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Abstract 

Alcohol can have more detrimental effects on mental health in women, even when intake is 

comparable or higher in men.  This may relate to a differential pattern of drinking, e.g., how rapidly 

alcohol is consumed.  We used operant procedures to gain insight into sex differences in the 

drinking dynamics of rats.  Adult male and female Wistar rats underwent operant training to 

promote voluntary drinking of 10% (w/v) alcohol (8 rats/sex).  We tested how drinking patterns 

changed after manipulating the effort required for alcohol (fixed ratio, FR), as well as the length 

of time in which animals had access to alcohol (self-administration session length).  Rats were 

tested twice within the 12 hours of the dark cycle, at 2 hours (early sessions) and 10 hours into 

the dark cycle (late sessions).  As expected, adult females consumed significantly more alcohol 

than males in the 30-minute sessions with the FR1 paradigm.  Alcohol consumption within 

females was higher in the late sessions compared to early sessions, whereas this difference was 

not found within males.  “Front-loading” of alcohol (heavier drinking in the first five minutes of the 

session) was the primary factor underlying higher consumption in females, and this sex difference 

was accentuated in the late sessions.  Increasing the effort required from FR1 to FR3 reduced 

alcohol drinking in both sexes.  Front-loading behavior remained in females in both early and late 

sessions, whereas males exhibited minimal front-loading behavior only in the early sessions.  

Compressing drinking access to 15-minutes drove up front-loading behavior, producing total 

alcohol intake levels that were comparable in both sexes.  This strategy could be useful for 

exploring sex differences in the effect of voluntary alcohol drinking on the brain.  Our findings also 

highlight the importance of the time of testing for detecting sex differences in drinking behavior. 
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Highlights:  
• Voluntary alcohol drinking is higher in adult female rats compared to adult male rats. 

This sex difference is most pronounced in the later phase of the dark cycle, and when 
the operant effort is minimal (when 1 lever press gives 1 reward: fixed ratio 1, FR1).  
 

• Higher alcohol intake in females is primarily due to “front-loading,” or the rapid 
consumption of alcohol within the first 5 minutes of access. 
 

• Increasing the effort required to obtain alcohol from FR1 to FR3 dampens “front-loading” 
drinking behavior, resulting in similar levels of total intake in males and females. 

  
• Compressing the time of access to 15 minutes drives up “front-loading” to such a degree 

that animals end up consuming more alcohol in total than they do in 30-minute sessions. 
In males, this increase in drinking is large enough that it eliminates the sex difference in 
total alcohol intake. 

 
Visual Abstract 
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1. Introduction 

Alcohol use disorder (AUD) is a chronic relapsing condition characterized by the misuse 

of alcohol (American Psychiatric Association, 2013; Grant et al., 2015; White et al., 2018).  In the 

United States, 29% of adults have a lifetime prevalence for AUD, and men have a higher 

prevalence than women, yet this gap has been closing in recent years (Grant et al., 2017, 2015; 

White et al., 2017).  Serious long-term effects of AUD are presented differently in men and women 

even when drinking levels are comparable, with some risks higher in women compared to men 

(Åberg et al., 2017; Hamajima et al., 2002; Hydes et al., 2019; Kerr-Corrêa et al., 2007; Loft et al., 

1987; Mann et al., 2005; Schwarzinger et al., 2018; Smith-Warner et al., 1998; Urbano-Márquez 

et al., 1995; White et al., 2017); reviewed in (Erol and Karpyak, 2015; Peltier et al., 2019; Wilsnack 

et al., 2018).  These negative consequences are exacerbated by excessive patterns of 

compulsive drinking; e.g., binge drinking (Fede et al., 2020; Kvamme et al., 2016; Mashhoon et 

al., 2014; National Institute on Alcohol Abuse and Alcoholism, 2004); reviewed in (Becker et al., 

2012; George et al., 2014; Koob, 2013; Mason, 2017; Peltier et al., 2019).  Binge drinking is 

considered the first of the three stages of addiction: Binge/Intoxication, Negative 

Affect/Withdrawal, and Preoccupation/Anticipation, with evidence of sex differences being 

reported in all three stages, reviewed in (Flores-Bonilla and Richardson, 2020).  While the 

prevalence of binge drinking is higher in men (33%) than women (17%), women experience 

greater mental health instability (17.3% vs. 8.6%) and worse mental health consequences (11.2% 

vs. 6.3%) compared to men (Patrick et al., 2020; Substance Abuse and Mental Health Services 

Administration, 2014).   

 Operant self-administration in rodents is useful for modeling voluntary alcohol 

consumption in humans, while maintaining a level of experimental control needed for precise 

tracking and manipulation of alcohol drinking behavior (Brown et al., 1998; Elmer et al., 1987a, 

1987b; George, 1987; Grant and Samson, 1986, 1985; June and Gilpin, 2010; Risinger et al., 

1998); reviewed in (Green and Grahame, 2008; Jeanblanc et al., 2019).  We used this approach 

to map out the dynamic microstructural patterns in drinking in male and female adult rats to 

explore various aspects of drinking behavior such as rapid drinking at the start of a session i.e., 

“front-loading” (Ardinger et al., 2020; Baird et al., 2005; D’Aquila et al., 2012; Davis, 1996; Lardeux 

et al., 2013; Linsenbardt and Boehm, 2015; Robinson and McCool, 2015).  We also manipulated 

operant parameters of alcohol availability to further probe these sex differences in drinking 

patterns.  We report herein that front-loading drives sex differences in alcohol intake, with greater 

front-loading behavior in females.  Moreover, by manipulating operant parameters we were able 

to augment this rapid drinking pattern in males to reflect the levels observed in females.  
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2. Materials and Methods 

2.1 Animals (subjects) 

 A total of 24 adult Wistar rats (12 per sex) were obtained from Charles River (Wilmington, 

MA, USA).  Upon arrival, the animals were 85 days old and group-housed by sex (2 rats per cage) 

under a reverse light cycle of 12-hour light / 12-hour dark (lights OFF at 7 am / lights ON at 7 pm).  

Cages were standard plastic with wood chip bedding and animals had food and water access ad 

libitum with no deprivation.  Animals acclimated for 15 days before operant training began.  Rats 

were weighed once a day and weight data was used to calculate alcohol intake per weight (g/kg) 

of each rat.  At the start of the experiment, males weighed 352.00 ± 5.42 g and females weighed 

241.25 ± 4.81 g.  The training sessions were conducted once a day and started after the first 2 

hours of the dark cycle (at 9 am). The drinking sessions were conducted twice a day; the first 

session (“early”) started at 9 am (2 hours into the dark cycle) and the second session (“late”) 

started at 5 pm (10 hours into the dark cycle with an 8-hour break between sessions).  All 

procedures were performed according to the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee.   

2.2 Voluntary Operant Self-Administration Experiments 

2.2.1 Five days of training sessions  

 Rats were randomly assigned to an alcohol group (16 rats; 8 per sex) or water control 

group (8 rats; 4 per sex) before the start of the training.  On the first day of training, rats had two-

bottle choice access to 10% (w/v) alcohol (ethanol) diluted in tap water or only tap water in their 

home-cage for 24 hours, to reduce novelty of the alcohol solution.  A detailed timeline of 

experiments can be found in Fig 1.  On the second day of training, rats were trained for 12 hours 

to orally self-administer water in operant boxes (Coulbourn Instruments, Allentown, PA).  The 

operant boxes were individually housed inside ventilated cubicles to minimize noise and 

environmental disturbances.  In each operant box, there were two retractable levers 4 cm above 

the grid floor and each lever was 4.5 cm on the side of a two-well acrylic drinking apparatus 

(custom made by Behavioral Pharma, San Diego, CA).  One of the levers was active, which a 

response (lever press) consequently delivered 0.1 ml of fluid (water for all animals at this point of 

the experiment) from a 15 rpm Razel syringe pump (Stamford, CT) to the appropriate well over 

0.5 seconds.  The other lever was inactive, only recording the operant response without delivery 

of fluid.  All lever presses and subsequent deliveries were recorded using custom Med-PC IV 
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software.  Both levers were available from the start of the session and did not retract until the end 

of the session.  The active lever was programmed to a fixed ratio 1 (FR1) schedule and its location 

was counterbalanced between each rat (half of the animals had an active left lever and the other 

half had an active right lever).  The stimulus light above the appropriate active lever for each rat 

was set to turn on every time the required number of presses for delivery was completed and 

served as a cue for fluid delivery in the well of the drinking apparatus.  During the 0.5 seconds of 

pump activation, active lever presses were not recorded and did not result in the delivery of liquid.  

On the third day, rats remained in their home cage to rest.  The next day, they were placed in the 

operant boxes for 2 hours of access to 10% (w/v) alcohol or tap water (0.1 ml delivered after each 

lever press).  On the fifth day of training, rats were placed in the operant boxes and given 1-hour 

access to alcohol.  After each operant session, the drinking apparatus was inspected for any 

leftover liquid to confirm animals had consumed all the alcohol (or water for control animals).  

Animals also had ad libitum access to food and water during all the operant sessions (a ceramic 

or stainless-steel dish containing rat chow and a water bottle were always available in each 

operant box).  This ensured that lever presses for alcohol were not motivated by hunger or thirst.  

All data was collected as lever presses per minute of the session (1-minute bins) and as total 

lever presses per session.   

2.2.2 Manipulation of operant parameters 

 At the start of the drinking sessions the following day, rats were placed in the operant 

boxes twice a day with an 8-hour break between the sessions to quantify the alcohol intake 

difference between the early and late sessions.  For the first week, rats had 30-minute access in 

an FR1 schedule for a total of 10 sessions or 5 days (Monday-Friday) and rested in their home 

cages on the weekend.  The following Monday, operant parameters were changed to an FR3 

schedule (1 delivery for every 3 presses) to increase effort for alcohol for the next 10 sessions (5 

days, Monday-Friday).  After rest on the weekend, the operant parameter of access time was 

compressed from 30 minutes to 15 minutes for 96 sessions or 48 days in total.  For the first 20 

sessions of the 15-minute FR3 schedule, rats were placed in the operant boxes five consecutive 

days of the week (Monday-Friday; continuous access) and had two rest days in their home cages 

on the weekend.  Then, from session 21 to 44, rats were placed in the operant boxes for three 

consecutive days (Monday-Wednesday; continuous access) and had four consecutive rest days 

in their home cages (Thursday-Sunday).  From sessions 45 to 96, rats were placed in the operant 

boxes for three alternating days (Monday, Wednesday, and Friday; intermittent access) and had 

four rest days (Tuesday, Thursday, Saturday, and Sunday).  Analysis of these two different 
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schedules showed no differences in total alcohol intake over the session (F (1, 14) = 3.07, p > 0.05; 

data not shown) or in microstructural analysis per one-minute intake (F (1, 14) = 0.01, p > 0.05; data 

not shown).  Therefore, we pooled the data for analysis of the 15-minute FR3 sessions.  

2.3 Statistical analysis 

 Statistical analyses and the generation of graphs were done using GraphPad Prism 

version 8.4.3 for Mac (GraphPad Software, San Diego, CA).  Data are shown as the mean and 

standard error of the mean (± SEM) unless otherwise indicated.  Total alcohol intake (g/kg), total 

water intake (ml/kg) and responding on the inactive lever (presses/min) data in each within-

subject condition (normal effort vs. increased effort and normal access vs. compressed access) 

were analyzed using a two-way repeated-measures analysis of variance (RM-ANOVA) with 

session (early session vs. late session) as the within-subject factor and sex (male vs. female) as 

the between-subject factor.  Bonferroni’s multiple comparisons test was conducted as post hoc 

analysis following significant main effects or interactions, as recommended (Armstrong, 2014; 

McHugh, 2011).  For microstructural analysis, the 1-minute bins of drinking data were analyzed 

using a three-way, sex x session x time, with significant main effects and interactions further 

analyzed with two-way, sex x time RM-ANOVAs, with session and time (in 1-minute bins) as 

within-subject factors and sex as the between-subject factor.  The significant main effects and 

interactions were followed up using Tukey’s multiple comparison post hoc tests to assess “front-

loading” behavior in the first 5 minutes of access by comparing each 1-minute bin to the last 5 

minutes of the session, as recommended when comparing simple effects (McHugh, 2011).  

Access compression was analyzed by three-way, sex x access compression x time and access 

compression x session x time, with significant main effects and interactions was further analyzed 

with two-way, access compression x time and sex x time RM-ANOVAs, with access compression 

and time as within-subject factors and sex as the between-subject factor.  Bonferroni’s multiple 

comparisons test was conducted as post hoc analysis following significant main effects or 

interactions, by comparing the total intake in each 1-minute bin between the normal access and 

the compressed access sessions.  To determine whether total alcohol consumed in the first 5-

minutes differed by sex, we used unpaired two-tailed t-tests.  The accepted level of significance 

for all tests was p ≤ 0.05 and was indicated by different symbols (summarized in Table 1).  
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Table 1.  Overview of statistical indicators used in the figures  

Symbol Significant effect Statistical analysis Used in 

* Sex differences 
Bonferroni’s multiple 

comparisons post hoc test 

Fig. 2A, Inset of Fig. 2D 

# Effect of session 
Bonferroni’s multiple 

comparisons post hoc test 

Fig. 2A, 3A 

 Front-loading 
Tukey’s multiple comparisons 

post hoc test 

Fig. 2C, 2D, 3C, 3D, 4C, 

4D, 4E, 4F 

+ 
Access 

compression 

Bonferroni’s multiple 

comparisons post hoc test 

Fig. 4A, 4C, 4D, 4E, 4F 

 

3. Results: 

3.1 Front-loading drives sex differences in voluntary alcohol intake and is greatest when testing 

occurs later in the dark cycle 

 Sex differences in alcohol consumption emerge by adulthood in rodents, with females 

drinking more than males (Juárez and De Tomasi, 1999; Randall et al., 2017); for review see 

(Flores-Bonilla and Richardson, 2020).  As expected, the average of total alcohol intake (g/kg) 

within 30-minute sessions was higher in adult female rats compared to males (Fig. 2A; main 

effect of sex, F (1, 14) = 6.67, p < 0.05).  Alcohol intake was higher in the late sessions compared to 

the early sessions (main effect of session, F (1,14) = 34.97, p < 0.0001).  There was also a session 

x sex interaction (F (1,14) = 6.34, p < 0.05) and post hoc analysis showed significantly higher alcohol 

intake in females compared to males only in the late sessions (Fig. 2A; Bonferroni’s multiple 

comparisons test, adjusted p < 0.01), indicating that sex differences in alcohol drinking were 

greatest when testing was conducted later in the dark cycle and not earlier in the dark cycle 

(adjusted p > 0.05).  Rats consumed significantly more alcohol in the late sessions compared to 

the early sessions within females (Fig. 2A; adjusted p < 0.0001), whereas within males, this was 

only a trend (adjusted p = 0.06).  Higher alcohol intake in the later sessions was not due to 

differential levels of non-specific activity, as inactive lever presses were comparable in the early 

and late sessions (F (1, 14) = 0.06, p > 0.05; Table 2).  In control animals, self-administration of 

water did not differ between males and females (Fig. 2B; F (1, 6) = 0.61, p > 0.05), or between the 

early and late sessions (F (1, 6) = 1.35, p > 0.05).   
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 We followed with a microstructural analysis of alcohol drinking, measuring the total alcohol 

intake per minute across the operant session.  In the early sessions, time had a significant effect 

on alcohol intake (Fig. 2C; main effect of time, F (29, 406) = 10.40, p < 0.0001) but there were no 

differences between males and females (F (1,14) = 3.81, p = 0.07).  Post hoc analyses were 

therefore collapsed across sex.  Both males and females showed significantly higher alcohol 

intake in the first 5 minutes of the session compared to the alcohol intake in each minute of the 

last 5 minutes of the session (Tukey’s multiple comparisons test, adjusted ps < 0.05) which is 

characteristic of “front-loading” (black arrows, Fig. 2C).  In contrast, animals showed a significant 

time x sex interaction (Fig. 2D; F (29, 406) = 2.07, p < 0.001) in the late sessions, with females 

showing higher alcohol intake in the first 4 minutes of the session compared to the last 5 minutes 

of the session (Tukey’s multiple comparisons test, adjusted ps < 0.05; green arrows in Fig. 2D).  

In males, this front-loading drinking behavior was transiently observed (only minute 3 had 

significantly higher intake compared to the last 5 minutes of the session, Tukey’s multiple 

comparisons test, adjusted ps < 0.05; blue arrow in Fig. 2D).  The total amount of alcohol ingested 

during front-loading was higher in females compared to males in the late sessions (Fig. 2D inset; 
unpaired t-test, p < 0.05), but not in the early sessions (Fig. 2C inset; unpaired t-test, p > 0.05).  

3.2 Increasing effort suppresses sex differences in total alcohol intake  

 To test if increasing the effort to obtain alcohol reduces drinking to the same degree in 

both males and females, we manipulated the fixed ratio schedule of deliveries from FR1 to FR3, 

i.e., shifting from requiring 1 to requiring 3 presses for alcohol delivery.  This increase in effort 

suppressed the total amount of alcohol self-administered during the 30-minute session in both 

male and female rats (main effect of effort, F (1, 14) = 27.87, p = 0.0001 in early sessions and F (1, 

14) = 31.10, p < 0.0001 in late sessions), resulting in a loss of sex difference in total alcohol intake 

(Fig. 3A; F (1, 14) = 2.22, p > 0.05; for comparisons to FR1, see Fig 2).  There was a main effect of 

session (Fig. 3A; F (1, 14) = 14.96, p < 0.01) and a session x sex interaction (Fig. 3A; F (1,14) = 4.43, 

p = 0.05).  Post hoc analysis showed higher alcohol consumption in the late sessions compared 

to the early sessions within females (Bonferroni’s multiple comparisons test, adjusted p < 0.01), 

but not within males.  In the FR3 sessions, control animals continue to show a lack of sex 

differences in self-administration of water (Fig 3B; F (1,6) = 0.37, p > 0.05).  There was also no 

effect of time of session on self-administration of water (Fig 3B; F (1,6) = 1.31, p > 0.05). There 

was a trend for higher responding on the inactive lever later in the dark cycle, but this was not 

significant (F (1, 14) = 4.12, p = 0.062), along with a non-significant trend for a session x sex 

interaction (F (1, 14) = 3.62, p = 0.078; shown in Table 2).   
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3.3 Females exhibit higher levels of front-loading drinking behavior compared to males 

 We next tested whether sex differences in the microstructural analysis of drinking 

persisted when animals had to work harder for alcohol.  In the early sessions, there was a main 

effect of time (Fig. 3C; F (29, 406) = 10.75, p < 0.0001) and time x sex interaction (F (29, 406) = 2.44, p 

< 0.0001), and post hoc analysis showed higher alcohol intake in the first 2 minutes of the session 

compared to the last 5 minutes of the session in females (Tukey’s multiple comparisons test, 

adjusted ps < 0.05; green arrows in Fig. 3C) and only in minute 3 of the session in males 

compared to the last 5 minutes of the session (Tukey’s multiple comparisons test, adjusted ps < 

0.05; blue arrow in Fig. 3C).  In the late sessions there was a main effect of time (Fig. 3D; F (29, 

406) = 10.59, p < 0.0001) and time x sex interaction (F (29, 406) = 2.18, p < 0.001), and in contrast to 

the early sessions, post hoc analysis showed higher alcohol intake in the first 3 minutes of the 

session compared to the last 5 minutes of the session in females (Tukey’s multiple comparisons 

test, all adjusted ps < 0.05; green arrows in Fig. 3D), while males showed no significant 

differences (Tukey’s multiple comparisons test, adjusted ps > 0.05).  This suggests that under 

FR3 conditions, females still exhibit more front-loading behavior compared to males, especially 

later in the dark cycle.  However, despite higher levels of front-loading in females, the total amount 

of alcohol consumed in the first 5 minutes of the session was no longer significantly different 

between males and females in the early or late sessions (Fig. 3C inset, early sessions, and 3D 
inset, late sessions; unpaired t-test, p > 0.05). 

3.4 Compressing access time augments front-loading drinking behavior resulting in more total 

consumption of alcohol 

 To determine whether reducing the time of operant sessions affects front-loading behavior 

in both males and females, we reduced alcohol access in the sessions from 30 minutes to 15 

minutes (access compression).  Limiting alcohol availability elicited higher front-loading drinking 

behavior in both males and females in the early sessions, and this rapid rate of drinking resulted 

in more total alcohol intake overall (Fig. 4A; main effect of access compression, with the shorter 

sessions eliciting higher total intake compared to the longer sessions, F (1, 14) = 28.65, p = 0.0001).  

In the late sessions, access compression had no significant effect (Fig. 4B; F(1, 14) = 1.44, p > 0.05) 

as animals of both sexes consumed similar amounts of alcohol despite having only half the time 

to drink.  These data altogether indicate that limiting access causes animals to voluntarily drink 

more quickly when giving the opportunity, more than doubling drinking levels in the first few 

minutes. 
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 To gain insight into the specific patterns of drinking that lead to higher total intake in the 

compressed sessions, we compared the alcohol intake in 1-minute bins of the compressed 

sessions with the normal (30-minute) sessions.  We found that compression of access time 

increased front-loading of males in the early sessions (Fig. 4C; time x access compression 

interaction, F (14, 196) = 24.94, p < 0.0001) and late sessions (Fig. 4D; time x access compression 

interaction, F (14, 196) = 24.06, p < 0.0001).  In females, compression of access time also increased 

front-loading in the early sessions (Fig. 4E; time x access compression interaction, F (14, 196) = 5.90, 

p < 0.0001), and in the late sessions (Fig. 4F; time x access compression interaction, F (14, 196) = 

3.99, p < 0.0001).  Post hoc analyses of the early sessions showed significantly higher alcohol 

intake after access compression in the first 6 minutes of the early sessions and the first 3 minutes 

of the late sessions in males of the compressed sessions compared to the normal sessions (+s 

in Fig. 4C and Fig. 4D, Bonferroni’s multiple comparisons test, adjusted ps < 0.05).  In females, 

post hoc analyses showed significantly higher alcohol intake in the first 2 minutes in both early 

and late sessions of the compressed sessions compared to the normal sessions (+s in Fig. 4E 

and Fig. 4F, Bonferroni’s multiple comparisons test, adjusted ps < 0.05).   

 Between males and females, alcohol intake in 15 minutes of access time showed a 

significant time x sex interaction (F (14, 196) = 2.31, p < 0.01) in the early sessions, as well as in the 

late sessions (F (14, 196) = 2.20, p < 0.01).  Post hoc analyses indicated that sex differences in 

drinking were only found in the first minute of the access in both early and late sessions 

(Bonferroni’s multiple comparisons test, adjusted ps < 0.05; these subtle sex differences can be 

viewed visually comparing the first minute in Fig 4C versus Fig 4E and Fig 4D versus Fig 4F). 

Thus, access compression drives up front-loading behavior to such an extent in males that alcohol 

drinking is almost identical to what is observed in females.  Furthermore, both males and females 

consume significantly more alcohol in the first 3 minutes of the session compared to the last 5 

minutes of the session (Tukey’s multiple comparisons test, adjusted ps < 0.05; arrows in Fig. 4 
C, D, E, F) in both early and late sessions.   

 Control animals showed no differences in water intake between males and females (F (1, 

6) = 1.77, p > 0.05) nor differences between time of the session (F (1, 6) = 0.05, p > 0.05, data not 

shown).  The non-specific activity was found higher in the late sessions compared to the early 

sessions by an increase of inactive lever presses per minute (main effect of session, F (1, 14) = 

8.48, p < 0.01; shown in Table 2) with post hoc analysis showing significant differences in males 

(Bonferroni’s multiple comparisons test, adjusted ps < 0.05), but not females.  This significant 

effect was not found in the active lever presses, as measured by the total alcohol intake (F (1, 14) 

= 2.97, p > 0.05; data not shown).   
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Table 2.  Effect of sex and session on inactive lever presses 

Operant 
parameters 

Inactive lever (presses/minute) 
Mean (± SEM) RM ANOVA: sex x session 

 Session Males Females Effect p-value F Df 

30-minute 
FR1 

sessions 

Early 0.2044 
(0.03) 

0.1506 
(0.03) Sex 0.9536 0.003 

1, 14 Late 0.1500 
(0.03) 

0.1844 
(0.03) Session 0.8154 0.06 

   Sex x Session 0.1623 2.18 

30-minute 
FR3 

sessions 

Early 0.1039 
(0.02) 

0.0806 
(0.01) Sex 0.2615 1.37 

1, 14 Late 0.0872 
(0.02) 

0.1511 
(0.03) Session 0.0620 4.12 

   Sex x Session 0.0780 3.62 

15-minute 
FR3 

sessions 

Early 0.0703 
(0.02) 

0.0571 
(0.01) Sex 0.7718 0.09 

1, 14 Late 0.0839 
(0.03) 

0.0764 
(0.01) Session 0.0114# 8.48 

   Sex x Session 0.4882 0.51 

RM-ANOVA = repeated measures analysis of variance; #p<0.05 
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Figure 1. Operant Conditioning Boxes and Experimental Timeline.  Male and female adult 

Wistar rats were trained to self-administer 10% w/v alcohol using operant conditioning.  Training 

began with 1 day of 2BC in their home cages, followed by the first day of operant training for water 

(12 h session), a day of rest in the home cage, and two days of operant training for alcohol (2 h 

session on the first day and 1 h session on the second day).  Operant testing was conducted 

twice each day, beginning 2 h (early session) and 10 h (late session) in the dark cycle for a total 

of 117 days.  Operant parameters such as access time (30 minutes vs. 15 minutes), effort (fixed 

ratio, FR1 vs. FR3), and session time (early vs. late in the dark cycle) are summarized in the 

illustration and timeline.  Operant boxes had two levers (one active and one inactive), as well as 

a food cup and water bottle that could be accessed ad libitum.  Alcohol was delivered to a two-

well acrylic drinking apparatus after every 1 press (FR1) or 3 presses (FR3).  The cue light above 

the active lever is turned on for each alcohol delivery.  Note: w/v, weight per volume; 2BC, two-

bottle choice in the home cage; FR, fixed ratio; h, hour; m, minutes; M, Monday; W, Wednesday; 

F, Friday.  Created with BioRender.com 
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Figure 2. Front-loading drinking behavior drives sex differences in alcohol intake on the 
sessions late into the dark cycle.  A) Average of total alcohol intake of early and late sessions 

(n = 8 / sex); B) Average of total water intake in the control group (n = 4 / sex); C) Early sessions 

and D) late sessions of total alcohol intake per minute in the session, inset: total alcohol intake in 

the first 5-minute bin. Note: FR, fixed ratio.  A) #, higher intake in late sessions compared to early 

sessions in females, adjusted p<0.05, and *, higher intake in females compared to males in the 

late sessions, adjusted p<0.05; both indicated by Bonferroni’s multiple comparisons test post hoc 

analysis following a session x sex interaction.  C) black arrows, higher intake compared to each 

minute of the last 5 minutes of the session collapsed across sex, adjusted ps < 0.05; indicated by 

Tukey’s multiple comparisons test post hoc analysis following a main effect of time.  D) arrows, 

higher intake compared to each minute of the last 5 minutes of the session in females (green 

arrows) and males (blue arrow), adjusted ps < 0.05; indicated by Tukey’s multiple comparisons 

test post hoc analysis following a time x sex interaction.  In inset graph of D) *, unpaired t-test, 

p<0.05.  Error bars and shading are shown in SEM. 
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Figure 3. Females maintain front-loading behavior after increasing effort in the late 
sessions despite an overall decrease in total alcohol drinking.  A) Average of total alcohol 

intake of early and late sessions (n = 8 / sex); B) Average of total water intake in the control group 

(n = 4 / sex); C) Early sessions and D) late sessions of total alcohol intake per minute in the 

session, inset: total alcohol intake in the first 5-minute bin.  Note: FR, fixed ratio.  A) #, higher 

intake in the late sessions compared to the early sessions in females, adjusted p < 0.01; indicated 

by Bonferroni’s multiple comparisons test post hoc analysis following a main effect of session.  C), 
D) arrows, higher intake compared to each minute of the last 5 minutes of the session in females 

(green arrows) and males (blue arrow), adjusted ps < 0.05; indicated by Tukey’s multiple 

comparisons test post hoc analysis following a time x sex interaction.  Error bars and shading are 

shown in SEM. 
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Figure 4. Access time compression increased front-loading of alcohol intake of males to 
the level of intake in females.  A) Average of total alcohol intake of early and B) late sessions 

(n = 8 / sex); C) Early sessions and D) late sessions of total alcohol intake per minute in the 
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session of males; E) Early sessions and F) late sessions of total alcohol intake per minute in the 

session of females.  Note: FR, fixed ratio.  A) +, higher intake in the compressed access (15-minute) 

sessions compared to the normal (30-minute) sessions in both males and females, adjusted p < 0.05; 

indicated by a main effect of access compression.  C-F) +, higher intake in the compressed access 

(15-minute) sessions compared to the normal (30-minute) sessions in males (C and D) and females 
(E and F), adjusted ps < 0.05; indicated by Bonferroni’s multiple comparisons test post hoc 

analysis following time x access compression interaction.  C-F) arrows, higher intake compared 

to each minute of the last 5 minutes of the session in females (green arrows) and males (blue 

arrows), adjusted ps < 0.05; indicated by Tukey’s multiple comparisons test post hoc analysis 

following time x sex interaction.  Error bars and shading are shown in SEM. 
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4. Discussion  

4.1 Main findings 

The factors motivating drinking and the health consequences of heavy alcohol use can differ 

with sex (Flores-Bonilla and Richardson, 2020).  Adolescent girls report drinking alcohol as a 

coping mechanism to alleviate depression and psychological distress because of its acute 

anxiety-reducing properties, while drinking in adolescent boys tends to relate more to risk-taking 

and impulsive behaviors (Bekman et al., 2013; Kuntsche and Müller, 2012).  Ultimately in 

adulthood, women experience greater detrimental emotional and physical consequences 

including emotional instability, depression, and anxiety than men who engage in binge drinking 

(Orio et al., 2018; Patrick et al., 2020).  Thus, there is a need to study not only the motivators that 

can lead to moderate or heavy alcohol use, but also how differential patterns of drinking behavior 

may influence the severity of negative consequences of alcohol on the brain.  These questions 

can be answered using rodent models; however, it can be challenging to test the effect of alcohol 

drinking on the nervous system and behavior in rodents because adult female rodents tend to 

drink significantly more g/kg alcohol than their male counterparts (Juárez and De Tomasi, 1999; 

Lancaster and Spiegel, 1992).  While this is well known in the field, the specific differences in 

patterns of drinking between males and females and their effects on the brain are not well 

understood.  Herein, we used operant procedures to characterize the temporal dynamics of 

alcohol drinking in adult male and female rats to identify the specific pattern of drinking that drives 

the sex differences in intake and tested how changes in alcohol access can influence these sex 

differences.  Collectively, we found that higher intake in females occurs during the initiation of 

access (i.e., “front-loading”). Moreover, by manipulating operant conditions such as access time, 

we were able to drive up front-loading behavior in males to levels that are comparable to females.  

This study overall provides insight into sex differences in drinking behavior, and also provides a 

novel approach to control voluntary intake in order to study its effects on the brain. 

 

4.2 Front-loading drives sex differences in alcohol intake 

Consistent with the characterization of sex differences in voluntary alcohol intake in rodents, 

female rats in our study showed higher total alcohol intake than males in the 30-minute sessions 

with minimal effort (Cofresí et al., 2019; Crabbe et al., 2009; Juárez and De Tomasi, 1999; 

Lancaster and Spiegel, 1992; Mankes et al., 1991; Randall et al., 2017); reviewed in (Flores-

Bonilla and Richardson, 2020; Lancaster and Spiegel, 1992).  Alcohol intake peaked in the first 5 
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minutes of the session, which provides evidence of front-loading behavior similar to other studies 

that identified higher intake of rewarding liquids (including alcohol in rats exposed to alcohol 

vapors, intermittent access to high-fat sweetened liquid in rats, and NaCl solution in sodium-

depleted mice) at the start of access (D’Aquila et al., 2012; Darevsky et al., 2018; Davis, 1996; 

Lardeux et al., 2013; Linsenbardt and Boehm, 2015; Robinson and McCool, 2015; Siciliano et al., 

2019).  Additionally, front-loading can be suppressed with conditioned taste aversion with a bitter 

solution (LiCl) in the first 9 minutes of access (Baird et al., 2005).  Reward expectation can induce 

front-loading to non-rewarding solutions in alcohol-exposed mice that receive water when alcohol 

is expected (Ardinger et al., 2020).  Increasing the effort to obtain alcohol with an FR3 schedule 

suppressed the total alcohol intake in both males and females; however subtle sex differences in 

front-loading remained, as females showed front-loading while it was notably reduced in males.  

Compressing the access to alcohol eliminated the sex differences by increasing the front-loading 

of males to the level of females.  As such, this data provides both insights into how microstructural 

patterns of drinking differ with sex and highlights an effective experimental strategy to effectively 

eliminate sex differences in voluntary drinking in adult rats. 

 

4.3 Manipulation of operant parameters as a strategy to study sex differences  

One challenge that researchers face when testing the effects of voluntary alcohol drinking on 

the brain is that differential levels of alcohol intake between males and females can complicate 

the experimental design.  To circumvent this sex difference, involuntary/forced models of alcohol 

administration can be used which allows for delivery of equal amounts of low, moderate, and high 

levels of alcohol in males and females, albeit with different degrees of aversive consequences; 

for a review of current preclinical models of alcohol drinking see (Jeanblanc et al., 2019).  In 

voluntary drinking models, operant parameters can be manipulated to bring one group’s intake 

down to the level of another group.  For example, operant lever access can be controlled to limit 

the maximum number of rewards to match glucose intake in control groups consuming sweetened 

water to the glucose intake in groups consuming sweetened alcohol (Gilpin et al., 2012; Karanikas 

et al., 2013; Vargas et al., 2014).  Conceptionally this same strategy could be used to reduce 

alcohol intake in adult females to the level of adult males, but this limits experimental design to 

testing only lower levels of voluntary alcohol.  Herein, we were able to adjust the operant 

parameters to lead to higher alcohol intake in males, eliciting female-like drinking patterns; thus, 

increasing opportunities for testing the effects of voluntary alcohol on the brain and behavior.  

Furthermore, this rodent model of voluntary alcohol drinking can be used to study the neuronal 
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activity underlying front-loading behavior, which ultimately may help develop targeted treatment 

strategies for alcohol abuse and AUD.  

 

4.4 Effect of time of day on alcohol intake 

Alcohol drinking tests in rodents are often conducted within the first few hours of the dark 

cycle to take advantage of increased nocturnal activity (Lei et al., 2016; Morales et al., 2015; 

Rhodes et al., 2005; Szumlinski et al., 2019; Thiele et al., 2014); reviewed in (Thiele and Navarro, 

2014).  In contrast, we show that alcohol consumption within females was highest when testing 

was done 10 hours, compared to 2 hours, into the dark cycle.  This was not likely an effect of non-

specific activity, because inactive lever presses did not differ between early and late sessions in 

females.  This suggests that there is another factor that is driving up drinking in females when 

testing is done later in the dark cycle.   It should be noted that, due to the within-subjects design 

of the study, all rats were tested twice a day; in which early sessions may act as a primer for 

increased alcohol drinking in the late sessions.  To explore this further, we used a data set from 

a day in which animals only had a late session due to a power outage earlier in the day, which 

had to be excluded from the overall statistical analysis.  We compared the drinking behavior of 

that day to a single late session from two days before (in which animals had an early session as 

well) and found no differences in alcohol intake. This suggests that those early sessions are not 

necessary for driving higher levels of intake in the late sessions.   It is more likely that factors that 

change with circadian rhythms drive higher drinking in the later sessions.  Indeed, baseline 

plasma corticosterone levels in rodents have a temporally regulated rhythm, with higher levels 

peaking around two hours before the start of the dark cycle and gradually decreasing until 

reaching low levels around 10 hours into the dark cycle in both males and females (Atkinson and 

Waddell, 1997; Yoshida et al., 2005).  Low corticosterone levels in rodents and low cortisol levels 

in humans have been associated with higher drinking (Anthenelli et al., 2018; Orio et al., 2018; 

Richardson et al., 2008), reviewed in (Lu and Richardson, 2014).  Notably, the circadian variation 

of plasma corticosterone levels is not found in Crh-deficient mice, suggesting that this is mediated 

by corticotropin-releasing factor signaling (Yoshida et al., 2005).  Future studies could help 

determine whether circadian regulation play a role in the observed sex differences in late session 

alcohol intake. 

 

4.5 Blood alcohol levels 
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Front-loading behavior induces most of the alcohol drinking in the first 5 minutes of the session, 

regardless of the total length of the session (30 vs. 15 minutes).  Based on our current findings 

on front-loading, this suggests that collection of blood samples should take place after a few 

minutes of initial alcohol access for accuracy in binge drinking rodent models.  Blood alcohol 

levels were not measured in this study; however, based on previous studies in male rats, the total 

consumption of 1.25 g/kg of alcohol or more reaches the blood alcohol levels of 0.08 g/dL or 

higher (Gilpin et al., 2012).  However, this measurement was not evaluated in females.  Other 

studies that use the “Drinking in the Dark” paradigm show that adult female mice consume more 

alcohol than males; however, these mice failed to consistently replicate the blood alcohol 

concentration levels that characterize binge drinking; i.e., 0.08 g/dL or higher (Szumlinski et al., 

2019).  Blood alcohol concentration levels are usually taken after testing typically around 30 

minutes to 1 hour after the first initial intake (Carnicella et al., 2009); reviewed in (Jeanblanc et 

al., 2019).  Female rodents metabolize alcohol at a greater rate than males while the opposite is 

true in humans (Teschke and Wiese, 1982); reviewed in (Jeanblanc et al., 2019; Müller, 2006).  

An important goal for future studies is to assess more accurate blood alcohol levels early in the 

operant session in both male and female rats while also taking into account the detrimental effects 

of alcohol metabolites in the brain (Baliño et al., 2019); reviewed in (Erol and Karpyak, 2015; 

Israel et al., 2015). 

 

5. Conclusion 
Sex differences are increasingly prevalent for studying alcohol binge drinking and AUD. 

Understanding the underlying patterns of drinking behaviors that drive these differences may help 

in determining factors for increased vulnerability for developing AUD. Overall, manipulation of 

operant parameters of alcohol availability altered behavioral patterns of drinking in both males 

and females.  Manipulation of these parameters can be used to effectively study sex differences 

in alcohol-driven effects on the brain.  Front-loading behavior is highest 10 hours into the dark 

cycle in females which drives the sex differences in the total alcohol intake.  However, under 

certain conditions, adult male rats drink as much alcohol as females.  Ultimately, the time of 

access to alcohol, the effort required to obtain it, and the time of day of testing all contribute to 

changes in front-loading behavior and increasing or decreasing the magnitude of sex differences 

in voluntary alcohol intake in adult rats.   

 
Acknowledgments:  
 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

We thank the contribution of Dr. Said Akli, Lynn Bengtson, Sirisha Nouduri, Rithika 

Senthilkumar, Jillian Davis, and other members of the Richardson laboratory for critical 

feedback on data analysis, writing, and graphs.  We also like to thank undergraduate students 

William Collins, Madeleine Pereira, Connor Murphy, and Eliza Kola for assistance with the 

behavioral experiments.  Funding comes from the National Institutes of Health 

Postbaccalaureate Research Education Program grant NIH R25GM08624 that funded the 

participation of Annabelle Flores-Bonilla in the program, the National Science Foundation 

Graduate Research Fellowship Program NSF Award #1938059 to Annabelle Flores-Bonilla, NIH 

F99/K00 grant 1F99NS115272-01 to Andrea Silva-Gotay, and the National Institute on Alcohol 

Abuse and Alcoholism grant R01AA024774 to Dr. Heather N. Richardson. 

 

Financial Disclosures:  The authors declare no competing financial interests. 

 

Author’s Contributions: A.F.B, K.L., and H.N.R. designed research; A.F.B., B.D., and K.L. 

performed research; A.F.B. and A.S.G. analyzed data; A.F.B, B.D., A.S.G, and H.N.R. wrote the 

paper. 

  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

References: 

Åberg, F., Helenius-Hietala, J., Puukka, P., Jula, A., 2017. Binge drinking and the risk of 
liver events: A population-based cohort study. Liver Int. 37, 1373–1381. 
https://doi.org/10.1111/liv.13408 

American Psychiatric Association, 2013. Cautionary Statement for Forensic Use of 
DSM-5, in: Diagnostic and Statistical Manual of Mental Disorders, 5th Edition. 
American Psychiatric Publishing, Inc. 
https://doi.org/10.1176/appi.books.9780890425596.744053 

Anthenelli, R.M., Heffner, J.L., Blom, T.J., Daniel, B.E., McKenna, B.S., Wand, G.S., 
2018. Sex differences in the ACTH and cortisol response to pharmacological 
probes are stressor-specific and occur regardless of alcohol dependence history. 
Psychoneuroendocrinology 94, 72–82. 
https://doi.org/10.1016/j.psyneuen.2018.05.007 

Ardinger, C.E., Grahame, N.J., Lapish, C.C., Linsenbardt, D.N., 2020. High Alcohol–
Preferring Mice Show Reaction to Loss of Ethanol Reward Following Repeated 
Binge Drinking. Alcohol. Clin. Exp. Res. 44, 1717–1727. 
https://doi.org/10.1111/acer.14419 

Armstrong, R.A., 2014. When to use the Bonferroni correction. Ophthalmic Physiol. Opt. 
34, 502–508. https://doi.org/10.1111/opo.12131 

Atkinson, H.C., Waddell, B.J., 1997. Circadian Variation in Basal Plasma Corticosterone 
and Adrenocorticotropin in the Rat: Sexual Dimorphism and Changes across the 
Estrous Cycle. Endocrinology 138, 3842–3848. 
https://doi.org/10.1210/endo.138.9.5395 

Baird, J.P., St. John, S.J., Nguyen, E.A.N., 2005. Temporal and qualitative dynamics of 
conditioned taste aversion processing: Combined generalization testing and licking 
microstructure analysis. Behav. Neurosci. 119, 983–1003. 
https://doi.org/10.1037/0735-7044.119.4.983 

Baliño, P., Romero-Cano, R., Sánchez-Andrés, J.V., Valls, V., Aragón, C.G., Muriach, 
M., 2019. Effects of Acute Ethanol Administration on Brain Oxidative Status: The 
Role of Acetaldehyde. Alcohol. Clin. Exp. Res. 43, 1672–1681. 
https://doi.org/10.1111/acer.14133 

Becker, J.B., Perry, A.N., Westenbroek, C., 2012. Sex differences in the neural 
mechanisms mediating addiction: A new synthesis and hypothesis. Biol. Sex Differ. 
3, 1–35. https://doi.org/10.1186/2042-6410-3-14 

Bekman, N.M., Winward, J.L., Lau, L.L., Wagner, C.C., Brown, S.A., 2013. The Impact 
of Adolescent Binge Drinking and Sustained Abstinence on Affective State. Alcohol. 
Clin. Exp. Res. 37, 1432–1439. https://doi.org/10.1111/acer.12096 

Brown, G., Jackson, A., Stephens, D.N., 1998. Effects of repeated withdrawal from 
chronic ethanol on oral self-administration of ethanol on a progressive ratio 
schedule. Behav. Pharmacol. 9, 149–61. 

Carnicella, S., Amamoto, R., Ron, D., 2009. Excessive alcohol consumption is blocked 
by glial cell line–derived neurotrophic factor. Alcohol 43, 35–43. 
https://doi.org/10.1016/j.alcohol.2008.12.001 

Cofresí, R.U., Monfils, M.-H., Chaudhri, N., Gonzales, R.A., Lee, H.J., 2019. Cue-
alcohol associative learning in female rats. Alcohol 81, 1–9. 
https://doi.org/10.1016/j.alcohol.2019.03.003 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

Crabbe, J.C., Metten, P., Rhodes, J.S., Yu, C.H., Brown, L.L., Phillips, T.J., Finn, D.A., 
2009. A Line of Mice Selected for High Blood Ethanol Concentrations Shows 
Drinking in the Dark to Intoxication. Biol. Psychiatry 65, 662–670. 
https://doi.org/10.1016/j.biopsych.2008.11.002 

D’Aquila, P.S., Rossi, R., Rizzi, A., Galistu, A., 2012. Possible role of dopamine D1-like 
and D2-like receptors in behavioural activation and “contingent” reward evaluation 
in sodium-replete and sodium-depleted rats licking for NaCl solutions. Pharmacol. 
Biochem. Behav. 101, 99–106. https://doi.org/10.1016/j.pbb.2011.12.004 

Darevsky, D., Gill, T.M., Vitale, K.R., Hu, B., Wegner, S.A., Hopf, F.W., 2018. Drinking 
despite adversity: behavioral evidence for a head down and push strategy of 
conflict-resistant alcohol drinking in rats. Addict. Biol. 24, 426–437. 
https://doi.org/10.1111/adb.12608 

Davis, J.D., 1996. Microstructural analysis of the ingestive behavior of the rat ingesting 
polycose. Physiol. Behav. 60, 1557–1563. https://doi.org/10.1016/S0031-
9384(96)00321-6 

Elmer, G.I., Meisch, R.A., George, F.R., 1987a. Differential concentration-response 
curves for oral ethanol self-administration in C57BL/6J and BALB/cJ mice. Alcohol 
4, 63–68. https://doi.org/10.1016/0741-8329(87)90062-0 

Elmer, G.I., Meisch, R.A., George, F.R., 1987b. Mouse strain differences in operant 
self-administration of ethanol. Behav. Genet. 17, 439–451. 
https://doi.org/10.1007/BF01073111 

Erol, A., Karpyak, V.M., 2015. Sex and gender-related differences in alcohol use and its 
consequences: Contemporary knowledge and future research considerations. Drug 
Alcohol Depend. 156, 1–13. https://doi.org/10.1016/j.drugalcdep.2015.08.023 

Fede, S.J., Abrahao, K.P., Cortes, C.R., Grodin, E.N., Schwandt, M.L., George, D.T., 
Diazgranados, N., Ramchandani, V.A., Lovinger, D.M., Momenan, R., 2020. 
Alcohol effects on globus pallidus connectivity: Role of impulsivity and binge 
drinking. PLoS One 15, 1–19. https://doi.org/10.1371/journal.pone.0224906 

Flores-Bonilla, A., Richardson, H.N., 2020. Sex Differences in the Neurobiology of 
Alcohol Use Disorder. Alcohol Res. Curr. Rev. 40. 
https://doi.org/10.35946/arcr.v40.2.04 

George, F.R., 1987. Genetic and environmental factors in ethanol self-administration. 
Pharmacol. Biochem. Behav. 27, 379–384. https://doi.org/10.1016/0091-
3057(87)90586-7 

George, O., Koob, G.F., Vendruscolo, L.F., 2014. Negative reinforcement via 
motivational withdrawal is the driving force behind the transition to addiction. 
Psychopharmacology (Berl). 231, 3911–3917. https://doi.org/10.1007/s00213-014-
3623-1 

Gilpin, N.W., Karanikas, C.A., Richardson, H.N., 2012. Adolescent binge drinking leads 
to changes in alcohol drinking, anxiety, and amygdalar corticotropin releasing factor 
cells in adulthood in male rats. PLoS One 7. 
https://doi.org/10.1371/journal.pone.0031466 

Grant, B.F., Chou, S.P., Saha, T.D., Pickering, R.P., Kerridge, B.T., Ruan, W.J., Huang, 
B., Jung, J., Zhang, H., Fan, A., Hasin, D.S., 2017. Prevalence of 12-Month Alcohol 
Use, High-Risk Drinking, and DSM-IV Alcohol Use Disorder in the United States, 
2001-2002 to 2012-2013. JAMA Psychiatry. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

https://doi.org/10.1001/jamapsychiatry.2017.2161 
Grant, B.F., Goldstein, R.B., Saha, T.D., Chou, S.P., Jung, J., Zhang, H., Pickering, 

R.P., Ruan, W.J., Smith, S.M., Huang, B., Hasin, D.S., 2015. Epidemiology of 
DSM-5 Alcohol Use Disorder. JAMA Psychiatry 72, 757. 
https://doi.org/10.1001/jamapsychiatry.2015.0584 

Grant, K.A., Samson, H.H., 1986. The induction of oral ethanol self-administration by 
contingent ethanol delivery. Drug Alcohol Depend. 16, 361–368. 
https://doi.org/10.1016/0376-8716(86)90069-4 

Grant, K.A., Samson, H.H., 1985. Oral self administration of ethanol in free feeding rats. 
Alcohol 2, 317–321. https://doi.org/10.1016/0741-8329(85)90067-9 

Green, A.S., Grahame, N.J., 2008. Ethanol drinking in rodents: is free-choice drinking 
related to the reinforcing effects of ethanol? Alcohol 42, 1–11. 
https://doi.org/10.1016/j.alcohol.2007.10.005 

Hamajima, N., Hirose, K., Tajima, K., Rohan, T., Calle, E.E., Heath, C.W., Coates, R.J., 
Liff, J.M., Talamini, R., Chantarakul, N., Koetsawang, S., Rachawat, D., Morabia, 
A., Schuman, L., Stewart, W., Szklo, M., Bain, C., Schofield, F., Siskind, V., Band, 
P., Coldman, A.J., Gallagher, R.P., Hislop, T.G., Yang, P., Kolonel, L.M., Nomura, 
A.M.Y., Hu, J., Johnson, K.C., Mao, Y., De Sanjosé, S., Lee, N., Marchbanks, P., 
Ory, H.W., Peterson, H.B., Wilson, H.G., Wingo, P.A., Ebeling, K., Kunde, D., 
Nishan, P., Hopper, J.L., Colditz, G., Gajalakshmi, V., Martin, N., Pardthaisong, T., 
Silpisornkosol, S., Theetranont, C., Boosiri, B., Chutivongse, S., Jimakorn, P., 
Virutamasen, P., Wongsrichanalai, C., Ewertz, M., Adami, H.O., Bergkvist, L., 
Magnusson, C., Persson, I., Chang-Claude, J., Paul, C., Skegg, D.C.G., Spears, 
G.F.S., Boyle, P., Evstifeeva, T., Daling, J.R., Hutchinson, W.B., Malone, K., 
Noonan, E.A., Stanford, J.L., Thomas, D.B., Weiss, N.S., White, E., Andrieu, N., 
Brêmond, A., Clavel, F., Gairard, B., Lansac, J., Piana, L., Renaud, R., Izquierdo, 
A., Viladiu, P., Cuevas, H.R., Ontiveros, P., Palet, A., Salazar, S.B., Aristizabal, N., 
Cuadros, A., Tryggvadottir, L., Tulinius, H., Bachelot, A., Lê, M.G., Peto, J., 
Franceschi, S., Lubin, F., Modan, B., Ron, E., Wax, Y., Friedman, G.D., Hiatt, R.A., 
Levi, F., Bishop, T., Kosmelj, K., Primic-Zakelj, M., Ravnihar, B., Stare, J., Beeson, 
W.L., Fraser, G., Bulbrook, R.D., Cuzick, J., Duffy, S.W., Fentiman, I.S., Hayward, 
J.L., Wang, D.Y., McMichael, A.J., McPherson, K., Hanson, R.L., Leske, M.C., 
Mahoney, M.C., Nasca, P.C., Varma, A.O., Weinstein, A.L., Moller, T.R., Olsson, 
H., Ranstam, J., Goldbohm, R.A., van den Brandt, P.A., Apelo, R.A., Baens, J., de 
la Cruz, J.R., Javier, B., Lacaya, L.B., Ngelangel, C.A., La Vecchia, C., Negri, E., 
Marubini, E., Ferraroni, M., Gerber, M., Richardson, S., Segala, C., Gatei, D., 
Kenya, P., Kungu, A., Mati, J.G., Brinton, L.A., Hoover, R., Schairer, C., Spirtas, R., 
Lee, H.P., Rookus, M.A., van Leeuwen, F.E., Schoenberg, J.A., McCredie, M., 
Gammon, M.D., Clarke, E.A., Jones, L., Neil, A., Vessey, M., Yeates, D., Appleby, 
P., Banks, E., Beral, V., Bull, D., Crossley, B., Goodill, A., Green, J., Hermon, C., 
Key, T., Langston, N., Lewis, C., Reeves, G., Collins, R., Doll, R., Peto, R., 
Mabuchi, K., Preston, D., Hannaford, P., Kay, C., Rosero-Bixby, L., Gao, Y.T., Jin, 
F., Yuan, J.M., Wei, H.Y., Yun, T., Zhiheng, C., Berry, G., Cooper Booth, J., 
Jelihovsky, T., MacLennan, R., Shearman, R., Wang, Q.S., Baines, C.J., Miller, 
A.B., Wall, C., Lund, E., Stalsberg, H., Shu, X.O., Zheng, W., Katsouyanni, K., 
Trichopoulou, A., Trichopoulos, D., Dabancens, A., Martinez, L., Molina, R., Salas, 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

O., Alexander, F.E., Anderson, K., Folsom, A.R., Hulka, B.S., Chilvers, C.E.D., 
Bernstein, L., Enger, S., Haile, R.W., Paganini-Hill, A., Pike, M.C., Ross, R.K., 
Ursin, G., Yu, M.C., Longnecker, M.P., Newcomb, P., Kalache, A., Farley, T.M.M., 
Holck, S., Meirik, O., Skegg, D., Hulka, B., Muller, A., Peterson, B., Pike, M., 
Thomas, D., Van Leeuven, M., 2002. Alcohol, tobacco and breast cancer – 
collaborative reanalysis of individual data from 53 epidemiological studies, including 
58 515 women with breast cancer and 95 067 women without the disease. Br. J. 
Cancer 87, 1234–1245. https://doi.org/10.1038/sj.bjc.6600596 

Hydes, T.J., Burton, R., Inskip, H., Bellis, M.A., Sheron, N., 2019. A comparison of 
gender-linked population cancer risks between alcohol and tobacco: How many 
cigarettes are there in a bottle of wine? BMC Public Health 19, 1–8. 
https://doi.org/10.1186/s12889-019-6576-9 

Israel, Y., Quintanilla, M.E., Karahanian, E., Rivera-Meza, M., Herrera-Marschitz, M., 
2015. The “first hit” toward alcohol reinforcement: Role of ethanol metabolites. 
Alcohol. Clin. Exp. Res. 39, 776–786. https://doi.org/10.1111/acer.12709 

Jeanblanc, J., Rolland, B., Gierski, F., Martinetti, M.P., Naassila, M., 2019. Animal 
models of binge drinking, current challenges to improve face validity. Neurosci. 
Biobehav. Rev. 106, 112–121. https://doi.org/10.1016/j.neubiorev.2018.05.002 

Juárez, J., De Tomasi, E.B., 1999. Sex Differences in Alcohol Drinking Patterns During 
Forced and Voluntary Consumption in Rats. Alcohol 19, 15–22. 
https://doi.org/10.1016/S0741-8329(99)00010-5 

June, H.L., Gilpin, N.W., 2010. Operant Self-Administration Models for Testing the 
Neuropharmacological Basis of Ethanol Consumption in Rats, Curr Protoc 
Neurosci. https://doi.org/10.1002/0471142301.ns0912s51 

Karanikas, C.A., Lu, Y.L., Richardson, H.N., 2013. Adolescent drinking targets 
corticotropin-releasing factor peptide-labeled cells in the central amygdala of male 
and female rats. Neuroscience 249, 98–105. 
https://doi.org/10.1016/j.neuroscience.2013.04.024 

Kerr-Corrêa, F., Igami, T.Z., Hiroce, V., Tucci, A.M., 2007. Patterns of alcohol use 
between genders: A cross-cultural evaluation. J. Affect. Disord. 102, 265–275. 
https://doi.org/10.1016/j.jad.2006.09.031 

Koob, G.F., 2013. Addiction is a Reward Deficit and Stress Surfeit Disorder. Front. 
Psychiatry 4, 1–18. https://doi.org/10.3389/fpsyt.2013.00072 

Kuntsche, E., Müller, S., 2012. Why Do Young People Start Drinking Motives for First-
Time Alcohol Consumption and Links to Risky Drinking in Early Adolescence. Eur. 
Addict. Res. 18, 34–39. https://doi.org/10.1159/000333036 

Kvamme, T.L., Schmidt, C., Strelchuk, D., Chang-Webb, Y.C., Baek, K., Voon, V., 2016. 
Sexually dimorphic brain volume interaction in college-aged binge drinkers. 
NeuroImage Clin. 10, 310–317. https://doi.org/10.1016/j.nicl.2015.12.004 

Lancaster, F.E., Spiegel, K.S., 1992. Sex differences in pattern of drinking. Alcohol 9, 
415–420. https://doi.org/10.1016/0741-8329(92)90041-8 

Lardeux, S., Kim, J.J., Nicola, S.M., 2013. Intermittent access to sweet high-fat liquid 
induces increased palatability and motivation to consume in a rat model of binge 
consumption. Physiol. Behav. 114–115, 21–31. 
https://doi.org/10.1016/j.physbeh.2013.03.005 

Lei, K., Wegner, S.A., Yu, J.H., Hopf, F.W., 2016. Orexin-1 receptor blockade 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

suppresses compulsive-like alcohol drinking in mice. Neuropharmacology 110, 
431–437. https://doi.org/10.1016/j.neuropharm.2016.08.008 

Linsenbardt, D.N., Boehm, S.L., 2015. Relative fluid novelty differentially alters the time 
course of limited-access ethanol and water intake in selectively bred high-alcohol-
preferring mice. Alcohol. Clin. Exp. Res. 39, 621–630. 
https://doi.org/10.1111/acer.12679 

Loft, S., Olesen, K.-L., Døssing, M., 1987. Increased Susceptibility to Liver Disease in 
Relation to Alcohol Consumption in Women. Scand. J. Gastroenterol. 22, 1251–
1256. https://doi.org/10.3109/00365528708996472 

Lu, Y.-L., Richardson, H.N., 2014. Alcohol, stress hormones, and the prefrontal cortex: 
A proposed pathway to the dark side of addiction. Neuroscience 277, 139–151. 
https://doi.org/10.1016/j.neuroscience.2014.06.053 

Mankes, R.F., Glick, S.D., Hoeven, T., LeFevre, R., 1991. Alcohol Preference and 
Hepatic Alcohol Dehydrogenase Activity in Adult Long-Evans Rats is Affected by 
Intrauterine Sibling Contiguity. Alcohol. Clin. Exp. Res. 15, 80–85. 
https://doi.org/10.1111/j.1530-0277.1991.tb00521.x 

Mann, K., Ackermann, K., Croissant, B., Mundle, G., Nakovics, H., Diehl, A., 2005. 
Neuroimaging of gender differences in alcohol dependence: Are women more 
vulnerable? Alcohol. Clin. Exp. Res. 29, 896–901. 
https://doi.org/10.1097/01.ALC.0000164376.69978.6B 

Mashhoon, Y., Czerkawski, C., Crowley, D.J., Cohen-Gilbert, J.E., Sneider, J.T., Silveri, 
M.M., 2014. Binge Alcohol Consumption in Emerging Adults: Anterior Cingulate 
Cortical “Thinness” Is Associated with Alcohol Use Patterns. Alcohol. Clin. Exp. 
Res. 38, 1955–1964. https://doi.org/10.1111/acer.12475 

Mason, B.J., 2017. Emerging pharmacotherapies for alcohol use disorder. 
Neuropharmacology 122, 244–253. 
https://doi.org/10.1016/j.neuropharm.2017.04.032 

McHugh, M.L., 2011. Multiple comparison analysis testing in ANOVA. Biochem. Medica 
21, 203–209. https://doi.org/10.11613/BM.2011.029 

Morales, M., McGinnis, M.M., McCool, B.A., 2015. Chronic ethanol exposure increases 
voluntary home cage intake in adult male, but not female, Long-Evans rats. 
Pharmacol. Biochem. Behav. 139, 67–76. https://doi.org/10.1016/j.pbb.2015.10.016 

Müller, C., 2006. Liver, alcohol and gender. Wiener Medizinische Wochenschrift 156, 
523–526. https://doi.org/10.1007/s10354-006-0348-8 

National Institute on Alcohol Abuse and Alcoholism, 2004. NIAAA Council Approves 
Definition of Binge Drinking. NIAAA Newsl. 3:3. 

Orio, L., Antón, M., Rodríguez-Rojo, I.C., Correas, Á., García-Bueno, B., Corral, M., de 
Fonseca, F.R., García-Moreno, L.M., Maestú, F., Cadaveira, F., 2018. Young 
alcohol binge drinkers have elevated blood endotoxin, peripheral inflammation and 
low cortisol levels: neuropsychological correlations in women. Addict. Biol. 23, 
1130–1144. https://doi.org/10.1111/adb.12543 

Patrick, M.E., Terry-McElrath, Y.M., Evans-Polce, R.J., Schulenberg, J.E., 2020. 
Negative alcohol-related consequences experienced by young adults in the past 12 
months: Differences by college attendance, living situation, binge drinking, and sex. 
Addict. Behav. 105, 106320. https://doi.org/10.1016/j.addbeh.2020.106320 

Peltier, M.R., Verplaetse, T.L., Mineur, Y.S., Petrakis, I.L., Cosgrove, K.P., Picciotto, 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

M.R., McKee, S.A., 2019. Sex differences in stress-related alcohol use. Neurobiol. 
Stress 10, 100149. https://doi.org/10.1016/j.ynstr.2019.100149 

Randall, P.A., Stewart, R.T., Besheer, J., 2017. Sex differences in alcohol self-
administration and relapse-like behavior in Long-Evans rats. Pharmacol. Biochem. 
Behav. 156, 1–9. https://doi.org/10.1016/j.pbb.2017.03.005 

Rhodes, J.S., Best, K., Belknap, J.K., Finn, D.A., Crabbe, J.C., 2005. Evaluation of a 
simple model of ethanol drinking to intoxication in C57BL/6J mice. Physiol. Behav. 
84, 53–63. https://doi.org/10.1016/j.physbeh.2004.10.007 

Richardson, H.N., Lee, S.Y., O’Dell, L.E., Koob, G.F., Rivier, C.L., 2008. Alcohol self-
administration acutely stimulates the hypothalamic-pituitary- adrenal axis, but 
alcohol dependence leads to a dampened neuroendocrine state. Eur. J. Neurosci. 
28, 1641–1653. https://doi.org/10.1111/j.1460-9568.2008.06455.x 

Risinger, F.O., Brown, M.M., Doan, A.M., Oakes, R.A., 1998. Mouse Strain Differences 
in Oral Operant Ethanol Reinforcement under Continuous Access Conditions. 
Alcohol. Clin. Exp. Res. 22, 677–684. https://doi.org/10.1111/j.1530-
0277.1998.tb04311.x 

Robinson, S.L., McCool, B.A., 2015. Microstructural analysis of rat ethanol and water 
drinking patterns using a modified operant self-administration model. Physiol. 
Behav. 149, 119–130. https://doi.org/10.1016/j.physbeh.2015.05.034 

Schwarzinger, M., Thiébaut, S.P., Baillot, S., Mallet, V., Rehm, J., 2018. Alcohol use 
disorders and associated chronic disease – a national retrospective cohort study 
from France. BMC Public Health 18, 43. https://doi.org/10.1186/s12889-017-4587-y 

Siciliano, C.A., Noamany, H., Chang, C.-J., Brown, A.R., Chen, X., Leible, D., Lee, J.J., 
Wang, J., Vernon, A.N., Vander Weele, C.M., Kimchi, E.Y., Heiman, M., Tye, K.M., 
2019. A cortical-brainstem circuit predicts and governs compulsive alcohol drinking. 
Science (80-. ). 366, 1008–1012. https://doi.org/10.1126/science.aay1186 

Smith-Warner, S.A., Spiegelman, D., Yaun, S.-S., van den Brandt, P.A., Folsom, A.R., 
Goldbohm, R.A., Graham, S., Holmberg, L., Howe, G.R., Marshall, J.R., Miller, 
A.B., Potter, J.D., Speizer, F.E., Willett, W.C., Wolk, A., Hunter, D.J., 1998. Alcohol 
and Breast Cancer in Women. JAMA 279, 535. 
https://doi.org/10.1001/jama.279.7.535 

Substance Abuse and Mental Health Services Administration, 2014. Results from the 
2014 National Survey on Drug Use and Health (NSDUH): Detailed Tables. U.S. 
Dep. Heal. Hum. Serv. Table 2.46B. 

Szumlinski, K.K., Coelho, M.A., Lee, K.M., Tran, T., Sern, K.R., Bernal, A., Kippin, T.E., 
2019. DID it or DIDn’t it? Exploration of a failure to replicate binge-like alcohol-
drinking in C57BL/6J mice. Pharmacol. Biochem. Behav. 178, 3–18. 
https://doi.org/10.1016/j.pbb.2018.12.002 

Teschke, R., Wiese, B., 1982. Sex-dependency of hepatic alcohol metabolizing 
enzymes. J. Endocrinol. Investig. Off. J. Ital. Soc. Endocrinol. 
https://doi.org/10.1007/BF03348330 

Thiele, T.E., Crabbe, J.C., Boehm, S.L., 2014. Drinking in the Dark (DID): A Simple 
Mouse Model of Binge-Like Alcohol Intake. Curr. Protoc. Neurosci. 68, 1–12. 
https://doi.org/10.1002/0471142301.ns0949s68 

Thiele, T.E., Navarro, M., 2014. Drinking in the dark (DID) procedures: A model of 
binge-like ethanol drinking in non-dependent mice. Alcohol 48, 235–241. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588


   
 

   
 

https://doi.org/10.1016/j.alcohol.2013.08.005 
Urbano-Márquez, A., Estruch, R., Fernández-Solá, J., Nicolás, J.M., Paré, J.C., Rubin, 

E., 1995. The greater risk of alcoholic cardiomyopathy and myopathy in women 
compared with men. J. Am. Med. Assoc. 274, 149–154. 
https://doi.org/10.1001/jama.274.2.149 

Vargas, W.M., Bengston, L., Gilpin, N.W., Whitcomb, B.W., Richardson, H.N., 2014. 
Alcohol Binge Drinking during Adolescence or Dependence during Adulthood 
Reduces Prefrontal Myelin in Male Rats. J. Neurosci. 34, 14777–14782. 
https://doi.org/10.1523/JNEUROSCI.3189-13.2014 

White, A.J., DeRoo, L.A., Weinberg, C.R., Sandler, D.P., 2017. Lifetime alcohol intake, 
binge drinking behaviors, and breast cancer risk. Am. J. Epidemiol. 186, 541–549. 
https://doi.org/10.1093/aje/kwx118 

White, A.M., Slater, M.E., Ng, G., Hingson, R., Breslow, R., 2018. Trends in Alcohol-
Related Emergency Department Visits in the United States: Results from the 
Nationwide Emergency Department Sample, 2006 to 2014. Alcohol. Clin. Exp. Res. 
42, 352–359. https://doi.org/10.1111/acer.13559 

Wilsnack, R.W., Wilsnack, S.C., Gmel, G., Kantor, L.W., 2018. Gender Differences in 
Binge Drinking. Alcohol Res. 39, 57–76. 

Yoshida, M., Koyanagi, S., Matsuo, A., Fujioka, T., To, H., Higuchi, S., Ohdo, S., 2005. 
Glucocorticoid Hormone Regulates the Circadian Coordination of u-Opioid 
Receptor Expression in Mouse Brainstem □. Am. Soc. Pharmacol. Exp. Ther. 
1119–1124. https://doi.org/10.1124/jpet.105.091488 

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446588doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446588

