16, p=0.001] interactions were also found. Follow-up tests 

found a main effect of cue [F(1,38)=6.13, p=0.018] in males, and effects of injection 

approached significance [p=0.093]. In contrast, females demonstrated significant main 

effects of cue [F(1,40)=15.6, p<0.001] and injection [F(1,40)=17.59, p<0.001], as well as a 

cue×injection interaction [F(1,40)=64.078, p=0.05], revealing increased responding when 

females were exposed to a combination of cue- and YOH-induced reinstatement relative to 

either stimulus alone. The increased reinstatement response to the combination treatment 

was also greater in females relative to males. Analysis of inactive lever responses revealed 

day×sex [F(1,78)=5.61, p=0.02] and day×injection [F(1,78)=4.67, p=0.034] interactions 

(Fig. 7b), and subsequent analyses showed that females [F(1,43)=9.84, p=0.003] and rats 

injected with YOH [F(1,43)=6.04, p=0.018] increased inactive lever presses, suggesting that 

females are more sensitive to the effects of YOH in eliciting nonspecific behaviors.

Corticosterone Assay—Plasma CORT levels were measured following the second 

reinstatement test, and analyses revealed main effects of sex [F(1,35)=72.52, p<0.001], 

injection [F(1,35)=14.37, p=0.001], and a sex×cue [F(1,35)=7.77, p=0.009] interaction (Fig. 

7c). CORT levels were twice as high in females as males, and YOH significantly increased 

CORT concentrations in both sexes. However, male rats showed significantly elevated 

CORT levels in the no cue conditions relative to the cue conditions [t(19)=2.772, p=0.012], 

whereas females tended to show elevated CORT levels in the cue conditions (p=0.1). 

Further, a significant positive correlation was found between active lever presses and CORT 
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concentrations overall [r(41)=0.499, p<0.001]; however, further analysis indicated that this 

effect was driven by the females [r(22)=0.52, p=0.013, males only p=0.3; Fig. 7d]. No such 

correlation was found for inactive lever presses [r(41)=0.21, p=0.19, data not shown]. 

Therefore, increased circulating CORT appears to be related to the degree of active EtOH 

seeking responses, particularly in females.

Estradiol Assay—No significant main effects of injection or cue on estradiol levels 

immediately following the second reinstatement test were found (Fig. 8a). However, 

collapsed across treatment, a significant positive correlation was found for active lever 

presses during reinstatement and estradiol levels [r(23)=0.66, p=0.001, Fig. 8b], suggesting a 

potential role for circulating estradiol in regulating the degree of reinstatement to EtOH 

seeking.

Discussion

The results of the present study reveal pronounced sex differences in EtOH-motivated 

behaviors at baseline that are enhanced following pharmacological manipulations of the 

stress system and exposure to alcohol-related cues. Across both experiments, females 

showed elevated EtOH self-administration and reinstatement of EtOH seeking compared to 

males. In Experiment 1, chronic CORT exposure in adolescence tended to increase EtOH 

drinking and augmented cue-induced reinstatement of EtOH seeking to a greater degree in 

females than in males. Females exhibited increased sensitivity to YOH-induced 

reinstatement evidenced by significant elevations in responding following a dose that had no 

effect in males. Experiment 2 replicated these findings in rats not exposed to experimental 

manipulations in adolescence, and further showed that exposure to both YOH and alcohol-

related cues elicited an additive effect on reinstatement of EtOH seeking in females only. 

Although enhanced reinforcement of other drugs of abuse in females has been consistently 

shown (Anker and Carroll 2011; Becker et al. 2007), this is the first report, to our 

knowledge, confirming that female rats show increased reinstatement of EtOH seeking 

compared to males. Importantly, these findings provide further support that females 

represent a population that is vulnerable to stress-related changes in EtOH-motivated 

behavior and may require different treatment strategies.

Chronically elevated glucocorticoid levels in adolescence can have enduring effects on 

behavior in adulthood, and heightened EtOH seeking in female rats exposed to CORT in 

adolescence in the current study is consistent with this finding. However, other studies have 

shown that adult male (Skelly et al. 2015), but not female rats (Butler et al. 2014) display 

increased EtOH intake following adolescent social isolation stress. Inconsistencies regarding 

the direction of CORT responses to adolescent stress as a function of sex (Cruz et al., 2012; 

McCormick et al., 2008; Weintraub et al., 2010) make it difficult to interpret whether these 

sex-specific responses in the present study are due to underlying changes in HPA axis 

reactivity. Further, in our control study, adolescent CORT treatment reduced saccharin self-

administration in female, but not male rats, which appears to dissociate the effects of 

persistent glucocorticoid elevations on responding for drug vs. nondrug reinforcers. 

Additional studies are needed to fully characterize the degree to which adolescent exposure 

to excess glucocorticoids alters sensitivity to reward in female vs. male rats.
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While YOH has been shown to reinstate EtOH seeking in male rats (Bertholomey et al. 

2013; Cippitelli et al. 2010; Le et al. 2005; Simms et al. 2011), and other drugs of abuse in 

female rats and women (Anker and Carroll 2010; Cox et al. 2013; Feltenstein et al. 2012; 

Feltenstein et al. 2011; Moran-Santa Maria et al. 2014), our results reveal that female rats 

show YOH-induced reinstatement of EtOH seeking at lower doses and to a greater degree 

than males. Moreover, reinstatement is correlated with CORT levels, consistent with 

previous studies (Marinelli et al. 2007; Simms et al. 2012; Simms et al. 2011). However, 

responding during reinstatement did not correlate with prior EtOH self-administration, 

consistent with findings from the clinical literature indicating that alcohol use frequency is 

not related with craving following exposure to stress-related or alcohol cues (Chaplin et al., 

2008). Responding during reinstatement did, however, correlate with both CORT and 

estradiol levels in females, suggesting that overlapping stress and gonadal hormones may be 

involved in our observed sex differences. Enhanced craving-like behavior in female rats 

exposed to both a stressor and alcohol-related cues in the present study is consistent with 

some studies in humans (Amlung and MacKillop 2014; Coffey et al. 2002) but not others 

(Nesic and Duka 2006; Thomas et al. 2011). Though both males and females showed 

sensitivity to the combination of YOH and alcohol-related cues, this effect was far more 

pronounced in females, suggesting that females may require specialized interventions aimed 

at mitigating the interactive effects of these factors.

Overlapping gonadal and stress hormone systems likely underlie the enhanced vulnerability 

to the effects of elevated glucocorticoids on EtOH-motivated behaviors in females. While 

some studies have shown that estradiol is critical for EtOH (Ford et al. 2004) and cocaine 

self-administration (Lynch et al. 2001) and reinstatement (Feltenstein et al. 2011; Larson and 

Carroll 2007), others have failed to demonstrate consistent effects of circulating ovarian 

hormones (Ford et al. 2002; Roberts et al. 1998; Vetter-O'Hagen and Spear 2011). Though 

estrous cycle was not continually monitored in the present study, the variability in EtOH 

self-administration across days in females was similar to males, and thus does not appear to 

be heavily influenced by estrous cycle phase. Further, while assessment of vaginal cytology 

on the final day of EtOH self-administration in Experiment 2 did not reveal effects of estrous 

cycle phase (proestrus versus all other phases) on EtOH consumed, responding during 

reinstatement was significantly correlated with plasma estradiol levels. However, this finding 

should be interpreted with caution due to low sample sizes and high variability. Ongoing 

studies are aimed at determining the specific role of estradiol in EtOH-motivated behaviors, 

as well as identifying neural circuits that are differentially regulated by alcohol-paired cues 

or stress in male versus female rats.

There are a few limitations to the present experiments. First, while food restriction is used to 

promote self-administration of other drugs of abuse, this approach can be problematic for 

initiating EtOH self-administration due to the potential for caloric compensation. However, 

rats were eased off of the food restriction to free-feeding by the final week of self-

administration, and remained in a non-deprived state for the majority of testing, thus 

potentially mitigating compensatory effects. Similarly, the addition of saccharin to the EtOH 

solution may contribute to sex differences in EtOH-motivated behavior. However, the 

magnitude of the sex difference for saccharin self-administration in H2O-treated controls 

was similar to that for EtOH self-administration, and rats exhibited twice the level self-
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administration of EtOH compared to saccharin, indicating that the reinforcing effects of 

EtOH are likely driving behavior, though studies using unsweetened EtOH are warranted. 

The lack of analysis of blood EtOH concentrations in the present study preclude confirming 

the degree to which these rats were under the pharmacological effects of EtOH. While intake 

in males is relatively low, the amount of ethanol consumed consistently supports self-

administration behavior, and intake in both sexes is consistent with other reinstatement 

studies in Sprague-Dawley rats (Bito-Onon et al. 2011). The order of reinstatement testing in 

Experiment 1 might have contributed to enhanced cue- and YOH-induced reinstatement in 

adolescent-treated males relative to those not treated until adulthood. However, based on 

relatively consistent observations in our lab that this dose of YOH evokes reinstatement in 

males, variability in the YOH response may be interacting with unknown environmental 

factors to mitigate this response in the rats in Experiment 2. Variability in the response to 

YOH could also contribute to the increased responding on the inactive lever during 

reinstatement, though this behavior is not uncommon (Bertholomey et al., 2013; Marinelli et 

al., 2007; Simms et al., 2012), and could reflect the engagement of broader response 

strategies aimed at gaining access to the reinforcer.

In conclusion, our findings provide further support for increased EtOH self-administration in 

female compared to male rats, extend the findings of the chronic CORT model to show that 

females are more sensitive to elevated glucocorticoid levels in adolescence on EtOH-

motivated behavior in adulthood, and demonstrate that reinstatement of EtOH seeking is 

enhanced in female rats. These results lay the foundation for future studies aimed at 

determining the mechanisms underlying female sensitivity to environmental factors in 

promoting alcohol craving/relapse-like behavior, which likely implicate overlapping gonadal 

and stress hormone systems. Identification of these circuits could potentially lead to the 

development of genetic, pharmacologic, and behavioral interventions aimed at mitigating the 

risk of stress and cue exposure in stimulating relapse to alcohol seeking in females.
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Fig. 1. 
Timeline of experimental procedures for Experiment 1 (A) and Experiment 2 (B). The 

number of days of testing and the age of the rat are indicated below each timeline, and the 

concentration of CORT (µg/ml) is indicated above timeline A. Thick bars represent CORT 

and ethanol drinking periods. Arrows represent reinstatement (REIN) days. Low 

YOH=0.625 mg/kg YOH; High YOH=1.25 mg/kg YOH
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Fig. 2. 
Outcome measures in female (circles) and male (triangles) rats during adolescent CORT 

(closed symbols) or H2O treatment (open symbols); n=15 female H2O, n=16 female CORT, 

n=14 male H2O, n=14 male CORT. (A) Fluid Intake (ml/kg), #p<0.05=main effect of day; 

(B) CORT Intake (mg/kg), #p<0.05=main effect of day, *p<0.05 vs. female; (C) Body 

Weight (g), #p<0.05=main effect of day, *p<0.05=male vs. female, @p<0.05=H2O vs. 

CORT.
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Fig. 3. 
Outcome measures during acquisition and extinction of ethanol self-administration in female 

(circles) and male (triangles) H2O (open symbols) or CORT (closed symbols)-treated rats. 

(A) Reinforcers earned; (B) Active (large symbols) vs. Inactive (small symbols) Lever 

Presses; (C) Ethanol Intake (g/kg); (D) Body Weight (g); #p<0.05=main effect of day, 

*p<0.05=male vs. female, for all panels.
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Fig. 4. 
Responding during reinstatement testing in female (left panels) and male (right panels) H2O 

(solid bars) and CORT (hashed bars)-treated rats; n=15 female H2O, n=16 female CORT, 

n=13 male H2O; n=13 male CORT. (A) Active and (D) inactive lever presses during 

extinction (EXT; white bars) and reinstatement (REIN; black bars) of cue-induced 

reinstatement; *p<0.05=male vs. female, #p<0.05 EXT vs. REIN, $p<0.05 vs. H2O (REIN 

day only; p=0.06 H2O vs. CORT overall). (B) Active and (E) inactive lever presses 

following vehicle (VEH; white bars) or 0.625mg/kg yohimbine (YOH; black bars) injection; 

*p<0.05=male vs. female, #p<0.05 VEH vs. YOH. (C) Active and (F) inactive lever presses 

following vehicle (VEH; white bars) or 1.25mg/kg yohimbine (YOH; black bars) injection; 

*p<0.05=male vs. female, #p<0.05 VEH vs. YOH.
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Fig. 5. 
Reinforcers earned during acquisition of saccharin self-administration in female (circles) 

and male (triangles; *p<0.05=male vs. female) rats treated with H2O (open symbols) or 

CORT (closed circles; $p<0.05=H2O vs. CORT, females only); n=9 female H2O, n=8 

female CORT; n=6 male H2O and CORT.
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Fig. 6. 
Outcome measures in female (circles) and male (triangles) rats (n=24 for each sex) during 

acquisition and extinction of ethanol self-administration. Main effects of sex (*p<0.05=male 

vs. female) and day (#p<0.05) were found for (A) Reinforcers Earned, (B) Active (closed 

symbols) and Inactive (open symbols) Lever Presses, (C) Ethanol Intake (g/kg), and (D) 

Body Weight (g).
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Fig. 7. 
Responding and corticosterone levels during reinstatement; n=11 females in each condition; 

n=8 male NO CUE/VEH (vehicle), CUE/YOH (yohimbine); n=13 male NO CUE/YOH, 

CUE/VEH. (A) Active and (B) Inactive Lever Presses in female (left panels) and male (right 

panels) rats on the last day of extinction (solid bars) vs. the reinstatement day (hashed bars); 

*p<0.05=male vs. female, #p<0.05=extinction vs. reinstatement, ^p<0.05 vs. no 

cue, $p<0.05 vs. VEH. (C) Plasma CORT concentrations (pg/ml) immediately following the 

final reinstatement test in female (solid bars) and male (checked bars) rats, *p<0.05=male 
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vs. female, ^p<0.05 vs. no cue, $p<0.05=YOH vs. VEH. (D) An overall significant (p<0.05) 

positive correlation was found between active lever presses and CORT (pg/ml), an effect 

evident in female (circles) but not male (triangles) rats.
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Fig. 8. 
Estrogen-related outcomes. (A) Number of reinforcers earned on the last day of EtOH self-

administration as a function of low (Non-Proestrus) or high (Proestrus) estradiol phases of 

the estrous cycle. (B) An overall significant (p<0.05) positive correlation was found between 

active lever presses and estradiol (pg/ml) during the final reinstatement test.
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