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Abstract (300/300 words) 39 

 40 

Background: Forced alcohol (ethanol, EtOH) exposure has been shown to cause significant 41 

impairments on reversal learning, a widely-used assay of cognitive flexibility, specifically on 42 

fully-predictive, deterministic versions of this task. However, previous studies have not adequately 43 

considered voluntary EtOH consumption and sex effects on probabilistic reversal learning. The 44 

present study aimed to fill this gap in the literature. Methods: Male and female Long-Evans rats 45 

underwent either 10 weeks of voluntary intermittent 20% EtOH access or water only (H2O) access. 46 

Rats were then pretrained to initiate trials and learn stimulus-reward associations via touchscreen 47 

response, and subsequently required to select between two visual stimuli, rewarded with 48 

probability 0.70 or 0.30. In the final phase, reinforcement contingencies were reversed. Results: 49 

We found significant sex differences on several EtOH-drinking variables, with females reaching a 50 

higher maximum EtOH consumption, exhibiting more high-drinking days, and escalating their 51 

EtOH at a quicker rate compared to males. During early abstinence, EtOH drinkers made more 52 

initiation omissions and were slower to initiate trials than H2O drinking controls, particularly 53 

during pretraining. EtOH drinking females were most affected. A similar pattern in trial initiations 54 

was also observed in discrimination, but not in reversal learning. EtOH drinking rats were 55 

unaffected in their reward collection and stimulus response times, indicating intact motivation and 56 

motor responding. Although there were sex differences in discrimination and reversal phases, 57 

performance improved over time. We also observed sex-independent drinking group differences 58 

in win-stay and lose-shift strategies specific to the reversal phase. Conclusions: Females exhibit 59 

increased vulnerability to EtOH effects in early learning: there were sex-dependent EtOH effects 60 

on attentional measures during pretraining and discrimination phases. We also found sex-61 

independent EtOH effects on exploration strategies during reversal. Future studies should aim to 62 

uncover the neural mechanisms for changes in attention and exploration in both acute and 63 

prolonged EtOH withdrawal. 64 

 65 

Keywords: reversal learning, probabilistic learning, win-stay, lose-switch, stimulus-reward, 66 

orbitofrontal cortex, sex differences 67 
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Introduction 73 

Individuals with Alcohol Use Disorder (AUD) show cognitive impairments, particularly in the 74 

domain of cognitive flexibility, broadly defined as the ability to adjust one’s behavior in response 75 

to changes in the environment (1).  Preclinical models that mimic alcohol (ethanol, EtOH) 76 

consumption in humans can elucidate underlying mechanisms related to such cognitive 77 

impairments in individuals with AUD (2). 78 

Several groups have tested the effect of forced EtOH exposure on reversal learning, a 79 

robust measure of cognitive flexibility commonly used in experimental animals (3) that requires 80 

the remapping of reward contingencies. In deterministic (fully-predictive) reversal learning 81 

paradigms more frequently employed in behavioral pharmacology experiments, subjects first learn 82 

to discriminate and choose between two stimuli, one of which is rewarded and the other which is 83 

not. After successful discrimination, the associated outcomes of the two stimuli are reversed, 84 

forcing the subject to remap the associations (3–6). In probabilistic reversal learning (PRL) 85 

paradigms, each stimulus is associated with a probability of reward (e.g. .80/.20, .70/.30), with one 86 

stimulus associated with a higher probability of reward (the “better” option), and another with a 87 

lower probability of reward  (the “worse” option) (3,7,8).  88 

  Voluntary alcohol consumption models (e.g. 2-Bottle Choice, EtOH gelatin) have been 89 

used to assess effects on deterministic reversal learning (6,9,10), resulting in no significant 90 

treatment group differences. However, it is worth noting that these studies only examined overall 91 

performance (i.e. trials to reach criterion, number of correct choices and errors) and did not report 92 

whether there were group differences on latency measures to initiate and commit trials and collect 93 

reward, or the types of strategies employed on a more fine-grained, trial-by-trial basis. Latency 94 

measures, for example, could be used to dissociate processing speed and decision-making from 95 
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motivational effects. Latency to collect reward along with number of initiated trials are commonly 96 

used as a measure of motivation, whereas response latency is often used as a measure of processing 97 

or decision-making speed in the Five-Choice Serial Reaction Time Task (5CSRTT) (11–16). 98 

Measures of attention vary, but can include number of omissions, as well as percentage of correct 99 

responses (i.e. accuracy) (11,13,14,17–19). Although omissions are thought to be indicative of 100 

inattentiveness, one must consider this measure in conjunction with response and reward latencies 101 

to rule out processing speed and motivational deficits, respectively, as potential confounds (19,20). 102 

 We also studied Win-Stay/Lose-Shift (WSLS) strategies commonly analyzed in PRL 103 

paradigms. WSLS strategies reflect an animal’s tendency to select the same stimulus after being 104 

rewarded (i.e. Win-Stay) or switch to select a different stimulus after not being rewarded (i.e. Lose-105 

shift) (21). Conversely, animals may use less advantageous strategies, such as selecting a different 106 

stimulus after being rewarded (i.e. Win-Shift), or choosing the same stimulus after not being 107 

rewarded (i.e. Lose-Stay). We probed these in the present study. Also noteworthy, most studies 108 

have exclusively used male animals, limiting the generalizability of the results given recent 109 

findings showing sex differences in consumption patterns, with female rodents showing higher 110 

EtOH intake levels and preference for EtOH (22–26), even exhibiting less aversion to EtOH 111 

compared to males (27–30). 112 

The present study sought to address these gaps in the literature by probing the effects of a 113 

chronic intermittent voluntary alcohol consumption model on PRL in male and female rats. Rats 114 

were administered a 2-bottle choice procedure, during which they were given access to either both 115 

20% EtOH and H2O, or H2O only, 3 days per week for a total of 10 weeks. Five days after their 116 

last day of EtOH access they underwent pretraining and advanced to PRL after meeting several 117 

training criteria. Given recent findings on sex differences in EtOH consumption, we hypothesized 118 
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that females would be more EtOH-preferring and reach higher EtOH consumption levels than 119 

males. Here, we corroborate previous findings of enhanced EtOH consumption and escalation in 120 

female rats compared to male rats. Surprisingly, we found sex-dependent treatment group 121 

differences in trial initiations, with the most robust effects in pretraining that carried through early 122 

discrimination. These results were in contrast to intact committed trials (i.e., stimulus response) 123 

and reward collection times throughout learning. We found changes in WSLS strategy specific to 124 

the reversal phase, with EtOH drinkers displaying more exploration (i.e. shift) strategies than H2O 125 

drinkers. These effects, were not sex-dependent. Taken together, the present results suggest an 126 

enduring effect on attention and exploration-based strategies, but not motivational measures, in 127 

stimulus-reward association learning in prolonged abstinence from EtOH. 128 

 129 

Methods 130 

 131 

A timeline of all procedures is shown in Figure 1A. Subjects were adult male (n=16) and female 132 

(n=16) Long-Evans rats (Charles River Laboratories). All animals were between PND 60-70 upon 133 

start of EtOH or H2O-only consumption and between PND 130-140 at the start of behavioral 134 

testing. All rats underwent a 3 day acclimation period, during which they were pair-housed and 135 

given food and water ad libitum, and remained in cages with no investigator interference. 136 

Following the 3-day acclimation period, animals were handled for 10 min per animal for 5 137 

consecutive days. During the handling period, the animals were given unlimited food and water 138 

access and were tail marked. After the handling period, animals were singly-housed under standard 139 

housing conditions (room temperature 22–24° C) with a standard 12 h light/dark cycle (lights on 140 

at 6am). This study was conducted in strict accordance with the recommendations in the Guide for 141 

the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was 142 
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approved by the Chancellor’s Animal Research Committee at the University of California, Los 143 

Angeles.  144 

 145 

Rodent voluntary alcohol regimen: 2-bottle choice procedure  146 

 147 

Rat home cages were modified to allow for the placement of 2 bottles. Rats (n=16; n=8 male, n=8 148 

female) were given access to both water and 20% alcohol simultaneously, with placement of 149 

bottles counterbalanced, for a 24-hour period 3 days per week, and only water on the remaining 150 

days. Alcohol access was terminated at 10 weeks (29 days of access) after animals’ EtOH 151 

consumption stopped escalating. An age-matched control cohort of water (H2O)-only drinking 152 

animals (n=16; n=8 male, n=8 female) was placed in modified home cages allowing for the 153 

placement of 2 bottles with water-only also for a total of 10 weeks. Weight of bottles was measured 154 

before and after alcohol and/or water-only access to measure daily consumption amounts with a 155 

control cage placed on the same rack to account for leakage.  156 

 157 

Behavioral task: rodent probabilistic reversal learning (PRL) task  158 

 Immediately following the termination of the consumption period, all animals were placed on 159 

food restriction to 14 grams/day (females) or 18 grams/day (males) of chow for 5 days prior to 160 

behavioral testing. Animals were weighed every other day and monitored closely to not fall below 161 

85% of their maximum, free-feeding weight. Behavioral testing was conducted in operant 162 

conditioning chambers outfitted with an LCD touchscreen opposing the sugar pellet dispenser 163 

(31,32) during the animals’ inactive phase. All chamber equipment was controlled by customized 164 

ABET II TOUCH software. Following 5 days of forced abstinence (n=16; EtOH group) or a rest 165 

period (n=16; H2O group), animals began pretraining.  166 
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The pretraining protocol, adapted from established procedures described in Stolyarova et 167 

al. (2017) (31), consisted of a series of phases: Habituation, Initiation Touch to Center Training 168 

(ITCT), Immediate Reward Training (IMT), designed to train rats to nosepoke, initiate a trial, and 169 

select a stimulus to obtain reward. During habituation, rats were required to eat five pellets out of 170 

the pellet dispenser inside the chambers within 15 min before exposure to any stimuli on the 171 

touchscreen. ITCT began with the display of white graphic stimuli on the black background of the 172 

touchscreen. During this stage, a trial could be terminated for one of two reasons: if a rat touched 173 

the displayed image (and received reward), or if the image display time (40 s) ended, after which 174 

the stimulus disappeared, a black background was displayed, and a 10 s inter-trial interval (ITI) 175 

ensued. If the rat did not touch within 40 s this was scored as an initiation omission. IMT began in 176 

the same way as ITCT, but the disappearance of the white graphic stimulus was now paired with 177 

the onset of a target image immediately to the left or right of the stimulus (i.e. forced-choice) that 178 

the rat was required to nosepoke to obtain reward. During this stage, a trial could be terminated 179 

for one of three reasons. First, if a rat touched the center display (i.e. white graphic stimulus) and 180 

touched the image displayed on either side, after which there was a dispensation of one sucrose 181 

pellet and illumination of the tray-light. Second, if the rat failed to touch the center white graphic 182 

stimulus before the display time ended (40 s), the stimulus disappeared, a black background was 183 

displayed, and a 10 s ITI ensued, scored as a initiation omission. Third, if the image display time 184 

(60 s) ended, after which the stimulus disappeared, a black background was displayed, and a 10 s 185 

ITI ensued, scored as a choice omission. Rats could also fail to respond to the center stimulus 186 

within 40 s during this phase (i.e. initiation omission, as in the previous phase). For habituation 187 

pretraining, the criterion for advancement was collection of all 5 sucrose pellets. For ITCT, the 188 
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criterion to the next stage was set to 60 rewards consumed in 45 min. The criterion for IMT was 189 

set to 60 rewards consumed in 45 min across two consecutive days.  190 

After completion of all pretraining schedules, rats were advanced to the discrimination 191 

phase of the PRL task, in which they would initiate a trial by touching the white graphic stimulus 192 

in the center screen (displayed for 40 s), and choose between two visual stimuli presented on the 193 

left and right side of the screen (displayed for 60 s) counterbalanced between trials, assigned as 194 

the Better or Worse options, rewarded with a sucrose pellet, with probability pR(B)=0.70 and 195 

pR(W)=0.30, respectively. Assignment of the stimulus to better or worse reinforcement was 196 

counterbalanced across conditions. If a trial was not initiated within 40 s, it was scored as an 197 

initiation omission. If a stimulus was not chosen, it was scored as a choice omission, and a 10 s 198 

ITI ensued. If a trial was not rewarded, a 5 s time-out would follow, subsequently followed by a 199 

10 s ITI. Finally, if a trial was rewarded, a 10 s ITI would follow after the reward was collected 200 

(Fig 1B). The criterion was set to 60 or more rewards consumed and selection of the better option 201 

in 80% of the trials or higher during a 60 min session across two consecutive days. After reaching 202 

criterion for the discrimination phase, the rats advanced to the reversal phase beginning on the next 203 

session. During the reversal phase, rats were required to remap stimulus-reward contingencies. 204 

The criterion for the reversal phase was the same as the discrimination phase.   205 

 206 
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207 
Fig 1. Experimental timeline and probabilistic discrimination and reversal learning paradigm. (A) 208 
Sequence of events during the voluntary EtOH drinking regimen (i.e. 2-bottle choice procedure), forced 209 
abstinence, and behavioral testing, depicted from left to right. (B) Task structure of probabilistic reversal 210 
learning (PRL), in which the animal initiated a trial by nosepoking the white graphic stimulus in the center 211 
screen (displayed for 40 s), and chose between two visual stimuli pseudorandomly presented on either the 212 
left and right side of the screen (displayed for 60 s), assigned as the Better or Worse options, rewarded with 213 
a sucrose pellet with probability pR(B)=0.70 and pR(W)=0.30, respectively. If a trial was not rewarded 214 
[pNR(B) or pNR(W)], a 5 s time-out would commence. If a stimulus was not chosen, it was considered an 215 
omission and a 10 s ITI would commence. If a trial was rewarded, a 10 s ITI would follow reward collection.  216 

  217 

 218 

Statistical analyses 219 

To test the study hypotheses, a series of mixed-effects General Linear Models (GLM) and ANOVA 220 

analyses were conducted using MATLAB (MathWorks, Natick, Massachusetts; Version R2018b) 221 

(33) and SPSS (IBM SPSS Statistics, Version 25) (34). MATLAB was also used for graphing.  222 

The EtOH consumption data were analyzed with ANOVAs with sex and drinking-group 223 

as between-subject factors, and EtOH consumption days (D1-D29) as a within-subject factor, with 224 

EtOH consumption (g/kg) as the primary outcome (35–37). Independent samples t-tests were 225 
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conducted for EtOH-drinking related varibles, such as maximum EtOH consumption, calculated 226 

as the highest amount of EtOH consumption reached over the course of the 29 days of alcohol 227 

access averaged by sex, and the number of high-drinking days (i.e. 5+ g/kg/24 hrs) (38).  228 

Learning data (sessions to criterion, percent correct), number of rewards collected, 229 

omission, and latency data were analyzed with GLM in MATLAB (fitglme function; Statistics and 230 

Machine Learning Toolbox; MathWorks, Natick, Massachusetts; Version R2017a). Percent 231 

correct, number of rewards, and initiation omissions, were analyzed using GLM across repeated 232 

days of testing per animal with drinking group (EtOH vs. H2O) and sex (female vs male) as fixed 233 

effects and animal as a random effect.  In Figures, we show the first 15-20 days of learning to 234 

avoid overweighting performance of increasingly fewer animals at the extremes. Omission (sums) 235 

and latency data (medians) included one observation per subject and were also analyzed with a 236 

GLM with drinking group and sex as fixed effects and animal as a random effect. All post-hoc 237 

tests were Bonferroni-corrected to account for the number of comparisons. Statistical significance 238 

was noted when p-values were less than 0.05, p-values between 0.05 and 0.06 are reported as 239 

marginally significant. 240 

 Trial-by-trial analyses were conducted to investigate potential sex and group differences 241 

in WSLS strategies used in the PRL task. WSLS are strategies commonly examined in decision-242 

making tasks involving risk and reward that can reveal changes in  sensitivity to surprising 243 

outcomes and feedback learning. Each trial was classified as a win if an animal received a sugar 244 

pellet, and as a lose trial if no reward was delivered. We classified decisions as Win-Stay when a 245 

rat chose the same stimulus on the subsequent trial after a win and as Lose-Shift when the rat 246 

switched to the alternative stimulus after a loss. We also studied less advantageous strategies: we 247 

classified selecting a different stimulus after being rewarded as Win-Shift, and choosing the same 248 
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stimulus after not being rewarded as Lose-Stay. For win-stay: sum(win-stay)/sum(win); for lose-249 

shift: sum(lose-shift)/sum(lose); for win-shift: 1-sum(win-stay)/sum(win); and for lose-stay: 1-250 

sum(lose-shift)/sum(lose). We compared the frequency of using advantageous strategies (i.e., win-251 

stay, lose-shift) vs. less advantageous strategies (i.e., win-shift, lose-stay) by generating an 252 

adaptive score: (win-stay + lose-shift) - (win-shift + lose-stay). Ultimately, we compared the use 253 

of advantageous (i.e., win-stay, lose-shift) with less advantageous (i.e., win-shift, lose-stay) 254 

strategies by drinking group and sex. 255 

 256 

Results 257 

EtOH consumption  258 

Independent samples t-tests showed that females reached a greater maximum level of EtOH 259 

consumption [t(14)=3.46, p=0.004] (Fig 2A) and exhibited more high-drinking days (i.e. days of 260 

EtOH consumption 5+ g/kg/24 hours) [t(14)=3.00, p=0.01] than males (Fig 2B). A repeated-261 

measures ANOVA was used to assess the within-subject effect of EtOH drinking days and the 262 

between-subject factor of sex on EtOH consumption (g/kg). There was a within-subject effect of 263 

day [F(28, 392)=6.68, p<0.0001], suggesting an escalation of EtOH over the course of 29 EtOH 264 

drinking days (Fig 2C). A marginally-significant sex*day interaction was found, [F(28,392)= 1.51, 265 

p=0.05], with female animals escalating drinking more steeply than males over the 29 days. 266 

Although not significant, we found a trend for a main effect of sex [F(1, 14)=3.42, p=0.09]. 267 

Conversely, we saw a de-escalation of water (H2O) consumption over the 29 days of alcohol 268 

access, [F(28,392)=13.594 p<0.0001; Fig 2D], but found no sex*day interaction, [F(28,392)= 269 

0.993, p=0.48], yet a trend for an effect of sex [F(1, 14)=3.25, p=0.09]. It is important to note that 270 

H2O-drinking animals reached a significantly higher body weight 413.44±20.87 (M±SEM), 271 
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compared to EtOH-drinking animals 332.69±24.09, [t(30)=2.53, p=0.02], and that body weight 272 

was significantly negatively correlated with maximum EtOH consumption level [r(16)=-0.67, 273 

p=0.005], and number of high-drinking days [r(16)=-0.61, p=0.01]. Overall females exhibited 274 

heavier EtOH consumption patterns than males.  275 

 276 
 277 

Fig 2. 20% Ethanol (EtOH) consumption (g/kg) across drinking days (D1-D29) is more pronounced 278 
in females. (A) Females reached a greater maximum EtOH level of consumption than males. (B) Females 279 
exhibited more high-drinking (5-10 g/kg/24 hr) days than males. (C) There was a within-subject effect of 280 
day, with both males and females escalating their EtOH consumption over time, a marginally significant 281 
sex*day interaction, and a trend for a main effect of sex. (D) There was a de-escalation of water 282 
consumption over the 29 days of alcohol access, but no main effect of sex or sex*day interaction. Bars 283 
indicate ± S.E.M.  n=8 males, n=8 females, **p<0.01.  284 

 285 

Full Model  286 
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Generalized linear models were first run to include all between- (drinking group, sex) and 287 

within-subject (learning phase, day) factors, to test for differences among individual factors and 288 

(2- and 3-way) interactions on our main behavioral outcomes (i.e. percent correct, denoted as 289 

choice of the better option, and rewards collected), omissions (initiation, choice), and latencies 290 

(initiation, correct vs. incorrect choice, reward collection), as well as differences in stimulus-based 291 

use of advantageous (i.e., win-stay, lose-shift) and less advantageous (i.e., win-lose, lose-stay) 292 

strategies.  293 

We found a significant effect of day on choosing the better option (GLM: βday =0.01, 294 

p=0.001), indicative of learning over time, as well as a significant group*day interaction (GLM: 295 

βgroup*day =0.02, p=0.01), with the H2O-drinking animals exhibiting higher rates of learning across 296 

days. Additionally, there were 3 and 4-way interactions that were significant or marginally-297 

significant, including group*sex*day (GLM: βgroup*sex*day =-0.03, p=0.01), group*phase*day 298 

(GLM: βgroup*phase*day =-0.02, p=0.05), and group*sex*phase*day (GLM: βgroup*sex*phase*day =0.02,  299 

p=0.03). All animals also increased their number of rewards collected (GLM: βday =1.76, p<.0001), 300 

with notable group (GLM: βgroup =19.70, p=0.02) and sex differences (GLM: βsex =17.26, p=0.04), 301 

such that H2O-drinking animals and males collected a greater number of rewards overall compared 302 

to EtOH-drinking animals and females, respectively. Significant sex*day (GLM: βsex*day=-1.73, 303 

p<.0001), and marginally-significant phase*day (GLM: βphase*day =-0.74, p=0.05) interactions 304 

indicated that the rate at which rewards were collected increased more rapidly in females and 305 

during the discrimination learning phase. We then tested the effect of all factors on initiation 306 

omissions, which, as expected, decreased across testing days (GLM: βday =-0.26, p=0.04), but were 307 

greater in number among EtOH-drinking animals (GLM: βgroup =-10.62,  p=0.001), females (GLM: 308 

βsex =-6.03, p=0.05), and during the discrimination phase (GLM: βphase =-7.42, p=0.02).  309 
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Our analyses on omissions resulted in an increased number of initiation omissions in EtOH-310 

drinking animals (GLM: βgroup =-304.12, p=0.01), and a significant 3-way group*sex*phase 311 

interaction for choice omissions (GLM: βgroup*sex*phase =-3.81, p=0.02). Conversely, H2O-drinking 312 

animals exhibited longer reward collection latencies (GLM: βgroup =0.17, p=0.02), and incorrect 313 

choice latencies (GLM: βgroup =-0.09, p=0.04). Finally, we assessed if there were any differences 314 

in use of advantageous vs. less advantageous learning strategies and found a greater use of the 315 

advantageous strategies (i.e. win-stay, lose-shift) compared to less advantageous strategies (i.e. 316 

win-shift, lose-stay) during the discrimination learning phase (GLM: βphase=-0.13, p=0.004). 317 

Akaike Information Criteria (AIC) and Bayesian Information Criteria (BIC) were computed for 318 

the full model (AICpercent-correct=-6375.40; BICpercent-correct=-5446.70), as well as for models 319 

excluding the phase factor by separately analyzing discrimination (AICpercent-correct=-1501.50; 320 

BICpercent-correct=-1287.40), and reversal learning phases (AICpercent-correct=-1441.2; BICpercent-correct=-321 

1234.30), while still including all the other factors (i.e. group, sex, days).  The latter models (for 322 

which phases were analyzed separately) yielded lower AIC and BIC values, indicative of a better 323 

fit. Thus, subsequent analyses were further subdivided into  discrimination vs. reversal phases, and 324 

early vs. late discrimination and reversal learning based on prior studies indicating these may be 325 

particularly informative to contrast (39–44). 326 

 327 

Pretraining (PT) performance 328 

As pretraining was a unique phase with slightly different dependent measures (i.e. forced choice 329 

omissions and latencies), a separate GLM was used to assess the effect of group (EtOH, H2O) and 330 

sex (female, male), and group*sex interactions on the number of pretraining sessions required to 331 

reach criterion to advance to the discrimination learning phase of the PRL task. A significant effect 332 
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of group and sex emerged, with the EtOH-experienced animals requiring a greater number of 333 

pretraining sessions than the H2O-only group (GLM: βgroup =-14.00, p=0.04; Fig 3A), and females 334 

requiring a greater number of pretraining sessions than males (GLM: βsex =-11.38, p=0.001; Fig 335 

3A). A group*sex interaction was found (GLM: βgroup*sex =12.00, p=0.01) with EtOH-drinking 336 

females requiring more pretraining sessions than EtOH-drinking males (GLM: βsex =-11.38, 337 

p=0.03). Both EtOH-drinking females (GLM: βgroup =-14.00, p=0.01) and EtOH-drinking males 338 

(GLM: βgroup =-2.00, p=0.03) needed more sessions to reach criterion than their H2O-drinking 339 

counterparts (Fig 3A). There was an overall average of 10.19±1.47 (M±SEM) sessions to 340 

successfully meet the pretraining criterion and advance to discrimination learning.  341 

We analyzed group and sex differences, as well as the group by sex interaction on initiation 342 

omissions, defined as a failure to nosepoke the center white square stimulus within 40s, and 343 

initiation latencies, defined as the duration until nosepoke of the center white square stimulus. 344 

There was an effect of both group (GLM: βgroup = -554.12, p=0.0001; Figs 3B), and sex (GLM: 345 

βsex = -517.87, p=0.0003; Figs 3B) on initiation omissions, with EtOH-drinking animals and 346 

females displaying more initiation omissions compared to H2O-drinking animals and males, 347 

respectively. A significant drinking group*sex interaction (GLM: βgroup*sex = 467.00, p=0.01; Fig 348 

3B), indicated that both EtOH-drinking females (GLM: βgroup =-554.00  p=0.01) and males (GLM: 349 

βgroup = -87.13, p=0.01) exhibited more initiation omissions than their H2O-drinking counterparts, 350 

and EtOH-drinking females exhibited more initiation omissions than EtOH-drinking males (GLM: 351 

βsex = -517.88, p=0.01). The EtOH group also displayed longer initiation latencies than the H2O 352 

group (GLM: βgroup = -3.48, p=0.001; Figs 3C and S3A), but there was no effect of sex (GLM: 353 

βsex = -1.37, p=0.18; Figs 3C and S3D), or group*sex interaction (GLM: βgroup* sex = -0.09, p=0.95; 354 

Fig 3C).  355 
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Next we analyzed differences in forced-choice omissions, defined as failure to nosepoke 356 

the stimulus presented on either the left or right side of the touchscreen after initiation of the trial, 357 

and forced-choice latencies, defined as duration until nosepoke of the stimulus presented on the 358 

left or right side. There was a significant effect of sex (GLM: βsex = -6.13, p=0.03; Fig 3D), with 359 

females displaying more forced-choice omissions, but no significant group (GLM: βgroup = -4.25, 360 

p=0.13; Fig 3D), or group*sex interaction (GLM: βgroup*sex = 5.38, p=0.17; Fig 3D). There was a 361 

significant effect of both group (GLM: βgroup = -2.76, p=0.01; Fig 3E and S3B), and sex (GLM: 362 

βsex =-2.37, p=0.03; Fig 3E and S3E), on forced-choice latency, with the EtOH-experienced 363 

animals and females taking longer to select the stimulus, but no significant group*sex interaction 364 

(GLM: βgroup*sex = -0.45, p=0.76). Finally, we analyzed data for differences in reward latency, 365 

defined as the duration to collect the sucrose reward from the food magazine, and found no effect 366 

of group (GLM: βgroup = 0.44, p=0.70; Figs 3F and S3C), sex (GLM: βsex =-0.01, p=0.92; Figs 3F 367 

and S3F), or group*sex (GLM: βgroup*sex = 0.15, p=0.35; Fig 3F) interaction.   368 

Collectively, the omission and latency data for initiations and forced-choice trials suggest 369 

an attenuating effect of EtOH experience, and specifically in EtOH- experienced females, on 370 

quickly responding to stimuli, while the reward collection data point to preserved motor 371 

responding and motivation for reward in EtOH-experienced animals. 372 
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 373 

Fig 3. Drinking group, sex differences, and drinking group by sex interactions in operant pretraining. 374 
(A) The number of pretraining sessions required to reach criterion to advance to the main PRL task was 375 

greater for EtOH-drinking (male and female) animals than their H2O-only drinking counterparts, and 376 
greater for EtOH-drinking females compared to EtOH-drinking males. Although a significant group*sex 377 

interaction was found for this measure, signifcant pairwise comparisons are not depicted for clarity. (B) 378 

EtOH group and females exhibited more initiation omissions than the H2O group and males, respectively. 379 
Although a significant group*sex interaction was also found for this measure, significant pairwise 380 

comparisons are not depicted for clarity. (C) EtOH group exhibited longer initiation latencies than the H2O 381 
group. No sex differences were found for initiation omissions. (D) Females displayed more forced-choice 382 

omissions. No group differences were found for forced-choice omissions. (E) EtOH group and females 383 

exhibited longer forced-choice latencies than the H2O group and males, respectively. (F) No group or sex 384 

differences were found for reward latencies. Latencies represent group medians. Bars indicate ± 𝑆. 𝐸. 𝑀. 385 

n=16 males, n=16 females, *p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p≤0.0001 386 

 387 

 388 

Probabilistic Discrimination (D) performance 389 

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 May 3, 2020. ; https://doi.org/10.1101/2020.05.01.071092doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.01.071092


 18 

There were no significant group (GLM: βgroup =-9.50, p=0.07) or sex differences (GLM: 390 

βsex = 3.13, p=0.54) on total number of sessions to reach criterion for the discrimination phase, but 391 

a marginally-significant group*sex interaction on this measure was observed (GLM: βgroup*sex 392 

=14.88, p=0.047; Fig 4A). Overall, all animals performed comparably regardless of group or sex, 393 

with an overall average of 27.41±2.17 days required to successfully discriminate and advance to 394 

the reversal phase.  395 

A GLM model was used to test the effect of drinking group (EtOH, H2O), sex (female, 396 

male), days, and their 2-way and 3-way interactions on percent correct (i.e. choosing the better 397 

option), number of rewards (i.e. sucrose pellets), and initiation omissions across 20 testing days of 398 

discrimination learning (D1-D20). All animals demonstrated learning by showing an increase in 399 

choosing the better option across days, (GLM: βday =0.01, p=0.001; Figs 4B), regardless of group 400 

or sex. There was no effect of drinking group (GLM: βgroup = -0.01, p=0.79), or sex (GLM: βsex 401 

=0.07, p=0.17), and no group*sex (GLM: βgroup* sex = -0.03, p=0.65), or sex*day (GLM: βsex* day 402 

=0.01, p=1.00) interaction on percent correct. There was however a significant group*day 403 

interaction (GLM: βgroup*day = 0.02, p=0.02), with the H2O-drinking animals choosing the better 404 

option increasingly more across days than the EtOH-drinking animals. There was also a significant 405 

group*sex*day interaction (GLM: βgroup*sex*day = -0.02, p=0.01). Post-hoc comparisons revealed 406 

males learned quicker than females (GLM: βsex= 0.01, p<0.001), that H2O-drinking females chose 407 

the better option increasingly more across days than their EtOH-drinking counterparts (GLM: 408 

βgroup =0.01  p=0.002); and that the same pattern was not observed for males. 409 

All animals increased the number of rewards collected across days, (GLM: βday =1.83, 410 

p=<0.0001; Fig S1A). Drinking group (GLM: βgroup=22.59, p=0.01), and sex differences (GLM: 411 

βsex =17.60, p=0.04) also emerged, with both H2O-drinking animals and males collecting a greater 412 
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number of rewards (Fig S1A). No significant group*sex (p=0.07), group*day (p=0.78), or 413 

group*day*sex (p=0.08) interactions on number of rewards collected were found, only a 414 

significant sex*day interaction (GLM: βsex*day =-1.75, p<0.0001), with females displaying a greater 415 

increase in rewards collected across days (GLM: βday =1.69, p<0.0001), compared to males (Fig 416 

S1A). 417 

Conversely, all animals decreased the number of initiation omissions across days, (GLM: 418 

βday =-0.29, p=0.02; Fig S1B), regardless of group or sex. There were significant group (GLM: 419 

βgroup =-11.17, p=0.001) and sex differences (GLM: βsex =-6.36, p=0.04), with EtOH-drinking 420 

animals and females exhibiting more initiation omissions than H2O-drinking and males, 421 

respectively (Fig S1B). A significant group*sex interaction (GLM: βgroup*sex =14.81, p=0.01), with 422 

EtOH-drinking females displaying more initiation omissions than H2O-drinking females (GLM: 423 

βgroup =-304.13, p=0.02); the same pattern was not observed in males (Fig S1B). Similarly, a 424 

significant group*sex*day (GLM: βgroup*sex*day =-0.69, p=0.02) revealed that EtOH-drinking 425 

females decreased their number of initiation omissions across discrimination learning at a slower 426 

rate than EtOH-drinking males (p=0.03) and H2O-drinking females (p=0.03). There were no 427 

differences between male and female H2O drinkers, or between EtOH- vs. H2O-drinking males.  428 

Finally, we conducted GLM analyses on total omissions and median latencies in discrimination 429 

learning. Our results indicated EtOH-drinking animals exhibited more initiation omissions than 430 

H2O-drinking animals (GLM: βgroup =-304.12, p=0.01), whereas H2O-drinking animals had longer 431 

reward collection latencies than EtOH-drinking animals (GLM: βgroup=0.17, p=0.02). All other 432 

types of omission and latency analyses yielded non-significant results.  433 

First 500 trials. Because interesting latency differences were obtained for the pretraining 434 

phase and based on prior studies comparing early vs. late discrimination learning, we conducted 435 
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further latency analyses for other phases of learning to assess if these trends were maintained. An 436 

analysis of initiation latencies and omissions, choice (correct and incorrect) latencies and 437 

omissions, and reward latencies was conducted for the first 500 trials of discrimination learning to 438 

capture early learning in this phase, with animals averaging 89.19±3.38 committed trials per day. 439 

There was a significant group difference on initiation omissions (GLM: βgroup =-158.75, p=0.002; 440 

Fig 4C), with EtOH-drinking animals exhibiting more initiation omissions than H2O-drinking 441 

animals, but no sex differences (GLM: βsex = -56.50, p=0.36; Fig 4C). A significant drinking 442 

group*sex interaction on initiation omissions emerged (GLM: βgroup*sex = 219.00, p=0.02; Fig 4C), 443 

with EtOH-drinking females exhibiting more initiation omissions than their H2O-drinking female 444 

counterparts (p=0.01), and H2O-drinking males exhibiting marginally more initiation omissions 445 

than H2O-drinking females (p=0.05), but EtOH-drinking males were no different than H2O-446 

drinking males. There was no effect of drinking group (Figs 4D and S4A), sex (Figs 4D and S4E), 447 

or group*sex interaction (Fig 4D) on initiation latencies, choice omissions, correct or incorrect 448 

choice latencies, or reward collection latencies (Figs S4B and S4F), with the exception of a 449 

marginally significant group effect (GLM: βgroup =0.88, p=0.05), with H2O-drinking animals 450 

exhibiting more choice omissions than EtOH-drinking animals. It should be noted that choice 451 

omissions represented a small number of occurrences (normally ranging from 0-2) and this effect 452 

was driven by a single outlier with 4 choice omissions, which upon removal yielded a non-453 

significant group effect (GLM: βgroup =0.48, p=0.14). In summary, the data for early discrimination 454 

learning suggest an enduring effect of EtOH experience on initiating trials, with females most 455 

affected.  456 

Last 500 trials. An analysis of initiation latencies and omissions, choice (correct and 457 

incorrect) latencies and omissions, and reward latencies was also conducted for the last 500 trials 458 
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of discrimination learning to capture late phase learning, with animals averaging 118.98±3.89 459 

committed trials per day. There was a marginally-significant effect of group (GLM: βgroup =-49.13, 460 

p=0.05; Fig 4E), with EtOH-drinking animals exhibiting more initiation omissions than H2O-461 

drinking animals, but no sex differences (GLM: βsex = 92.88, p=0.21; Fig 4E) or group*sex 462 

interaction (GLM: βgroup*sex = -67.50, p=0.38; Fig 4E). There were no group (GLM: βgroup =-0.92, 463 

p=0.24; Figs 4F and S4C), or sex differences (GLM: βsex =1.26, p=0.20; Figs 4F and S4G) on 464 

initiation latencies, as well as no group*sex interaction (GLM: βgroup*sex = -0.76, p=0.51; Fig 4F). 465 

We did, however, find a significant effect of group on incorrect choice latencies (GLM: βgroup = 466 

0.28, p=0.02), with H2O-drinking animals displaying longer latencies than EtOH-drinking 467 

animals, but no significant effect of sex, or group*sex interaction was found for this measure. 468 

Similar to what was found during early discrimination, there was a significant group effect on 469 

choice omissions in late discrimination (GLM: βgroup =1.13, p=0.01), with the H2O-drinking 470 

animals exhibiting more choice omissions than the EtOH-drinking animals, but no effect of sex, 471 

or group*sex interaction was found for this measure. However, this effect was largely driven by 472 

the same animal as during early discrimination, which upon removal, yielded non-significant 473 

results (GLM: βgroup =0.43, p=0.06). Finally, our results indicated that H2O-drinking animals 474 

displayed longer reward collection latencies than EtOH-drinking animals (GLM: βgroup =0.23, 475 

p=0.01; Fig S4D), but no effect of sex (Fig S4H) or group*sex interaction emerged. Thus, the 476 

pattern of prior EtOH experience rendering animals more likely to fail to initiate trials was also 477 

observed through late discrimination learning, but rats did not take longer to initiate trials when 478 

they did so, as in pretraining and early discrimination phases. Although we did observe greater 479 

choice omissions by the H2O-drinking animals during both early and late discrimination, this was 480 

driven largely by one animal.   481 
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 482 

Fig 4. Drinking group differences in initation omissions, but not latencies, during early and late 483 
probabilistic discrimination learning performance. (A) There were no group or sex differences in the 484 
number of sessions to reach criterion for the discrimination learning phase, only a marginally significant 485 
group*sex interaction. (B) There was no effect of group or sex on probability of choosing the better option, 486 
only an effect of day (D1-D20), with the probability of choosing the better option increasing across testing 487 
days irrespective of sex or group. (C) EtOH group exhibited more initiation omissions compared to the 488 
H2O group. EtOH-drinking females exhibited more initiation omissions than H2O-drinking females, and 489 
H2O-drinking males exhibited marginally more initiation omissions than H2O-drinking females in early 490 
discrimination learning. (D) No group or sex differences emerged for initiation latencies during early 491 
discrimination learning. (E) EtOH-drinking animals (male and female) exhibited marginally more initiation 492 
omissions than H2O-drinking animals, but no sex differences emerged for late discrimination learning. (F) 493 
No group or sex differences were found for initiation latencies during late discrimination learning. Latencies 494 
were medians. Bars indicate ± 𝑆. 𝐸. 𝑀. n=16 males, n=16 females, *p ≤0.05, **p ≤0.01  495 

 496 

PRL reversal (R) performance 497 

There were no significant group differences (GLM: βgroup = 5.75, p=0.18), sex differences 498 

(GLM: βsex =-5.25, p=0.22), or group*sex interaction (GLM: βgroup*sex =-1.88, p=0.74) on sessions 499 

to reach criterion for the reversal learning (Fig 5A). There was an overall average of 25.27±1.62 500 

days to successfully complete the PRL phase.  501 
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A GLM model was used to test the effect of drinking group (EtOH, H2O), sex (female, 502 

male), days, and their 2-way and 3-way interactions on probability of choosing the better option, 503 

number of rewards, and initiation omissions across 15 days of reversal learning. Two females were 504 

excluded because they either failed to meet criterion for discrimination learning, and never 505 

advanced to reversal learning. All other animals demonstrated learning by exhibiting an increase 506 

in choosing the better options across days, (GLM: βday =0.01, p=0.01; Fig 5B), irrespective of 507 

group or sex. There was no effect of group (GLM: βgroup = -0.07, p=0.10), or sex (GLM: βsex =-508 

0.04, p=0.51), and no group*sex (GLM: βgroup* sex = 0.10, p=0.17), sex*day (GLM: βsex* day =0.002, 509 

p=0.60), group*day (GLM: βgroup*day =0.002, p=0.47), or group*sex*day (GLM: βgroup*sex* day =-510 

0.004, p=0.46) interactions on the probability of choosing the better option.   511 

All animals increased the number of rewards collected over days, (GLM: βday =0.82, 512 

p=0.01; Fig S1C). There was no significant effect of group (GLM: βgroup=3.69, p=0.75), or sex 513 

(GLM: βsex =2.40, p=0.85), and no significant group*sex (GLM: βgroup*sex =5.73, p=0.74), 514 

group*day (GLM: βgroup*day=-0.02, p=0.95), sex*day (GLM: βsex*day=0.66, p=0.08), or 515 

group*sex*day (GLM: βgroup*sex*day=0.48, p=0.40) interactions on number of rewards collected. 516 

All animals decreased the number of initiation omissions across days, (GLM: βday =0.10, p=0.55; 517 

Fig S1D), regardless of group or sex. There was was no significant effect of group (GLM: βgroup= 518 

-0.44, p=0.91), or sex (GLM: βsex =-1.81, p=0.61), and no significant group*sex (GLM: βgroup*sex 519 

=0.67, p=0.91), group*day (GLM: βgroup*day=-0.06, p=0.78), sex*day (GLM: βsex*day=0.09, 520 

p=0.70), or group*sex*day (GLM: βgroup*sex*day=-0.51, p=0.09) interactions on initiation 521 

omissions. Finally, we conducted GLM analyses on total omissions and median latencies in 522 

reversal learning. Similar to the above measure for across- day learning, we found no significant 523 

effect of group (GLM: βgroup =7.88, p=0.97), sex (GLM: βsex =-234.25, p=0.17), or group*sex 524 
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(GLM: βgroup*sex =-122.1, p=0.59) interaction for initiation omissions. However, though there was 525 

no effect of sex (GLM: βsex=0.67, p=0.49), we found that H2O-drinking animals exhibited more 526 

choice omissions than EtOH-drinking animals (GLM: βgroup =2.54, p=0.03), with a significant 527 

group*sex interaction revealing H2O-drinking females exhibited more choice omissions than 528 

EtOH-drinking females and H2O-drinking males (GLM: βgroup*sex=-3.29, p=0.03). Additionally, 529 

there was a marginally-significant effect of group on incorrect choice latencies (GLM: βgroup=0.15, 530 

p=0.05), with H2O-drinking animals exhibiting longer incorrect choice latencies than EtOH-531 

drinking animals. Analyses on initiation, incorrect, and reward latencies yielded non-significant 532 

results. Unlike for the discrimination phases, upon removal of 2 outliers, the effect of drinking 533 

group remained significant, with H2O-drinking animals exhibiting more choice omissions than 534 

EtOH-drinking animals (GLM: βgroup=1.59, p=0.03). 535 

  First 500 trials. An analysis of initiation latencies and omissions, choice (correct and 536 

incorrect) latencies and omissions, and reward latencies was conducted for the first 500 trials of 537 

reversal learning, to capture early reversal learning. Animals averaged 119.70±8.32 committed 538 

trials per day. There were no significant group (GLM: βgroup =-38.04, p=0.65; Fig 5C), or sex 539 

differences (GLM: βsex =-60.29, p=0.41; Fig 5C) on initiation omissions, and no significant 540 

group*sex interaction (GLM: βgroup*sex = 7.67, p=0.94; Fig 5C). Similarly, there was no effect of 541 

drinking group (Figs 5D and S5A), sex (Figs 5D and S5E), or group*sex interaction (Fig 5D) on 542 

initiation latencies, choice omissions, correct choice latencies, or reward collection latencies (Figs 543 

S5B and S5F), with the exception of a significant group difference on incorrect choice latencies 544 

(GLM: βgroup =0.32, p=0.004), with H2O-drinking animals exhibiting longer latencies when 545 

choosing the incorrect stimulus compared to EtOH-drinking animals. There was also a significant 546 

group*sex interaction (GLM: βgroup*sex =-0.31, p=0.04) on incorrect choice latency, with H2O-547 
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drinking females displaying longer latencies than both H2O-drinking males (p=0.05) and their 548 

EtOH-drinking counterparts (p=0.02).  In summary, the data for early reversal learning suggests 549 

there was no longer any effect of prior EtOH experience on initiating trials, as had been previously 550 

observed during early discrimination learning, but it is important to note that EtOH-drinking 551 

animals were less tentative than the H2O-drinking animals given their faster incorrect choice 552 

latencies.  553 

Last 500 trials. An analysis of initiation latencies and omissions, choice (correct and 554 

incorrect) latencies and omissions, and reward latencies was also conducted for the last 500 trials 555 

of reversal learning, to capture late phase learning. Animals averaged 155.11±4.06 committed trials 556 

per day. Our analyses on initiation omissions indicated females exhibited more initiation omissions 557 

(GLM: βsex =-67.96, p=0.02; Fig 5E), but there was no effect of group (GLM: βgroup =-8.46, p=0.85; 558 

Fig 5E), or group*sex interaction (GLM: βgroup*sex =-8.79, p=0.85; Fig 5E). There was a 559 

marginally-significant effect of sex (GLM: βsex = -2.08, p=0.05; Figs 5F and S5G), with females 560 

taking longer to initiate trials, but no significant group differences (GLM: βgroup = -0.78, p=0.47; 561 

Figs 5F and S5C), or group*sex interaction (GLM: βgroup*sex =0.01, p=0.99; Fig 5F). Females also 562 

exhibited more choice omissions than males (GLM: βsex = -0.33, p=0.02), but no group differences 563 

or group*sex interaction were found. Upon removal of a single outlier, the effect of sex remained 564 

(GLM: βsex = -0.33, p=0.01). Males displayed longer correct choice latencies than females (GLM: 565 

βsex = 25.46, p=0.003), whereas H2O-drinking animals exhibited longer reward latencies than 566 

EtOH-drinking animals (GLM: βgroup = 0.27, p=0.01; Fig S5D). We did not find any other 567 

significant effect of group, sex, or group*sex interaction.  568 

Thus, the pattern of prior EtOH experience rendering animals more likely to fail to initiate 569 

trials and taking longer to do so in early discrimination learning, was not preserved through 570 
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reversal learning. In summary, the late reversal phase was characterized by predominantly female-571 

specific attenuations in initiation of trials (both omissions and latencies), as well as correct choice 572 

latencies.   573 

 574 
 575 

Fig 5. Sex differences, but no drinking group differences, in initiation omissions and latencies during 576 
late probabilistic reversal learning performance. (A) There were no group or sex differences in the 577 
number of sessions to reach criterion for the reversal learning phase. (B) There was no effect of group or 578 
sex on probability of choosing the better option, only an effect of day (D1-D25), with the probability of 579 
choosing the better option increasing across the fifteen testing days regardless of sex or group. (C) No group 580 
or sex differences were found for initiation omissions during early reversal learning. (D) No group or sex 581 
differences were found for initiation latencies during early reversal learning. (E) Females exhibited more 582 
initiation omissions than males during late reversal learning. (F) Females exhibited marginally longer 583 
initiation latencies than males during late reversal learning. Latencies represent group medians. Bars 584 
indicate ± 𝑆. 𝐸. 𝑀. n=16 males, n=14 females, *p ≤0.05 585 

 586 

Win-Stay/Lose-Shift (WSLS) Strategies 587 

Potential differences in win-stay/lose-shift (WSLS) strategies on stimulus responses employed by 588 

each group (EtOH, H2O) and by sex (male, female) were tested for the first 500 committed trials 589 
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and last 500 committed trials of the discrimination phase and reversal phase by calculating the 590 

frequency of each strategy individually. We compared the frequency of using advantageous 591 

strategies (i.e., win-stay, lose-shift) vs. less advantageous strategies (i.e., win-shift, lose-stay) by 592 

generating an adaptive score: (win-stay + lose-shift) - (win-shift + lose-stay). 593 

There were no significant effects of group, sex, or a group*sex interaction in stimulus-594 

based strategies individually, or as an ‘adaptive score’ comparison during early or late 595 

discrimination learning (Figs 6A and 6B). However, during early reversal learning, we found a 596 

greater use of the lose-shift strategy in the EtOH-drinking rats than the H20-drinking rats (GLM: 597 

βgroup =-0.10, p=0.01; Fig S2B), but a greater lose-stay strategy (GLM: βgroup =0.10, p=0.01; Fig 598 

S2D), as well as greater use of the less adaptive strategies (GLM: βgroup =-0.20, p=0.0002; Fig 6C) 599 

among the H2O-drinking animals compared to the EtOH-drinking animals. For late reversal 600 

learning, we found group differences for all four stimulus-based strategies, with the H2O-drinking 601 

animals using the win-stay strategy (GLM: βgroup = 0.10, p=0.03; Fig 7A) and the lose-stay strategy 602 

(GLM: βgroup =0.05, p=0.04; Fig 7D) more than the EtOH-drinking animals, suggesting overall 603 

more stimulus persistence. Conversely, the EtOH-drinking animals used the win-shift strategy 604 

(GLM: βgroup =-0.10, p=0.03; Fig 7C) and lose-shift strategies (GLM: βgroup =-0.05, p=0.04; Fig 605 

7B) more than the H2O-drinking animals, indicating more of an exploration-based strategy. No 606 

significant effects were uncovered for adaptive score in the late reversal phase. 607 
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 608 

Fig 6. Drinking group differences in early reversal learning strategies. An adaptive score was calculated 609 
as the difference between advantageous strategies and less advantageous strategies: (win-stay + lose-shift) 610 
- (win-shift + lose-stay). (A) There were no group or sex differences in adaptive scores during early 611 
discrimination learning. (B) There were no group or sex differences in adaptive scores during late 612 
discrimination learning. (C) EtOH group exhibited higher adaptive scores than H2O group during early 613 
reversal learning, but there were no sex differences. (D) There were no group or sex differences in adaptive 614 
scores during late reversal learning. Bars indicate ± 𝑆. 𝐸. 𝑀. n=16 males, n=16 females, *p ≤0.05, **p ≤0.01 615 
***p ≤0.001 616 

 617 

 618 
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 619 

Fig 7. Drinking group differences in the use of Win-Stay/Lose-Shift strategies during late 620 
probabilistic reversal learning. (A) H2O-drinking animals used the win-stay strategy more than EtOH-621 
drinking animals. (B) EtOH-drinking animals used the lose-shift strategy more than H2O-drinking animals. 622 
(C) EtOH-drinking animals used the win-shift strategy more than H2O-drinking animals. (D) H2O-drinking 623 
animals used the lose-stay strategy more than EtOH-drinking animals. Bars indicate ± 𝑆. 𝐸. 𝑀. *p ≤0.05 624 

 625 

 626 

Discussion 627 

 628 

The present study used an intermittent access model to study the effect of voluntary EtOH 629 

consumption on cognitive flexibility using a probabilistic reversal learning paradigm. We included 630 

sex as an a-priori moderator. Although forced-exposure models such as intraperitoneal (i.p.) 631 

injections (45,46) and EtOH vapor inhalation (47–49) are well-established methods in rodents, 632 

they may not be as representative of human alcohol consumption. Therefore, we used a two-bottle 633 

choice procedure that allows for oral consumption of EtOH, resulting in increased ecological 634 

validity and variability in consumption patterns, which may be important in generating individual 635 

differences in alcohol consumption to study subsequent flexible reward learning. To our 636 
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knowledge, there had only been one study that previously used this voluntary consumption model 637 

to test the effects of EtOH on reversal learning, and found no effect (6). However, it is important 638 

to note that although the rats in that EtOH group had access to EtOH for 6 weeks, the rats in that 639 

study did not demonstrate escalation normally seen with intermittent voluntary EtOH consumption 640 

models, including our study. Though we also corroborate no pronounced effects of EtOH exposure 641 

on overall learning, a more fine-grained analysis of trial-by-trial and latency data revealed that 642 

EtOH-experienced animals were less likely to initiate trials and were slower to initiate trials 643 

throughout pretraining and discrimination learning. Since EtOH drinking rats were unaffected in 644 

their reward collection and stimulus response times, collectively the data support the interpretation 645 

that the most pronounced attentional decrements appearing closest in time to drinking, despite 646 

intact motivation for reward and motor responding throughout learning. We further elaborate on 647 

these attentional effects, as well as reversal-specific EtOH effects on WSLS strategies below. 648 

 649 

Consumption patterns of EtOH 650 

We observed an escalation of drinking over the course of the twenty-nine days of alcohol 651 

access, irrespective of sex, an expected pattern when using intermittent-access models compared 652 

to continuous access models. Several studies administering intermittent exposure have shown that 653 

alternating brief periods of alcohol access with brief periods of no access can actually escalate 654 

alcohol consumption to excessive levels (25,50–55) compared to continuous daily access 655 

(25,50,51) which typically exhibit more moderate, but stable levels of intake. However, despite 656 

the recent popularity of the intermittent-access model, the underlying psychological and 657 

neurobiological mechanisms that promote the escalation of alcohol consumption remain unclear 658 

and should be investigated in future studies.  659 
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We found that females reached a higher EtOH consumption level and exhibited greater 660 

high-drinking days than males. These findings are consistent with previous studies showing that 661 

female rodents drink more EtOH than males (22–25) and exhibit less aversion to EtOH, as 662 

demonstrated by conditioned taste aversion using EtOH-saccharin pairings (27–29), with males 663 

developing an aversion after only one pairing and females after the third pairing and only at higher 664 

doses of EtOH (28). Other groups have reported that the rewarding effects of EtOH are enhanced 665 

in females and therefore, may be hormone-dependent (56), which may explain the increased EtOH 666 

intake over time that may lead to increases in potential for over-consumption. However, the role 667 

of gonadal hormones on ethanol intake and preference remain unclear, as other studies have shown 668 

that the removal of testicular hormones in males decreases alcohol intake, and no differential 669 

consumption in ovariectomized vs. intact females (24). Although seemingly contradictory, these 670 

findings may provide further evidence of the dissociation between chromosomal and gonadal sex, 671 

given that studies have found alcohol reinforcement is mediated by chromosomal sex, independent 672 

of gonadal phenotype (57). Taken together, the present findings add to a growing body of evidence 673 

for sex differences in alcohol consumption patterns. 674 

 675 

Attentional deficits following EtOH across learning stages 676 

We observed the most pronounced impairment following EtOH on sessions to reach 677 

criterion during pretraining; a pattern that was not maintained through discrimination or reversal 678 

learning. Prior studies testing the relationship between alcohol exposure and performance on 679 

reversal learning tasks have largely been mixed, with some studies demonstrating alcohol 680 

produced impairments in both discrimination and reversal learning (4,58), other showing no 681 

impairments for either (5,6,45,59,60), and some only showing impairments on reversal, with the 682 
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discrimination learning phase largely intact (5,47,58,61,62). These conflicting findings may be due 683 

to variations in alcohol administration procedures, most of which have used forced-exposure 684 

models, variations in maximum blood ethanol concentration (BEC) levels, and/or types of reversal 685 

learning paradigms employed. Even similar methods of administrations produce variable results 686 

with studies showing vapor EtOH exposure impairs reversal learning (47), does not impair (60), 687 

or improves reversal learning (59), with the doses of i.p. EtOH administration determining whether 688 

an impairment is observed  (45). Our study is consistent with the only other study to our knowledge 689 

that has used a 2-bottle choice procedure to assess effects on reversal learning, which similarly 690 

found no overt learning impairment (6). Although we did not measure BEC levels during the 2-691 

bottle choice procedure, it is likely they never reached BECs known to impair reversal learning 692 

based on previous experiments using forced-exposure models (150-550 mg/dl). Task parameters 693 

(i.e. stimulus modalities, probability of reward) may also contribute to differential effects, with 694 

groups using lever or touchscreen-based responding reporting no pronounced impairments on 695 

discrimination or reversal learning (5,6,59), whereas groups employing Morris Water and Barnes 696 

Maze tasks reporting impairments in reversal learning. Discrimination learning seems to remain 697 

mostly intact across diverse paradigms (58,61–63). We maintain that many past studies of EtOH 698 

effects on reversal learning typically report omnibus measures of learning and do not probe more 699 

micro (trial-by-trial) analyses that may be more sensitive to EtOH effects, as reported here. 700 

We found impairments associated with prior EtOH experience, such that animals 701 

previously exposed to EtOH required more sessions to reach criterion and exhibited longer 702 

initiation and choice latencies during pretraining. Similar deficits were also found during 703 

discrimination learning, with a greater number of initiation omissions and longer initiation 704 

latencies in the EtOH-experienced group. These effects were most pronounced in female animals 705 
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(discussed below). There have been studies of EtOH exposure on attention using the 5-choice 706 

serial reaction time task (64–72), considered to be the gold standard for measuring attention in 707 

rodents, revealing that EtOH-exposed animals exhibit attention deficits. An evaluation of 708 

attentional capacity using a 5-choice continuous performance task following EtOH exposure in 709 

rats found this group exhibited more omissions and longer choice latencies relative to control rats, 710 

while motivation remained intact. Indeed, there were no differences in accuracy or reward latencies 711 

(66), similar to our present findings. However, it is important to note these differences were 712 

observed only during acute, not prolonged, abstinence from EtOH exposure- the latter, as we report 713 

here. Other groups have previously reported an EtOH dose-dependent decrease in the ability to 714 

direct and sustain attention to brief stimuli, but not a complete disruption in overall performance 715 

(i.e. percentage correct), also suggestive of an impairment in attentional processing (70). Similarly, 716 

we found differences in measures of attention processing (i.e. initiation omissions and latencies), 717 

but observed no overall performance deficit in the probability of choosing the better option for 718 

both the discrimination and reversal phases of learning. Importantly, attentional deficits following 719 

EtOH experience have also been found in human binge-drinkers (i.e. more omitted trials, lower 720 

accuracy), particularly under task variants meant to increase attentional load in a human version 721 

of the 5-CSRTT (64). Indeed, the pattern we observed here- that EtOH-drinking animals exhibited 722 

more initiation omissions and longer initiation latencies (particularly in early phases of pretraining 723 

and discrimination)- stand in contrast to their quick reward collection times and intact accuracy 724 

measures, relative to H2O-drinking animals in these same phases. 725 

 726 

Sex differences in pretraining and reversal learning 727 
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Some interesting sex differences on reversal learning emerged in our experiment. The most 728 

pronounced impairments were observed during late reversal, with females exhibiting greater 729 

omissions (initiation and choice) and longer initiation latencies than males, irrespective of prior 730 

EtOH exposure. This is in agreement with the human literature, which has shown that males 731 

outperform females on reversal learning (73,74), and with observations in marmosets where 732 

females require more trials to learn reversals than males. Interestingly, though we find sex 733 

differences in reversal learning, there were no differences in the number of omitted trials or 734 

reaction times (i.e. latencies) (75). Relevant to this, Grissom et al. (2019) conducted an extensive 735 

review of sex differences in several aspects of executive function, including attention, and did not 736 

find evidence to support robust sex differences in this domain. Prior studies have reported that 737 

male rodents show higher levels of novelty-seeking (76), with higher novelty-seeking related to 738 

higher levels of impulsivity in males relative to females (77).  739 

 740 

Sex-dependent EtOH effects in early learning and attentional measures   741 

A sex-dependent drinking group difference was observed, with EtOH-exposed females 742 

more affected than males on measures of attention: they exhibited more initiation omissions than 743 

their H2O-drinking counterparts during both pretraining and early discrimination learning, which 744 

is also reflected in a greater number of sessions required to reach criterion in early learning. 745 

Although prior research has not provided sufficient evidence supporting an attentional deficit 746 

specific to females (78), there is now substantial evidence to support a potential EtOH-specific 747 

effect on attentional processing (64,66,70). Therefore, it is plausible that sex effects we observe 748 

here are moderated by EtOH-experience, resulting in more pronounced deficits in attentional 749 

processing in EtOH-drinking females. It is worth noting that EtOH-exposed males also exhibited 750 
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some impairments (i.e. more sessions to reach criterion and initiation omissions), but this effect 751 

was only observed early in pretraining and did not extend to discrimination or reversal learning.  752 

 753 

Sex-independent EtOH effects on WSLS in reversal learning 754 

We observed sex-independent EtOH effects on WSLS strategies during reversal learning. 755 

Rats with prior EtOH experience were more likely to use a “shift” strategy whereas H2O-drinking 756 

animals were more likely to “stay” with the previous stimulus choice in the reversal phase. 757 

Similarly, animals with prior EtOH experience were generally more flexible in early reversal 758 

learning (i.e. they exhibited a greater ‘adaptive’ score) than H2O-drinking animals. This suggests 759 

that EtOH-experienced rats had a more tenuous representation of stimulus-outcome contingencies 760 

upon criterion-level performance than the H2O-drinking control rats, and could consequently be 761 

more flexible. However, all rats generally increased their choice of the better option and rewards 762 

collected over time, while decreasing the number of initiation omissions for both the 763 

discrimination and reversal phase. The lack of pronounced EtOH impairments on overall 764 

discrimination and reversal phases of learning- as measured by global measures such as the 765 

probability choosing the better option over time- may be attributed to plasticity following 766 

protracted abstinence in rodents (79–81), and humans (82,83).  Similarly, the probability of using 767 

WSLS strategies across time was ~0.5, suggesting these strategies were not used effectively for 768 

learning. Indeed, dissociations in learning and WSLS have been reported before (84). It will be 769 

important to investigate the extent to which the later pro-exploratory phenotype relies on an early 770 

attentional decrement, or if these are orthogonal effects of chronic EtOH experience. 771 

 772 

Conclusions 773 
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In summary, we observed pronounced trial initiation omissions following EtOH experience 774 

in females during pretraining and discrimination learning. These phases are closest in time to the 775 

last EtOH experience and constitute the early abstinence period. Additionally, this attentional 776 

decrement, which was most pronounced in female animals, was partnered by an enhanced 777 

exploration strategy in all EtOH drinking animals, both males and females, later in reversal 778 

learning. 779 

Alterations related to attention and processing speed in early EtOH abstinence (during 780 

pretraining) may have a domino effect on later learning, leading to the sex by drinking group 781 

interaction we observe in discrimination learning, and perhaps contribute to the enhanced 782 

exploration phenotype in reversal learning. A true test of this would require animals to undergo 783 

pretraining, discrimination learning, and drinking prior to any reversal learning. Ultimately, all 784 

rats exhibited intact motivation and motor timing, and were able to increase their probability of 785 

choosing the better option and number of rewards, while decreasing their initiation omissions. 786 

Although voluntary alcohol consumption models, such as the one employed here, do not model 787 

severe alcohol dependence like forced-exposure models, they do however reflect escalating, 788 

chronic intermittent drinking that corresponds to the early stages of problematic drinking, before 789 

individuals transition to alcohol dependence. Attenuated attentional mechanisms in early 790 

abstinence may not contribute to decrements in flexible learning per se, but may instead detract 791 

from executive functions important in limiting (over)consumption. Future studies should 792 

investigate the brain mechanisms and the role of gonadal hormones on alcohol consumption and 793 

attention, and systematically compare these measures as predictors of consumption (i.e. relapse) 794 

during acute vs. prolonged abstinence.  795 

 796 
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Supplemental Figures 819 

 820 

 821 

 822 
 823 

Fig S1. Drinking group and sex differences on number of rewards and initiation omissions 824 

during probabilistic discrimination and reversal learning. (A) All animals regardless of 825 

drinking group or sex increased their number of rewards collected over the twenty testing days of 826 

discrimination learning. H2O-drinking animals and males collected a greater number of rewards 827 

than EtOH-drinking animals and females, respectively. Females displayed a greater increase in 828 

rewards collected across days. (B) All animals regardless of drinking group or sex decreased their 829 

initiation omissions over the twenty testing days of discrimination learning. EtOH-drinking 830 

animals and females had more initiation omissions than H2O-drinking animals and males, 831 

respectively. EtOH-drinking females displayed more initiation omissions than H2O-drinking 832 

females. (C) All animals regardless of drinking group or sex increased their number of rewards 833 

collected over the fifteen testing days of reversal learning. There were no group or sex differences 834 

on number of rewards collected. (D)  All animals regardless of drinking group or sex decreased 835 

the number of initiation omissions over the fifteen testing days of reversal learning. There were no 836 

group or sex differences on initiation omissions. Bars indicate ± 𝑆. 𝐸. 𝑀. 837 

 838 
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 841 
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 842 

 843 

 844 

 845 

 846 

 847 
 848 

Fig S2. Drinking group differences in use of lose-shift and lose-stay strategies during early 849 

probabilistic reversal learning. (A) No group or sex differences in the use of the win-stay 850 

strategy. (B) EtOH-drinking animals used the lose-shift strategy more than H2O-drinking animals. 851 

(C) No group or sex differences in the use of the win-shift strategy. (D) H2O-drinking animals 852 

used the lose-stay strategy more than EtOH-drinking animals. Bars indicate ± 𝑆. 𝐸. 𝑀. *p ≤0.05, 853 

**p ≤0.01 854 
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 862 

 863 

 864 

 865 

 866 
 867 

Fig S3. Drinking group and sex differences in latencies during operant pretraining. (A) EtOH 868 

group exhibited longer initiation latencies than the H2O group. (B) EtOH group exhibited longer 869 

forced-choice latencies than the H2O group. (C) No group differences were found for reward 870 

latencies. (D) No sex differences were found for initiation latencies. (E) Females exhibited longer 871 

forced-choice latencies than males. (F) No sex differences were found for reward latencies. Dashed 872 

lines in latency histograms represent group medians. Bars indicate ± 𝑆. 𝐸. 𝑀. n=16 males, n=16 873 

females, *p<0.05 874 

 875 

 876 
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 877 
 878 

Fig S4. No drinking group or sex differences in latencies during early or late probabilistic 879 

discrimination learning. (A) No group differences were found for initiation latencies for the first 880 

500 trials. (B) No group differences were found for reward latencies for the first 500 trials. (C) No 881 

group differences were found for initiation latencies for the last 500 trials. (D) No group 882 

differences were found for reward latencies for the last 500 trials. (E) No sex differences were 883 

found for initiation latencies for the first 500 trials. (F) No sex differences were found for reward 884 

latencies for the first 500 trials. (G) No sex differences were found for initiation latencies for the 885 

last 500 trials. (H) No sex differences were found for reward latencies for the last 500 trials. Dashed 886 

lines in histograms of latencies represent group medians. Bars indicate ± 𝑆. 𝐸. 𝑀.  n=16 males, 887 

n=16 females.  888 
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 907 

 908 

 909 

 910 

 911 
 912 

Fig S5. Drinking group and sex differences in latencies during early and late probabilistic 913 

reversal learning. (A) No group differences were found for initiation latencies for the first 500 914 

trials. (B) No group differences were found for reward latencies for the first 500 trials. (C) No 915 

group differences were found for initiation latencies for the last 500 trials. (D) H2O group 916 

exhibited longer reward latencies compared to the EtOH group for the last 500 trials. (E) No sex 917 

differences were found for initiation latencies for the first 500 trials. (F) No sex differences were 918 

found for reward latencies for the first 500 trials. (G) Females exhibited longer initiation latencies 919 

compared to males for the last 500 trials. (H) No sex differences were found for reward latencies 920 

for the last 500 trials. Dashed lines in histograms of latencies represent group medians. Bars 921 

indicate ± 𝑆. 𝐸. 𝑀.  n=16 males, n=14 females, *p ≤0.05, **p ≤0.01 922 
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	Individuals with Alcohol Use Disorder (AUD) show cognitive impairments, particularly in the domain of cognitive flexibility, broadly defined as the ability to adjust one’s behavior in response to changes in the environment (1).  Preclinical models tha...
	Several groups have tested the effect of forced EtOH exposure on reversal learning, a robust measure of cognitive flexibility commonly used in experimental animals (3) that requires the remapping of reward contingencies. In deterministic (fully-predic...
	Voluntary alcohol consumption models (e.g. 2-Bottle Choice, EtOH gelatin) have been used to assess effects on deterministic reversal learning (6,9,10), resulting in no significant treatment group differences. However, it is worth noting that these s...
	A timeline of all procedures is shown in Figure 1A. Subjects were adult male (n=16) and female (n=16) Long-Evans rats (Charles River Laboratories). All animals were between PND 60-70 upon start of EtOH or H2O-only consumption and between PND 130-140 a...
	Rodent voluntary alcohol regimen: 2-bottle choice procedure
	Rat home cages were modified to allow for the placement of 2 bottles. Rats (n=16; n=8 male, n=8 female) were given access to both water and 20% alcohol simultaneously, with placement of bottles counterbalanced, for a 24-hour period 3 days per week, an...
	Behavioral task: rodent probabilistic reversal learning (PRL) task
	Immediately following the termination of the consumption period, all animals were placed on food restriction to 14 grams/day (females) or 18 grams/day (males) of chow for 5 days prior to behavioral testing. Animals were weighed every other day and mo...
	The pretraining protocol, adapted from established procedures described in Stolyarova et al. (2017) (31), consisted of a series of phases: Habituation, Initiation Touch to Center Training (ITCT), Immediate Reward Training (IMT), designed to train rats...
	After completion of all pretraining schedules, rats were advanced to the discrimination phase of the PRL task, in which they would initiate a trial by touching the white graphic stimulus in the center screen (displayed for 40 s), and choose between tw...
	Statistical analyses
	Results
	EtOH consumption
	Independent samples t-tests showed that females reached a greater maximum level of EtOH consumption [t(14)=3.46, p=0.004] (Fig 2A) and exhibited more high-drinking days (i.e. days of EtOH consumption 5+ g/kg/24 hours) [t(14)=3.00, p=0.01] than males (...
	Fig 2. 20% Ethanol (EtOH) consumption (g/kg) across drinking days (D1-D29) is more pronounced in females. (A) Females reached a greater maximum EtOH level of consumption than males. (B) Females exhibited more high-drinking (5-10 g/kg/24 hr) days than ...
	Full Model
	Generalized linear models were first run to include all between- (drinking group, sex) and within-subject (learning phase, day) factors, to test for differences among individual factors and (2- and 3-way) interactions on our main behavioral outcomes (...
	We found a significant effect of day on choosing the better option (GLM: βday =0.01, p=0.001), indicative of learning over time, as well as a significant group*day interaction (GLM: βgroup*day =0.02, p=0.01), with the H2O-drinking animals exhibiting h...
	Our analyses on omissions resulted in an increased number of initiation omissions in EtOH-drinking animals (GLM: βgroup =-304.12, p=0.01), and a significant 3-way group*sex*phase interaction for choice omissions (GLM: βgroup*sex*phase =-3.81, p=0.02)....
	Pretraining (PT) performance
	As pretraining was a unique phase with slightly different dependent measures (i.e. forced choice omissions and latencies), a separate GLM was used to assess the effect of group (EtOH, H2O) and sex (female, male), and group*sex interactions on the numb...
	We analyzed group and sex differences, as well as the group by sex interaction on initiation omissions, defined as a failure to nosepoke the center white square stimulus within 40s, and initiation latencies, defined as the duration until nosepoke of t...
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