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Abstract

In humans, prior alcohol use is linked with impulsivity and impaired decision-making, but the 

nature of this relationship is unclear. In a previous study in rats, we found that prior alcohol access 

led to over-responding in go/no-go discrimination training, but had no effect on discrimination 

learning. It was unclear whether this over-responding effect would occur in a reversal learning 

task, or whether prior alcohol would impair reversal learning in our task. In the present 

experiments, we determined whether six weeks of chronic intermittent alcohol access would 

induce over-responding or impair reversal learning in our task. Our task allowed for multiple 

responses/trial with limited reinforcement, so over-responding could be assessed. In Exp. 1, we 

gave three days of discrimination training prior to access to 20% alcohol or water, then reversed 

task contingencies starting 4 days after the end of alcohol access. In Exp. 2, we gave either three or 

six days of discrimination training prior to the same alcohol access and reversal learning 

procedures to determine if the original training length would affect alcohol’s behavioral effects. 

We found no reversal learning deficits in either experiment. Across both experiments, we found 

that the Alcohol group exhibited over-responding to the active lever, but this effect was smaller 

than in our previous discrimination experiments. Our data suggest that there are behavioral 

changes after voluntary alcohol access that can be missed by some discrimination/reversal learning 

assessments, and our over-responding task can detect these transient changes. However, over-

responding is more pronounced in discrimination than reversal learning.
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1. Introduction

Prior extensive alcohol use is associated with impulsivity and poor decision-making, even 

months or years after the cessation of alcohol use [1-4]. However, the nature of this 

relationship is unclear. It is possible that previous extensive alcohol consumption causes 

impaired decision-making and impulsivity, impaired decision-making and impulsivity 

precede and possibly increase alcohol consumption, or the two co-occur due to some other 

pre-existing factor [5-8]. Further research is needed to determine the relationship between 

alcohol use, impulsivity, and decision making.

One task that is often used to assess impulsivity is go/no-go discrimination learning, in 

which one cue indicates that a response should be made while a second cue indicates that 

responses should be withheld. Detoxified alcoholics, heavy drinkers, and people with higher 

alcohol use disorder scores exhibit impaired performance or abnormal reaction times in 

these tasks [9, 10]. However, there is less known about the effects of alcohol consumption/

exposure on the acquisition of go/no-go discrimination learning in rodent models [11, 12].

Prior alcohol consumption also has some relationship with abnormal reversal learning 

abilities, even when behavior is tested in an alcohol-free state. In reversal learning tasks, one 

response earns a reinforcer and a second response is not reinforced in a first phase. The 

identities of the reinforced and non-reinforced responses are then switched in a subsequent 

phase. Prior alcohol exposure leads to impairments in both initial discrimination and the 

subsequent reversal under some experimental conditions in rodent models [13, 14]. There 

are also several other examples of alcohol exposure-behavioral training combinations in 

which prior alcohol exposure leaves the original discrimination intact but impairs subsequent 

reversal learning [13, 15-18]. However, there are many examples of experiments that find 

that prior alcohol exposure does not impair reversal learning [19-23]. Further research is 

needed to disentangle the complex relationship between prior alcohol exposure and reversal 

learning.

Our lab recently determined the effects of prior alcohol consumption in a go/no-go 

discrimination task in which multiple responses/trial could be assessed [24]. In this task, the 

S+/active lever and S−/inactive levers were available for 40 seconds regardless of responding 

(although active lever-presses could only earn 2 pellets/trial), and lever-presses on the 

inactive lever earned no food reward. This allowed for a measure of both the ability to learn 

to discriminate between the two levers (assessed by the percent of active lever and inactive 

lever trials with at least one response) and the amount of over-responding to the active lever 

(defined as the number of responses beyond the 2/trial needed to earn all reinforcement) and 

the inactive lever (defined as the total number of responses to the S-). Prior alcohol 

consumption (4-6 weeks of chronic intermittent alcohol access [CIA: alcohol available 24-

h/day 3 times/week [25, 26]] had no effect on the ability to discriminate between the active 

and inactive levers 4-5 days after the final access period. However, prior alcohol 

consumption led to an increase in over-responding on the active lever [24]. All rats 

responded more than the 2 responses/trial that were required to earn all available reinforcers, 

but the rats that had prior substantial alcohol consumption exhibited greater over-responding 

on the active lever than rats without prior alcohol access.
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In the current report, we determined whether this over-responding effect would be replicated 

in a test of the go/no-go task that assessed reversal learning, rather than initial acquisition of 

the discrimination, and whether prior alcohol consumption would lead to a reversal learning 

deficit. In Exp. 1, we gave the rats 3 days of discrimination training (with 40-sec cues as in 

our previous experiments) before giving 6 weeks of alcohol access in order to isolate the 

effects of alcohol access on subsequent reversal learning. In the Alcohol group, we found 

over-responding to the active lever (but not the inactive lever) and no reversal learning 

impairments. In Exp. 2, we then determined whether a reversal learning deficit would be 

found if we varied the difficulty of the task. By the second reversal learning session in Exp. 

1, all rats were responding on ~100% of the trials with the new active lever, but responding 

to the new inactive lever was well above zero (suggesting that it was more difficult to 

suppress lever-pressing to the inactive lever than to learn to press the new active lever). 

Thus, we extended the trial lengths to 50 seconds to make it more difficult to withhold 

responding to the inactive lever (which was expected to have no effect on the percent of 

trials with an active lever-press due to a ceiling effect). We also compared the effects of 

alcohol if we gave 3 or 6 days of discrimination training before alcohol access and reversal 

learning. Prior research has shown that over-training of an initial discrimination alters the 

difficulty of the subsequent reversal, although results differ on whether over-training makes 

the reversal more difficult, easier (termed the “over-training reversal effect), or has no effect 

(as reviewed in [27, 28]). Examining reversal after different lengths of discrimination 

training could increase the likelihood of discovering whether there are boundary conditions 

that affect whether prior alcohol access will affect reversal learning, regardless of whether 

over-training makes reversal learning more or less difficult. In Exp. 2, however, we found no 

evidence that the length of discrimination training affected the difficulty of reversal learning. 

We replicated the pattern from Exp. 1, with over-responding to the active lever, and no 

reversal learning deficits.

2. Materials and methods

2.1. Subjects

Male Long Evans rats (Charles River Laboratories, Portage, MI and Kingston, NY; n=52), 

weighing 150-200 g upon arrival in the facility, were used for the experiment. All animals 

were individually housed and maintained on a 12-hour reverse light-dark cycle with lights 

off at 07:30 am in a temperature and humidity controlled room. Once the rats had acclimated 

to the facility, they were food-restricted to 85% of their initial free-feeding weights by daily 

feedings with a minimum of 5 g of food chow per day. Once rats reached their initial target 

weight (85% of their initial free feeding weight), the target body weight was increased by 1 

g/day from the 85% weight for the remainder of the experiment, such that the rats gained 7 

g/week. Rats were fed to maintain them at their target weights. Research in our lab has 

found that this food restriction regimen leads to high levels of lever-pressing while still 

allowing the rats to gain weight over time [21, 24, 29]. Water was available ad libitum. All 

procedures and animal care were in accordance with the Kansas State University 

Institutional Animal Care and Use Committee guidelines, the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals, and United States federal law.
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2.2. Behavioral apparatus

Experiments were conducted in standard self-administration chambers (Med Associates, St. 

Albans, VT). The chambers had two retractable levers on either side of the food cup at 

approximately one-third of the total height of the chamber, with a white stimulus light 

located above each lever. A red houselight was mounted on the top-center of the back wall. 

A speaker for delivering auditory stimuli was located on the left side of the back wall of the 

chambers, on the opposite wall from the food cup. A Dell Optiplex computer equipped with 

Med-PC for Windows controlled the equipment and recorded lever-presses.

2.3. General Behavioral Procedures

Once the rats had stabilized on the food-restriction conditions, they were trained in a go/no-

go lever discrimination task. First, rats were given 1 session of magazine training. This 

session was 40 min long with delivery of a 45-mg food pellet (Catalogue # 1811155, 

TestDiet, Richmond, IN) every 125 sec. Next, rats had 3 or 6 sessions of a go/no-go lever 

discrimination task. In this task, the right and left lever were extended one at a time in 

alternating order for 40 sec (Exp. 1) or 50 sec (Exp. 2) each, with a cue-light illuminated 

above the extended lever. The left lever was extended with a cue-light steadily illuminated 

above it and the right lever was extended with the cue-light above it illuminated in a flashing 

pattern (2 Hz). For each rat, one of the two lever-light compounds was designated as the 

active lever and responses on this lever were rewarded on an intermittent reinforcement 

schedule. The reinforcement schedule within each trial was an alternating FI 1s: VI 25s, 

with one pellet available for the first lever-press after 1 second had passed, and another pellet 

available for the first press after a randomized time between 21-30 seconds into the cue 

presentation. This schedule was used to ensure that the first lever-press a rat made on the 

active lever would earn a food pellet, while also ensuring that the rats would have an 

incentive to press in the second half of the trial rather than potentially earning both food 

pellets in the first half of the trial. The other lever-light compound was designated as the 

inactive lever. Responses on the inactive lever were not reinforced, but there was no penalty 

for responding. Both lever-light compounds lasted the full 40 or 50 sec regardless of 

responding, and lever-presses did not terminate either lever-light. All sessions contained 20 

presentations of the active lever and 20 presentations of the inactive lever presented in 

pseudo-random order, such that each block of 4 trials contained 2 active lever and 2 inactive 

lever trials. In Exp. 1, one rat failed to make a single lever-press on the active lever during 

the first session. In Exp. 2, one rat in the group given 3 days of discrimination training failed 

to make a single lever-press on the active lever during the first three sessions. These rats 

were given an additional 1 or 3 days of lever-press training, respectively, so that all rats 

would have at least 3 days of training in which they earned food pellets.

Next, the rats received 6 weeks of chronic intermittent alcohol (CIA) access. The rats were 

assigned to the two groups such that the groups did not differ in their pre-alcohol access 

discrimination learning. For each experiment, half of the rats comprised Water groups that 

received only water in both bottles, and the other half comprised Alcohol groups that 

received alcohol in one of the 2 bottles 3X/week. During the CIA access period, all rats had 

2 bottles on their cages on all days, with at least one of the bottles containing tap water at all 

times (a permanent water bottle). The animals in the Water group received no alcohol during 
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the experiment, and had tap water in both bottles for the duration of the access period. The 

Alcohol groups had 20% alcohol (v/v) in one of the bottles for a 24-h period every other day 

(3 days/week, separated by 24- or 48-h alcohol-free periods) and water in both bottles on 

other days. The location of the alcohol bottle was randomized to avoid side preference. The 

alcohol and water bottles were weighed and exchanged between 1:00 and 2:30 pm each 

afternoon.

After 6 weeks of CIA access, all rats were given a single water bottle for the remainder of 

the experiment. Three days after the end of the final alcohol exposure period, all rats 

received a single discrimination-retraining session with the original active and inactive lever 

contingencies. Starting the following day, all rats received 2 sessions (one session/day) in 

which the contingencies were reversed, such that the previously non-rewarded lever-light 

now earned food pellets and the previously rewarded lever-light no longer earned food 

pellets. All parameters of the reversal sessions were otherwise identical to the original lever-

press training.

2.4. Individual experiments:

2.4.1. Experiment 1—In Exp. 1, all rats received 3 discrimination sessions (as described 

above). Next, the rats received 6 weeks of CIA access or water only access. There were 2 

groups (n=8/group), with one group receiving Water only and the other group receiving CIA 

access. Then all rats received one session of discrimination-retraining 3 days after the final 

alcohol exposure, and then 2 sessions of reversal learning on subsequent days. All sessions 

lasted 40 min and both the active lever and inactive lever presentations lasted 40-sec in all 

sessions.

2.4.2. Experiment 2—In Exp. 2, two groups received 3 discrimination sessions and the 

other 2 groups received 6 discrimination sessions (as described above). Next, the rats 

received 6 weeks of CIA access or water only access. There were 4 groups (n=9/group): 3 

day discrimination-Water only, 3 day discrimination-Alcohol, 6 day discrimination-Water 

only, 6 day discrimination-Alcohol. Then all rats received one session of discrimination-

retraining 3 days after the final alcohol exposure, and then 2 once-daily sessions of reversal 

learning on the subsequent 2 days. All sessions lasted 44 min and both the active lever and 

inactive lever presentations lasted 50-sec in all sessions.

2.5. Statistical Analysis

For alcohol consumption, the alcohol consumed was calculated as the bottle weight 

difference between the start and end of the sessions, minus 2 grams for spillage, and then 

multiplied by 0.162 for the weight of alcohol in 1 g of a 20% v/v alcohol solution. The 2 g 

subtracted for spillage was determined on the basis of pilot research carried out in our 

laboratory, during which bottles were placed on empty cages and weighed daily to determine 

general spillage. In a few cases, experimenter error led to spillage of a bottle or incorrect 

data recording (defined as a recorded increase in the bottle weight after 24-h or a >100g 

decrease in the bottle weight). In these cases, the consumption on the day before and after 

the erroneous day was averaged to fill in the missing value. The data for the Alcohol rats 

were combined into weekly averages and then analyzed with a repeated-measures ANOVA 
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with the within-subjects factor of Week (the 6 weeks of alcohol exposure that each contained 

3 24-h alcohol access periods) for Exp. 1 and a mixed-factor ANOVA with the between-

subjects factor of Training Length (3 or 6 discrimination days) and the within-subjects factor 

of Week for Exp. 2.

For all discrimination sessions and reversal sessions, data were analyzed for number of 

lever-presses/trial and for percent of trials with at least one lever-press. For Exp. 2, the 

discrimination data from the 3- and 6-day training session groups were analyzed separately. 

Data for the 3 or 6 discrimination sessions prior to alcohol access were analyzed with 

mixed-factor ANOVAs with the between-subjects factor of Exposure Group (Water and 

Alcohol), and the within-subjects factors of Lever (Active and Inactive lever) and Training 

Day (the 3 or 6 discrimination training days). One rat made zero active lever-presses on the 

first day of discrimination training in Exp. 1. This rat received an additional day of 

discrimination training and the data from days 2-4 were used in the analysis. One rat in Exp. 

2 that was assigned to receive 3 discrimination sessions made zero active lever-presses in the 

first 3 days of discrimination training. This rat received three additional days of 

discrimination training, and the data from days 4-6 were used in the analysis.

For Exp. 1, data from the discrimination-retraining session after the alcohol access period 

were analyzed with a mixed-factor ANOVA with the between-subjects factor of Exposure 

Group (Water and Alcohol), and the within-subjects factors of Lever (Active and Inactive 

lever) and Trial Block (the five 4-trial blocks). For Exp. 2, data from the discrimination-

retraining session after the alcohol access period were analyzed with a mixed-factor ANOVA 

with the between-subjects factors of Exposure Group (Water and Alcohol) and Training 

Length (Three and Six discrimination training sessions), and the within-subjects factors of 

Lever (Active and Inactive lever) and Trial Block (the five 4-trial blocks).

For Exp. 1, data from the reversal learning sessions were analyzed with a mixed-factor 

ANOVA with the between-subjects factor of Exposure Group (Water and Alcohol), and the 

within-subjects factors of Lever (Active and Inactive lever), Training Day (the 2 reversal 

training days), and Trial Block (the five 4-trial blocks for each lever within each day). For 

Exp. 2, data from the reversal learning sessions were analyzed with a mixed-factor ANOVA 

with the between-subjects factors of Exposure Group (Water and Alcohol) and Training 

Length (Three and Six discrimination training sessions), and the within-subjects factors of 

Lever (Active and Inactive lever), Training Day (the 2 reversal training days), and Trial 

Block (the five 4-trial blocks for each lever within each day).

All data were analyzed using Statistica 5.1 (StatSoft. Tulsa, OK). Post-hoc analyses using 

Tukey HSD tests were run when the main effects or interactions of Exposure Group were 

significant (p<0.05). Full ANOVA tables for all analyses can be found in the Supplementary 

Materials.

Ray et al. Page 6

Physiol Behav. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

3.1 Alcohol consumption

3.1.1 Alcohol consumption in Experiment 1—During the drinking phase, the rats 

given alcohol access maintained relatively steady alcohol consumption, except for a spike 

during week 3 (Fig 1A). A within-subjects ANOVA with the within-subjects factor of Week 

(the 6 weeks of alcohol access) found a significant effect of Week (F(5, 35)=2.8, p<0.05). 

Post-hoc analyses found that alcohol consumption in week 3 was significantly higher than 

consumption in week 1.

3.1.2 Alcohol consumption in Experiment 2—During the drinking phase, there was 

no difference in alcohol consumption between the two groups of rats that received the 

different lengths of discrimination training. Both groups of rats given alcohol access 

increased their consumption from week 1 to subsequent weeks, when alcohol consumption 

then leveled off (Fig 1B). A mixed-factor ANOVA with the between-subjects factor of 

Training Length and the within-subjects factor of Week (the 6 weeks of alcohol access) 

found a significant effect of Week (F)5, 80)=7.3, p<0.01), but no effect or interaction of 

Training Length (all F<1). Post-hoc analyses found that consumption in weeks 2-6 was 

significantly higher than consumption in week 1.

3.2 Operant training data

3.2.1 Experiment 1

3.2.1.1 Discrimination: In the original discrimination, there were no differences in 

percent of trials with a lever-press between the two groups (that would later receive alcohol 

or water). The percent of trials with a lever-press for discrimination training (Fig 2A) was 

analyzed with a mixed-factor ANOVA with the between-subjects factor of Exposure Group 

and the within-subjects factors of Lever and Training Day. This analysis found significant 

effects of Lever (F(1,14)=150.5, p<0.01), Training Day (F(2,28)=4.0, p<0.05), and Lever X 

Training Day (F(2,28)=63.4, p<0.01). There were no significant effects or interactions of 

Exposure Group (all F<1).

In the original discrimination, there were no differences in lever-presses/trial between the 

two groups (that would later receive alcohol or water). Lever-presses/trial for discrimination 

training (Fig 2B) were analyzed with a mixed-factor ANOVA with the between-subjects 

factor of Exposure Group and the within-subjects factors of Lever and Training Day. This 

analysis found significant effects of Lever (F(1,14)=195.3, p<0.01), Training Day (F(2,28)= 

15.8, p<0.05), and Lever X Training Day (F(2,28)=41.5, p<0.01). There were no significant 

effects or interactions of Exposure Group (all p>0.05).

3.2.1.2 Discrimination Retraining: In the discrimination retraining session, there were no 

differences in percent of trials with a lever-press between the two groups that received 

alcohol or water. The percent of trials with a lever-press for discrimination retraining (data 

not shown) was analyzed with a mixed-factor ANOVA with the between-subjects factor of 

Exposure Group and the within-subjects factors of Lever and Trial Block. This analysis 

found significant effects of Lever (F(1,14)=293.5, p<0.01) and Trial Block (F(4,56)=11.8, 
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p<0.01) and a significant interaction of Lever X Trial Block (F(4,56)= 11.8, p<0.01). There 

were no significant effects or interactions of Exposure Group (all p>0.05).

In the discrimination retraining session, there were no clear differences in lever-presses/trial 

between the two groups that received alcohol or water. The number of lever-presses/trial for 

discrimination retraining (data not shown) was analyzed with a mixed-factor ANOVA with 

the between-subjects factor of Exposure Group and the within-subjects factors of Lever and 

Trial Block. This analysis found significant effects of Lever (F(1,14)=171.4, p<0.01) and 

Trial Block (F(4,56)=5.9, p<0.01) and significant interactions of Lever X Trial Block 

(F(4,56)=4.5, p<0.01) and Exposure Group X Lever X Trial Block (F(4,56)=3.1, p<0.05). 

Despite the significant Exposure Group X Lever X Trial Block interaction, the Alcohol 

group did not differ from the Water group in responding on either lever on any trial block 

during the lever retraining session.

3.2.1.3 Reversal learning: In the reversal learning sessions, there were no differences in 

percent of trials with a lever-press between the two groups that received alcohol or water. 

The percent of trials with a lever-press for reversal learning (Fig 2C) was analyzed with a 

mixed-factor ANOVA with the between-subjects factor of Exposure Group and the within-

subjects factors of Lever, Training Day, and Trial Block. This analysis found significant 

interactions of Lever X Training Day (F(1,4)=27.9, p<0.01), Lever X Trial Block 

(F(4,56)=17.2, p<0.01) and Training Day X Trial Block (F(4,56))=10.7, p<0.01). There were 

no significant effects or interactions of Exposure Group (all p>0.05).

In the reversal learning sessions, the group given prior alcohol access exhibited a pattern in 

which over-responding to the active lever emerged within the sessions. Lever-presses/trial 

for reversal learning (Fig 2D) was analyzed with a mixed-factor ANOVA with the between-

subjects factor of Exposure Group and the within-subjects factors of Lever, Training Day, 

and Trial Block. This analysis found a significant main effect of Training Day (F(1,14)=27.9, 

p<0.01), and significant interactions of Exposure Group X Trial Block (F(4,56)=7.8, p<0.01), 

Lever X Training Day (F(1,14)=169.9, p<0.01), Lever X Trial Block (F(4,56)=55.0, p<0.01) 

and Lever X Training Day X Trial Block (F(4,56)=21.2, p<0.01). As the Exposure Group X 

Trial Block interaction was significant, we performed post-hoc tests to determine the source 

of this interaction and found that lever-pressing across both levers in the Alcohol group 

differed from lever-pressing in the Water group in trial block 4 (trials 13-16) across the 2 

days (p<0.05), but overall responding on the two levers did not differ in the other blocks. 

One purpose of the current experiment was to determine whether the selective increase in 

responding on the active lever present in our previous experiment [24] would be present in a 

reversal learning task. For this reason, we performed post-hoc tests on the Exposure Group 

X Lever X Trial Block interaction and found that responding on the active lever differed 

between the Alcohol and Water groups in trial blocks 4 and 5 (trials 13-20, Fig 2E, left) 
(p<0.05), but lever-pressing on the inactive lever did not differ between the Alcohol and 

Water groups in any trial block (Fig 2E, right) (all p>0.05). This suggests that the overall 

Exposure Group X Trial Block effects was driven by an increase in active lever responding.
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3.2.2 Experiment 2

3.2.2.1 Discrimination: For the groups given 3 discrimination sessions, there were no 

differences in the original discrimination in percent of trials with a lever-press between the 

two groups (that would later receive alcohol or water). The percent of trials with a lever-

press for the groups given 3 days of discrimination training (Fig 3A, left) was analyzed with 

a mixed-factor ANOVA with the between-subjects factor of Exposure Group and the within-

subjects factors of Lever and Training Day. This analysis found significant effects of Lever 

(F(1,16)=261.8, p<0.01) and Lever X Training Day (F(2,32)=38.7, p<0.01). There were no 

significant effects or interactions of Exposure Group (all F<1).

For the groups given 6 discrimination sessions, there were no differences in the original 

discrimination in percent of trials with a lever-press between the two groups (that would 

later receive alcohol or water). The percent of trials with a lever-press for the groups given 6 

days of discrimination training (Fig 3B, left) was analyzed with a mixed-factor ANOVA 

with the between-subjects factor of Exposure Group and the within-subjects factors of Lever 

and Training Day. This analysis found significant effects of Lever (F(1,16)=600.6, p<0.01), 

Training Day (F(5,80)=5.3, p<0.01), and Lever X Training Day (F(5,80)=36.3, p<0.01). There 

were no significant effects or interactions of Exposure Group (all F< 1).

For the groups given 3 discrimination sessions, there were no differences in the original 

discrimination in lever-presses/trial between the two groups (that would later receive alcohol 

or water). Lever-presses/trial for discrimination for the groups given 3 days of discrimination 

training (Fig 3A, right) were analyzed with a mixed-factor ANOVA with the between-

subjects factor of Exposure Group and the within-subjects factors of Lever and Training 

Day. This analysis found significant effects of Lever (F(1,16)=153.5, p<0.01), Training Day 

(F(2,32))= 119.9, p<0.01), and Lever X Training Day (F(2,32)=84.6, p<0.01). There were no 

significant effects or interactions of Exposure Group (all F<1).

For the groups given 6 discrimination sessions, there were no differences in the original 

discrimination in lever-presses/trial between the two groups (that would later receive alcohol 

or water). Lever-presses/trial for discrimination for the groups given 6 days of discrimination 

training (Fig 3B, right) were analyzed with a mixed-factor ANOVA with the between-

subjects factor of Exposure Group and the within-subjects factors of Lever and Training 

Day. This analysis found significant effects of Lever (F1,16)=284.8, p<0.01), Training Day 

(F(5,80)=20.5, p<0.01), and Lever X Training Day (F(5,80)=34.3, p<0.01). There were no 

significant effects or interactions of Exposure Group (all F<1).

3.2.2.2 Discrimination Retraining: In the discrimination retraining session, there were no 

differences in the percent of trials with a lever-press between the groups that received 

alcohol or water. The percent of trials with a lever-press for discrimination retraining (data 

not shown) was analyzed with a mixed-factor ANOVA with the between-subjects factors of 

Exposure Group and Training Length and the within-subjects factors of Lever and Trial 

Block. This analysis found significant effects of Training Length (F(1,32)=4.2, p<0.05), 

Lever (F(1,32)=1443.8, p<0.01), and Trial Block (F(4, 128) 22.6, p<0.01), and significant 

interactions of Training Length X Lever (F(1,32)=4.2, p<0.01), and Lever X Trial Block 
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(F(4,128)=22.6, p<0.01). There were no significant effects or interactions of Exposure Group 

(all p>0.05).

In the discrimination retraining session, there were no differences in lever-presses/trial 

between the groups that received alcohol or water. Lever-presses/trial for discrimination 

retraining (data not shown) was analyzed with a mixed-factor ANOVA with the between-

subjects factors of Exposure Group and Training Length and the within-subjects factors of 

Lever and Trial Block. This analysis found significant effects of Lever (F(1,32)=384.7, 

p<0.01), and Trial Block (F(4, 128)= 11.1, p<0.01), and a significant interaction of Lever X 

Trial Block (F(4,128)=5.1, p<0.01). There were no significant effects or interactions of 

Exposure Group or Training Length (all p>0.05).

3.2.2.3 Reversal learning: In the reversal learning sessions, there were no differences in 

percent of trials with a lever-press between the groups that received alcohol or water. The 

percent of trials with a lever-press for reversal learning (Fig. 3C) was analyzed with a mixed-

factor ANOVA with the between-subjects factors of Exposure Group and Training Length, 

and the within-subjects factors of Lever, Training Day, and Trial Block. We found a 

significant effect of Trial Block (F(4,128)=2.5, p<0.05) and significant interactions of Lever X 

Training Day (F(1,32)=44.3, p<0.01), Lever X Trial Block (F(4,128)=24.8, p<0.01), and 

Training Day X Trial Block (F(4,128)=20.6, p<0.01). There were no significant effects or 

interactions of Exposure Group or Training Length (all p>0.05).

In the reversal learning sessions, the groups given prior alcohol access exhibited a pattern in 

which over-responding to the active lever emerged within the second reversal session. Lever-

presses/trial for reversal learning (Fig. 3D) were analyzed with a mixed-factor ANOVA with 

the between-subjects factors of Exposure Group and Training Length, and the within-

subjects factors of Lever, Training Day, and Trial Block. We found significant effects of 

Lever (F(1,32)=4.8, p<0.05), Training Day (F(1,32)=5.2, p<0.05), Trial Block (F(4,128)=9.6, 

p<0.01) and significant interactions of Lever X Training Day (F(1,32)=236.0, p<0.01), 

Exposure Group X Trial Block (F(4,128)=4.7, p<0.01), Lever X Trial Block (F(4,128)=149.6, 

p<0.01), Training Day X Trial Block (F(4,128)=3.5, p<0.01), Lever X Training Day X Trial 

Block (F(4,128)=24.3, p<0.01), and Exposure Group X Lever X Training Day X Trial Block 

(F(4,128)=2.7, p<0.05). There were no significant effects or interactions of Training Length 

(all p>0.05). Post-hoc Tukey’s tests determined that the Exposure Group X Lever X Training 

Day X Trial Block interaction was driven by a significant increase in active lever-pressing in 

the third trial block of reversal day 2 (trials 9-12) (p<0.05). While this is a more limited 

effect than that seen in Exp. 1 (as it was only seen on Day 2 and was not seen if the two 

reversal sessions were averaged [Fig. 3E]), it replicates the pattern that was observed in Exp. 

1, with equivalent responding at the beginning of the session and active lever over-

responding emerging within-session.

4. Discussion

We performed two experiments to determine the relationship between voluntary alcohol 

consumption and two variants of a go/no-go reversal learning task that allowed for multiple 

responses/trial. We found no effect of alcohol consumption on the acquisition of reversal 
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learning, as there were no differences between the Alcohol and Water groups in the percent 

of trials with a response to the active and inactive lever in either experiment. In both 

experiments, the rate of responding on the active lever was equivalent between the groups at 

the beginning of each session and an increased over-responding effect emerged within-

session in the Alcohol groups. Our results extend the over-responding pattern previously 

observed in discrimination learning [24] to a reversal learning procedure, although the over-

responding effect was smaller than that observed in discrimination learning and emerged 

within-session rather than being present throughout the entire reversal learning sessions. 

Below, we discuss the lack of an effect in reversal learning, the replicated over-responding 

effect, and the implications of each.

4.1. No effect of prior alcohol access on reversal learning

We found no effect of prior alcohol consumption on reversal learning in our task under a 

variety of experimental conditions. These conditions included different cue-lengths or 

reversal learning following different lengths of prior discrimination training (although we 

failed to find any effect of training length on the difficulty of reversal learning, supporting 

the idea that this task dimension does not always affect reversal difficulty [27, 28]). Our lack 

of an effect in reversal learning adds to the mixed literature on the effects of a history of 

alcohol exposure on reversal learning tasks, with some experiments finding that alcohol 

exposure impairs reversal learning [13, 15-19, 30, 31] and other experiments finding no 

effect or improved reversal learning [19-23]. There are several possible explanations for the 

varied results of alcohol exposure on reversal learning, including the method and dose of 

alcohol exposure as well as differences in the specifics of the reversal task.

One possible explanation for our finding that alcohol access did not affect reversal learning 

is that the voluntarily consumed levels of alcohol failed to meet a threshold of sustained 

blood-ethanol concentration (BEC) levels required for reversal learning impairments. Using 

the same method of providing alcohol access in food-restricted rats (average consumption 

9-11 g/kg/24-h), we previously found average BECs of 85-90 mg/dl [24]. In that experiment, 

BECs correlated with drinking levels and we were able to extrapolate a linear curve of 24-h 

consumption to BECs: (BEC = 15.4 X 24-h alcohol consumption in g/kg – 41.7). In the 

current experiments, the average alcohol consumption in the last 3 weeks of Exp. 1 and 2 

ranged from 7-9 g/kg/24-h, and based on this curve we would estimate average BECs of 

66-97 mg/dl in the two experiments. This range of BECs overlaps with those in several 

experiments in which pre-conditioning alcohol exposure altered conditioned fear after a 

withdrawal period (estimated BECs of ~80 mg/dl) [32, 33], suggesting that our BECs 

reached levels able to induce a pharmacological effect. However, our BECs are likely below 

the high BECs in previous experiments showing that alcohol exposure impairs reversal 

learning (~ 150-200 [13, 16, 18], ~257-310 [15, 17, 31] or ~500 mg/dl [19]). A recent study 

compared the effects of intraperitoneal (i.p.) injections (peak BEC = ~500 mg/dl) and i.g. 

injections (peak BEC = ~200 mg/dl) within the same reversal learning task and found that 

only the i.p. injections led to later reversal learning impairments [19], suggesting that the 

threshold to lead to reversal deficits is dose- and BEC-dependent. However, the pattern of 

effects associated with these alcohol exposure methods is complex. For example, some 

experiments found that 8-12 exposures to alcohol vapor (with sustained BECs of 150-225 
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mg/dl) for 16-h/exposure did not impair later reversal learning in touchscreen discrimination 

and T-maze tasks [20, 22], while 6 exposures to intragastric (i.g.) alcohol injections (which 

lead to peak BECs of 150 mg/dl that are not sustained) led to reversal learning impairments 

in a Barnes maze task [13]. It is unclear why fewer exposures with lower BECs/exposure 

would lead to a reversal learning deficit when more exposures with higher BECs would not, 

unless the particular reversal learning task used also affects the results. Likewise, 13 5-g/kg 

i.g. injections starting on post- natal day 28 impaired reversal learning in a bowl foraging 

task [16], while 16 5-g/kg i.g. injections starting on post-natal day 25 did not impair reversal 

learning in lever-press and Barnes maze tasks [23]. As the periods of alcohol exposure 

overlapped, it is unclear why the experiment with longer exposure did not lead to reversal 

learning impairments, unless the particular reversal learning task used also affects the 

results.

Differences in the tasks used to assess reversal learning could also be a source of variability 

in the results of alcohol access/exposure on reversal learning. Previous alcohol-reversal 

learning experiments utilized tasks involving touch-screen discrimination [20], rule-based T-

maze [22], bowl-foraging [16, 18, 19], water-maze [15, 17], Barnes maze [13, 23, 30, 31], 

and lever-based discriminations (Exp. 1 and 2 in the current paper and [21, 23]). The wide 

variability in the types of behavioral tasks could explain some of the differing results in the 

literature. This cannot be the only source of variability, however, as different alcohol 

exposure procedures led to either impaired [13, 19, 30, 31] or unimpaired [19, 23] reversal 

learning in Barnes maze and bowl foraging tasks, with performance in each task being 

impaired by prior alcohol exposure in some experiments and not others. As the current 

experiments are the first investigation of the effects of alcohol exposure on reversal learning 

in our task, it is possible that the particular task parameters influenced the current findings.

As described above, the pattern of results on the effects of prior alcohol exposure is 

complex, and no single factor appears to be the sole determinant of whether prior alcohol 

exposure will lead to reversal learning impairments. As such, our results add to the mixed 

literature, but our results do not invalidate earlier studies finding that passive exposure 

methods (that cause higher BECs) or use of alternate behavioral testing procedures leads to 

patterns in which alcohol exposure leads to reversal learning impairments. Future research 

will need to be performed to determine the role of these factors.

4.2. Over-responding by alcohol groups during reversal sessions

In both Exp. 1 and Exp. 2, we found evidence that 6 weeks of CIA access in food-restricted 

rats (which have elevated alcohol consumption) led to over-responding on the active lever 

that provided limited food reinforcement for lever-pressing. The results of both experiments 

replicate our previous findings that CIA access increases responding on the active lever, but 

had no effect on lever-pressing on the inactive lever [24]. The over-responding effect 

observed here was relatively small and was limited to over-responding that emerged within-

session rather than being present throughout the reversal learning sessions, as was observed 

in our previous discrimination learning experiments. However, the increased responding in 

trial block 3 (trials 9-12) of the second reversal session was replicable, as it was observed in 

two experiments and under different experimental parameters. This small within-session 
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over-responding effect was observed regardless of the length of the original discrimination 

training (3 or 6 days of training) and across experiments in which the cues lasted 40- or 50-

seconds.

Notably, while we collapsed across the first and second day of reversal learning to 

demonstrate our over-responding effect in Exp. 1, this was not necessary. Based on our 

finding in Exp. 2 that the over-responding effect was limited to reversal day 2, we ran an 

exploratory ANOVA of lever-presses/trial limited to day 2 in Exp. 1. We found a significant 

interaction of Exposure Group X Trial Block (F(4,56)=5.6, p<0.01), just as was found in the 

ANOVA with both reversal learning days included. Post-hoc tests found that lever-pressing 

across both levers in the Alcohol group differed from lever-pressing in the Water group in 

trial blocks 3 and 4 (trials 9-16; p<0.05), but overall responding on the two levers did not 

differ in the other blocks. As in the main ANOVA across both days, we performed post-hoc 

tests on the Exposure Group X Lever X Trial Block interaction and found that responding on 

the active lever differed between the Alcohol and Water groups in trial block 4 (trials 13-16; 

p<0.05), but lever-pressing on the inactive lever did not differ between the Alcohol and 

Water groups in any trial block (all p>0.05). Thus, the most consistent finding across the two 

experiments was an increase in over-responding on the active lever-pressing that emerged 

within-session in the second reversal learning session.

The over-responding pattern observed here and in our previous paper [24] resembles the 

over-responding seen in both humans and rodents after extensive alcohol exposure. Our 

findings suggest an inability to withhold responding, which is seen in humans with a history 

of excessive alcohol intake. In humans, a history of binge-drinking was associated with 

premature responding in a human version of the 5-choice serial reaction time task 

(5CSRTT), with significant correlations between the level of binge-drinking and the number 

of premature responses [34]. Alcohol-dependent humans also exhibit a failure to withhold 

responding during the two most common measure of response inhibition in humans, the 

stop-signal task and the no/no-go task. A meta-analysis by Smith and colleagues [35] found 

that alcohol dependence in humans was associated with impairments in withholding 

responding in both tasks, and heavy drinking was associated with impairments in 

withholding responding in the stop-signal task. In rodents, chronic ethanol treatment is 

associated with impairments in response inhibition in the 5CSRTT task [36-38]. Perhaps 

most relevantly, multiple cycles of alcohol consumption (with average consumption of 

~13-14 g/kg/24-h) and withdrawal led to impairments in a fixed-interval task [11], Over-

responding during this fixed-interval task occurred in a task where reinforcement was 

available at certain times (every 120 seconds), but increased responding occurred at times 

when reinforcement was predictably unavailable [11]. Responding to the active lever in our 

tasks was similar, in that the active lever was associated with a limited amount of 

reinforcement and over-responding occurred when reinforcement was predictably 

unavailable. Thus, our current results extend our previous findings of alcohol-induced over-

responding to additional experimental conditions (different cue lengths, initial 

discrimination and reversal from this discrimination). The reliability of our over-responding 

effect in combination with concurring clinical evidence denotes the translational value of the 

current findings of over-responding following a history of alcohol consumption.
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This analysis suggests that the over-responding effect represents an impairment in 

impulsivity and response inhibition. We believe that this is the case, although other 

explanations are possible, including increased hunger after the cessation of alcohol access, 

withdrawal symptoms, impairments in timing, or changes in executive control. First, 

increased hunger in the alcohol group (as the calories from alcohol are no longer available) 

leading to increased motivation for pellets is possible. However, this seems unlikely, as both 

the water- and alcohol access groups were food restricted to maintain a steady increase in 

their target weights. As such, the loss of calories in the alcohol group was reflected in their 

body weights in the days after the cessation of alcohol access and they received additional 

food chow to compensate for this loss. The rats had several days of this increased food chow 

before the reversal learning sessions began, which should prevent (or at least mitigate) any 

increase in hunger. Second, it is possible that this over-responding effect is associated with 

withdrawal symptoms. However, the lack of anhedonia, which would cause a decrease in 

responding for food rather than the increases we observe here, suggests that withdrawal 

symptoms are not likely generating our over-responding effect. Third, the over-responding 

effect could represent deficits in timing, as no additional pellets are available until after 20 

seconds into the cue once the first pellet is earned, and any responses before this 20-second 

mark could occur because of errors in estimating 20-second intervals. It is difficult to 

exclude this possibility with our current data. We did not record the exact time of the lever-

presses and food deliveries. In addition, any increased lever-pressing during the first 20-

seconds of the cue could reflect either a failure in estimating the time of the next food 

availability (a timing deficit) or a failure to inhibit responding even when timing abilities 

were normal (an impulsivity/response inhibition deficit). Finally, it is possible that the over-

responding reflects general changes in executive control (in choices of how to respond rather 

an inability to withhold a response that the animal is attempting to withhold). We admit that 

we cannot exclude this possibility, as there was no penalty for the excessive responding on 

the active lever (other than wasted effort). As such, while the alcohol-over-responding 

pattern we observe fits with human data on a relationship between alcohol use and 

impulsivity measures, it is possible that our over-responding effect reflects alterations in 

timing or executive functioning instead.

In the current experiments, the over-responding effect was not observed during the early 

trials of the reversal learning sessions. Instead, over-responding emerged within the lever-

press sessions. This pattern contrasts with the results of our previous experiments, in which 

alcohol consumption preceded the original discrimination learning and over-responding was 

seen throughout the discrimination training sessions and the overall over-responding effect 

was larger [24]. The reason for this particular pattern of over-responding is unclear. One 

possibility is that the previous contingencies, in which the active lever for reversal learning 

was the inactive lever during the initial discrimination learning phase, led to low responding 

on the active lever that interfered during the early trials of the reversal learning sessions. The 

influence of the initial discrimination contingencies may have been increased by 

spontaneous recovery during the early trials of the second reversal learning session [39, 40] 

and interfered with the expression of the over-responding effect. Regardless of the cause of 

this within-session pattern of over-responding, this pattern was observed in both experiments 

and appears to be a reliable expression of the over-responding effect under reversal learning 
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conditions. Additional research will need to be conducted to further characterize potential 

spontaneous recovery effects in reversal learning, and boundary conditions that might limit 

the generality of the over-responding effect.

It is noteworthy that the over-responding effect was also not present during the post-alcohol 

discrimination retraining session. This suggests several intriguing possibilities about the 

nature of the over-responding effect. One possibility is that the neurobiological changes 

induced by alcohol do not emerge until 4-5 days after the cessation of alcohol access and our 

retraining session 3 days after the cessation of alcohol access occurred too early to be 

affected by these changes. Some changes in neurobiological markers, such as altered gene 

expression in the prefrontal cortex and hippocampus [41], increased D1 receptors in the 

nucleus accumbens [42], and decreased SOX2-immunoreactive-labelled neural stem cells in 

the subventricular zone [43], appear or increase in magnitude between post-alcohol day 3 

and post-alcohol day 7. Although this explanation remains speculative, this suggests that 

neurobiological changes that could alter behavior might emerge after the 3-4 day interval 

when the discrimination retraining session occurred. A second possibility is that alcohol 

access affects new learning that occurs after alcohol access rather than altering expression of 

learning that occurred prior to alcohol access. If the effects of alcohol access were on 

expression rather than performance (for example, by spontaneously increasing locomotor 

activity or increasing motivation for food), these alterations could be expected to 

immediately increase the amount of responding on the active lever during the discrimination 

retraining session. In essence, the prior alcohol access would instantly “turn up the gain” on 

how the prior learning was translated into behavior. Instead, the slower emergence of over-

responding (absent during discrimination retraining, weak [Exp. 1] or absent [Exp. 2] in the 

first day of reversal learning, and strongest in the second day of reversal learning) suggests 

that prior alcohol access may have had its effects through altering what the animal was 

learning during their post-alcohol lever-pressing for food. Regardless of the nature of this 

potential alteration in learning (sensitization to the food, sensitization to the cues associated 

with the active lever, decreased impact of non-reinforced active lever-presses during over-

responding, etc…), this could explain the slow emergence of the over-responding effect.

Notably, both of these explanations for alcohol having no effect on discrimination retraining 

(delayed effects until 4-5 days after cessation of alcohol or prior alcohol affecting learning 

rather than a mechanism that increased expression of prior learning) are consistent with our 

previous findings that pre-discrimination alcohol access caused over-responding during 

discrimination learning [24]. In that study, one experiment (Exp. 1) started lever-press 

training 4 days after the end of alcohol access and there was no significant over-responding 

until the third day of lever-press training, which was 6 days after the end of alcohol access. 

A second experiment (Exp. 2) started lever-press training 5 days after the end of alcohol 

access. In this experiment, consistent over-responding (2 days in a row) emerged in 2 out of 

3 alcohol exposed groups on the 3rd day of lever-training, which was 7 days after the end of 

alcohol access. The delayed emergence of over-responding is consistent with either a 

delayed effect of prior alcohol access and withdrawal, or alcohol having effects on learning 

that require several sessions of response-reward pairings affect behavior. Future research 

studies, which give discrimination training prior to alcohol access and then systematically 
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vary the delay from the end of alcohol access until discrimination training is resumed, will 

be required to differentiate between these possibilities.

5. Conclusions

Here we have demonstrated that prior alcohol access does not impair go/no-go reversal 

learning, but induce over-responding to the active lever in a task that allows for multiple 

responses/trial. Our results do not invalidate previous findings of alcohol-induced 

impairments in reversal learning utilizing different experimental procedures, but instead add 

valuable information to the mixed alcohol exposure-reversal learning literature. Our data 

suggest that there are behavioral changes after voluntary alcohol access that can be missed 

by some discrimination/reversal learning assessments, and our over-responding task can 

detect these transient changes. The over-responding task represents a sensitive measure that 

can be used to assess behavioral alterations associated with levels of alcohol that rats will 

voluntarily drink, rather than requiring forced exposure to cause behavioral alterations, 

although the magnitude of this effect is smaller during reversal learning than during 

discrimination learning. Therefore, assessment of over-responding during discrimination 

learning would be recommended as a task that is more sensitive to alcohol-induced 

behavioral alterations. Future research will also be needed to determine the neurobiological 

changes associated with over-responding after these moderate levels of alcohol exposure.
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Figure 1. Alcohol consumption
(A) Alcohol consumption (mean±SEM) in the Alcohol group for the six weeks of CIA 

access in Experiment 1. (B) Alcohol consumption (mean±SEM) in the Alcohol group for the 

six weeks of CIA access in Experiment 2. # = significant difference from week 1.
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Figure 2. Experiment 1 behavioral data.
Mean±SEM for percent of trials with a lever-press (A) and lever-presses per trial (B) for the 

three days of initial discrimination training. Mean±SEM for percent trials with a lever-press 

(C) and lever-presses per trial (D) across the two reversal learning sessions. (Rev1 and Rev2 

= reversal day 1 and reversal day 2, respectively). (E) Within-session lever-presses per trial 

(mean±SEM), averaged across reversal days one and two, for the active lever (left) and 

inactive lever (right). For figures 2D-2F, the #’s 1-5 on the x-axis represent the 5 4-trial 

blocks for each stimulus within each session. * = significant difference from the 

corresponding trial blocks for the Water group.
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Figure 3. Experiment 2 behavioral data.
(A) For the three-day training group, percent of trials with a lever-press (mean±SEM; left) or 

lever-presses/trial (mean±SEM; right) during three discrimination sessions. (B) For the six-

day training group, percent of trials with a lever-press (mean±SEM; left) or lever-presses/

trial (mean±SEM; right) during six discrimination sessions. (C) Percent of trials with a 

lever-press (mean±SEM) for reversal learning. (D) Lever-presses per trial (mean±SEM) in 

reversal learning. (E) Within-session lever-presses per trial (mean±SEM), averaged across 

reversal days one and two, for the active lever (left) and inactive lever (right). For figures 

3C-3E, the #’s 1-5 on the x-axis represent the 5 4-trial blocks for each stimulus within each 

session. * = significant difference from the corresponding trial blocks for the Water group.
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