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2The Neurosciences Graduate Program, University of California San Diego, La Jolla, CA 92093, 
USA

Abstract

Alcohol dependence is associated with aberrant decision-making processes, particularly in the 

presence of alcohol-related environmental cues. For instance, alcohol cues can trigger alcohol 

seeking, consumption, and even relapse behavior. Recently, works have suggested that alcohol 

dependence may induce more general alterations in cued processes that support adaptive behavior, 

including enhanced cue control of volitional behavior unrelated to alcohol use. Here we examine 

this hypothesis by combining prior exposure to chronic intermittent ethanol and repeated 

withdrawal (CIE) procedures with a Pavlovian-to-instrumental transfer (PIT) task in mice. The 

PIT task entails training a Pavlovian association, separately training an instrumental contingency, 

and a final test during which the Pavlovian cue and instrumental action are combined for the 

first time. We first tested two variants of the PIT procedure in ethanol-naïve mice, differing in 

part in the duration of Pavlovian conditioned cues (short or long). We found in the PIT test that 

the short cue procedure produced negative transfer, whereas the long cue procedure produced 

positive transfer. We then used the long cue variant to examine PIT behavior in mice previously 

exposed to either CIE or air vapor. We found that prior CIE exposure strengthened PIT behavior, 

with enhanced instrumental responding during presentation of the food-associated cue. We further 

found that this enhancement in CIE mice persisted even after devaluation of the food outcome. 

Our findings suggest that ethanol dependence can enhance the influence of reward-predictive cues 

on ongoing behavior. Greater non-alcohol cue control of behavior may reflect the effect of chronic 

ethanol exposure on neural circuitry critical for cue-guided behavior in general.
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Introduction

Alcohol use and dependence are associated with aberrant decision-making processes, 

particularly in the presence of alcohol-related cues. For example, viewing an alcoholic 

drink may trigger craving, alcohol-seeking, or even relapse to drinking behavior in 

individuals with alcohol use disorder (AUD). Animal models of ethanol use support that 

cues paired with ethanol can sustain ethanol-seeking and control behavior. In studies where 

animals are trained to self-administer ethanol, both discrete ethanol-paired cues and the 

self-administration context can reinstate instrumental ethanol-seeking behavior following 

extinction (Burattini et al., 2006; Tsiang & Janak, 2006). Ethanol-related cues and contexts 

also invigorate Pavlovian ethanol-seeking behavior (Cunningham et al., 2006; Remedios 

et al., 2014; Sciascia et al., 2015) and reinstate Pavlovian ethanol-seeking after extinction 

(Chaudhri et al., 2010). These altered responses to ethanol cues reflect ethanol’s ability 

to reinforce learning and imbue predictive value to cues and contexts related to ethanol. 

However, another way that ethanol could alter behavior, particularly with chronic heavy 

use and dependence, is through ethanol-induced changes to neural circuits that underlie 

cue-guided behavior. Changes to neural circuitry produced by chronic ethanol exposure 

could disrupt responses guided by predictive cues in general, including cues associated with 

non-ethanol rewards. For drug-dependent individuals, such aberrations in cued processes 

could contribute to deficits in adaptive behavior throughout widespread aspects of life.

Cues in our environment are thought to influence behavior in varied ways. By signaling 

salient rewarding or aversive outcomes, cues can direct decisions, elicit conditioned 

behaviors, and incentivize some actions or deter others. One way to examine the influence of 

environmental cues on ongoing actions is Pavlovian-to-instrumental transfer (PIT), a process 

through which previously conditioned Pavlovian cues influence instrumental behavior. A 

basic PIT procedure involves training a discrete Pavlovian conditioned association (e.g., 

auditory tone functions as a conditioned stimulus to predict an unconditioned stimulus, such 

as food reward), separately training an instrumental action (e.g., lever press produces same 

food reward), and then testing performance of the instrumental action in the presence and 

absence of Pavlovian conditioned cues. Transfer is demonstrated via energized instrumental 

behavior during presentation of the Pavlovian cue (e.g., rate of lever pressing increases 

during the auditory tone). Such transfer can be outcome-specific, where cues associated 

with a specific reward selectively enhance actions performed to earn the same reward. 

Another form of transfer is referred to as outcome-general, where reward-associated cues 

enhance instrumental actions in general, independent of which reward the action produces. 

Importantly, PIT has been demonstrated in rodents and humans (e.g., Garbusow et al., 2016; 

Lehner et al., 2017; Talmi et al., 2008; van Timmeren et al., 2020), making it a promising 

translational model.

Indeed, research in alcohol-dependent humans has used PIT models to investigate whether 

AUD affects cue-guided processes that support adaptive behavior. One prior finding 

suggested enhanced PIT in human alcohol dependence. In recently detoxified individuals, 

cues related to monetary wins and losses had a greater influence on volitional behavior 

compared to that observed in healthy controls (Garbusow et al., 2016). However, a different 

study examined PIT where cues predicted food rewards. There, they found that cues affected 
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behavior similarly in abstinent individuals with AUD and controls in both general and 

specific PIT (van Timmeren et al., 2020). While the reason for this discrepancy is unclear, 

and could be related to properties of the disparate rewards used, this past work offers some 

support for the intriguing hypothesis that AUD may enhance the influence of general cues 

on behavior.

Past examinations of PIT in human AUD have been performed after disorder onset, thus 

necessarily encompassing both the acquisition and expression of learned associations and 

their interactions. It is therefore pertinent for animal work to model a similar time course. 

In the present work, we examined the influence of prior chronic ethanol exposure on food 

cue-guided PIT behavior, with ethanol exposure prior to behavioral procedures such that all 

training and testing occurred within the protracted phase of withdrawal (Heilig et al., 2010). 

Because PIT investigations in humans often rely on short discrete cues (e.g., Lehner et al., 

2017; Talmi et al., 2008), but animal PIT models often require the use of longer duration 

cues (e.g., Crombag et al., 2008; Meltzer & Brahlek, 1970; Van Dyne, 1971), Experiment 

1 tested two variants of the PIT procedure in ethanol-naïve mice using either short or 

long auditory conditioned cues to predict food delivery, with concomitant differences in 

reinforcement schedule, number of cue-reward pairings, and total number of reinforcers. 

Replicating previous findings (Crombag et al., 2008), we found that the short cue procedure 

produced negative transfer whereas the long cue procedure produced positive transfer in the 

PIT test. Then, in Experiment 2, mice were exposed to chronic intermittent ethanol (CIE) 

vapor exposure, a well-validated model to examine aspects of alcohol dependence in rodents 

(Becker, 1994; Becker & Lopez, 2004; Griffin et al., 2009; Lopez & Becker, 2005), and 

underwent long cue PIT procedures. We found that prior CIE exposure selectively enhanced 

transfer in the PIT test relative to air controls. Our data suggest that protracted withdrawal 

from chronic ethanol exposure may enhance the ability of reward cues to guide ongoing 

actions in mice, perhaps reflecting ethanol-induced changes to neural circuitry critical for 

cue-guided behavior in general.

Materials and Methods

Animals

Adult female and male C57BL/6J and B6.129S2-Emx1tm1(cre)Krj/J (Emx1-Cre) mice were 

acquired from Jackson Laboratory (Bar Harbor, ME) or bred in-house 1 generation from 

mice acquired from Jackson Laboratory. Strain was kept consistent within each replication, 

such that Experiment 1A and the first replication of Experiment 2 used all Emx1-Cre mice, 

and Experiment 1B and the second replication of Experiment 2 used all C57BL/6J mice. 

There were no strain differences in behaviors examined. Average mouse ages at experiment 

start were 18.5 ± 0.52 weeks in Experiment 1A, 8.2 ± 0.45 weeks in Experiment 1B, and 

17.2 ± 1.03 weeks in Experiment 2. Mice were group housed 2–5 per cage and maintained 

on a 14-hr light/10-hr dark cycle. Prior to experimental procedures, animals were provided 

with mouse chow (Lab-diet 5015) and water ad libitum. All experiments were approved by 

the University of California San Diego Institutional Animal Care and Use Committee, and 

were conducted in accordance with NIH Guidelines.
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Chronic Intermittent Ethanol Exposure

In Experiment 2, mice were exposed to 4 rounds of ethanol vapor or air control with 

repeated withdrawal (Becker, 1994; Becker & Lopez, 2004; Griffin et al., 2009; Lopez & 

Becker, 2005). In each round, mice were exposed to 4 consecutive days of 16-hr vapor 

exposure followed by an 8-hr withdrawal period. After a round concluded, there were an 

additional 3 days of withdrawal before the next round began. Ethanol was volatilized by 

bubbling air through a flask containing 95% ethanol at a rate of 2.3 L/min. The resulting 

vapor was then combined with a separate air stream for a total flow rate of approximately 

10 L/min. Ethanol or air vapor was delivered to mice in Plexiglas chambers (Plas-Labs Inc, 

Michigan, USA). Blood ethanol concentrations (BECs) were collected at the end of each 

round from sentinel mice (mean BEC = 43.1 ± 6.4 mM; Analox, USA). No injections of 

Pyrazole or ethanol were administered prior to placement in vapor chambers (Renteria et al., 

2018), and animals were monitored for ill effects of vapor procedures.

Pavlovian-to-Instrumental Transfer Task

Overview.—The PIT task, developed from Crombag et al. (2008), was used as a model 

of cue-guided behavior. The purpose of Experiment 1 was to test PIT transfer using two 

Pavlovian training procedure variants, differing in part by Pavlovian cue duration (either 

short, 8-sec, or long, 120-sec), in ethanol-naïve mice. The goal of Experiment 2 was 

to test the effect of prior chronic ethanol exposure on PIT transfer using the long cue 

procedure. Both experiments followed similar timelines, beginning with Pavlovian training 

with auditory tones, then instrumental lever press training, and finally testing for transfer 

(Figures 1A, 2A).

General Procedures.—In all experiments, mice were food restricted to maintain 85% 

of baseline bodyweight starting 3 days prior to behavioral procedures. In Experiment 

2, to limit the effects of acute withdrawal and examine any lasting effects present in 

protracted withdrawal, food restriction began 3 days after CIE procedures concluded. 

Thus, in Experiment 2, behavioral procedures began a total of 6 days after the conclusion 

of CIE. All behavioral procedures were conducted in standard sound-attenuating operant 

boxes (Med Associates, Vermont, USA). Each operant box contained two retractable levers 

situated around a food magazine, and the chamber house light was illuminated during all 

procedures.

Pavlovian Acquisition.—During Pavlovian training, both a food-predictive conditioned 

stimulus (CS+) and a conditioned stimulus predictive of an absence of food (CS−) were 

presented. The inclusion of a CS− allowed for disentanglement of whether any enhancement 

of instrumental behavior was based on the presence of environmental cues in general, or 

rather on the presence of cues specifically associated with rewards. During conditioning, two 

different frequency auditory tones (8 kHz and 15 kHz) were used as conditioned stimuli 

and were played for a duration of either 8-sec (Experiment 1A) or 120-sec (Experiment 

1B, Experiment 2). Food reward (food pellet, Bio-Serve formula F05684) was delivered 

immediately following tone presentation for Experiment 1A, or on average every 30-sec 

during tone presentation for Experiment 1B and Experiment 2. During the CS− tone, 

the stimulus was played but nothing else occurred. Between each tone presentation was 
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an intertrial interval (ITI) during which no tones were played for 120-sec on average. 

Mice were exposed to daily sessions of either 16 (Experiment 1A) or 10 (Experiment 

1B, Experiment 2) CS+ tones and an equivalent number of CS− tones in each session, 

presented in pseudorandom order. Entries into the food receptacle were detected via infrared 

beam breaks and recorded. Pavlovian acquisition sessions were conducted for 8 days in 

Experiment 1 and 7 days in Experiment 2. One fewer Pavlovian training day was included 

in Experiment 2 so that the PIT test would occur within the 21-day time period in which 

disrupted instrumental decision-making has been documented in mice (Renteria et al. 2018).

Instrumental Acquisition.—Following Pavlovian training, mice then underwent 

instrumental training in the same context used in Pavlovian training. Instrumental training 

involved daily sessions in which mice learned to press a lever for the same food earned 

during Pavlovian training. Throughout instrumental training and the transfer test, one lever 

was always available and the other lever was always retracted. One food pellet was delivered 

for every lever press under a continuous reinforcement schedule (CRF) for the first 3 days of 

training. On the following 5 days, 1 food pellet was delivered on average for every 10 lever 

presses (random ratio 10 schedule, RR). All instrumental training sessions ended when mice 

earned 30 pellets or 90-min elapsed. The number of lever presses was recorded, as were 

head entries into the food receptacle.

Pavlovian-to-Instrumental Testing.—Following instrumental training, the influence of 

conditioned cues on lever press behavior was assessed. The approximately 30-min test was 

conducted in extinction, in that neither CS+ presentations nor lever presses resulted in food 

reward. During testing, the trained lever was present at all times. In Experiment 1A, CS+ 

and CS− tones were presented 8 times each, while in Experiments 1B and 2, CS+ and CS− 

tones were presented 4 times each. In both experiments, tones were presented in alternating 

order throughout the test, beginning with the CS+ tone. In addition, between each tone 

presentation was an ITI period lasting on average 120-sec. Lever presses and head entries 

into the food receptacle were recorded.

Outcome Devaluation Procedures.—In Experiment 2, the effect of outcome 

devaluation on PIT responding in Air and CIE mice was assessed. Following the first 

transfer test, outcome devaluation procedures were conducted. All mice were given free 

access to the same food pellets earned during training for 60-min. Immediately following 

this pre-feeding period, all mice went through a second transfer test identical to the first. 

Lever presses and head entries into the food receptacle were recorded. Of note, outcome 

devaluation procedures often involve comparing lever pressing or head entries in a devalued 

state with behavior in a valued state, where satiation has been achieved via pre-feeding of 

a non-paired reinforcer. In the present work, we excluded a valued comparison as the long 

nature of the test session can induce greater extinction learning, and the implementation of 

additional training days could alter either CS or lever press association strength.

Behavioral and Statistical Analysis

Data were analyzed using Prism 6 (GraphPad) and JASP (Version 0.13.1). The alpha level 

was set at 0.05 for all experiments. All data within groups was found to be normally 
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distributed with the exception of CS+ food port entries during Pavlovian training in the 

Air group. Thus, for this group non-parametric analyses of Pavlovian training food port 

entry data are also presented. In Experiment 2, pre-training bodyweights were compared 

for Air and CIE mice with an unpaired t-test. For Pavlovian training, food port entry rate 

was analyzed with 2- or 3-way ANOVA examining the effects of the within-subjects factors 

Day and Trial Type (ITI/CS+/CS−), with the addition of the between-subjects factor of 

Group (Air/CIE) in Experiment 2. Rate of lever pressing was analyzed for instrumental 

training with 1- or 2-way ANOVA examining the effect of Day and, in Experiment 2, 

Group. For the PIT and devaluation tests, lever press rate was analyzed using 1- or 2-way 

ANOVA including the factor of Trial Type and, in Experiment 2, the factor of Group. 

Transfer was evidenced by an increase in lever pressing behavior during presentation of 

the food-associated CS+ compared to the CS− and the ITI. Planned post-hoc comparisons 

with Bonferroni correction were conducted to examine performance between trial types 

in Pavlovian training and in testing. Difference scores for the PIT test and devaluation 

test were computed as rate of lever pressing during the ITI subtracted from rate of lever 

pressing during the CS+ tone. Difference scores were compared to 0 in one sample t-tests for 

Experiment 1A and 1B, and for Air and CIE groups in Experiment 2. In addition, unpaired 

t-tests were performed to compare difference scores between Experiment 1A and 1B, and 

between Air and CIE groups in Experiment 2. Group consumption during Experiment 2 

devaluation pre-feeding was compared with an unpaired t-test. To reveal any changes in 

Experiment 2 behavior from the PIT test to the devaluation test, 2- or 3-way ANOVA were 

conducted with the factors of Group and Test for baseline ITI lever press rates and the 

additional factor of Trial Type for food port entry rates. Finally, the effects of sex and strain 

were examined in Experiment 2 using 2-way ANOVA for difference score, with the factors 

of Group and Sex or Strain.

Results

Attrition

In Experiment 1A, one mouse was excluded from all analyses for failing to learn to lever 

press, leaving a final n of 7 (2F, 5M). Experiment 1B was performed in two replicate 

cohorts, with a final n of 16 (16F) and no attrition. In Experiment 2, one mouse was 

excluded for failing to learn to lever press. Performed in 2 replicates, final group ns in 

Experiment 2 were n = 16 (8F, 8M) in the Air group and n = 17 (9F, 8M) in the CIE group. 

In addition, 2 mice did not consume food pellets during devaluation and so were selectively 

excluded from devaluation analyses. Final ns for devaluation analyses in Experiment 2 were 

n = 16 Air (8F, 8M) and n = 15 CIE (9F, 6M).

Sex and Strain

The effects of sex and strain on PIT were examined in Experiment 2, where strain differed 

by replication and both sexes were represented in Air and CIE groups. Analyses supported 

that transfer magnitude (difference between CS+ and baseline ITI lever press rates in the PIT 

test) and Air/CIE group differences in PIT were not affected by strain. This was supported 

by a 2-way ANOVA (Strain x Group) for difference score, which found no main effect of 

Strain (F(1, 29) = 2.62, p = 0.12), a marginal effect of Group (F(1, 29) = 3.80, p = 0.06), 
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and no interaction (F(1, 29) = 0.13, p = 0.72). Strains were therefore combined for all 

further Experiment 2 analyses. Sex analyses revealed overall weaker PIT in females, as has 

been seen previously (Barker & Taylor, 2019). A 2-way ANOVA (Sex x Group) examining 

difference scores in the PIT test indicated a main effect of Sex (F(1, 29) = 7.95, p < 0.01) 

and a main effect of Group (F(1, 29) = 6.53, p < 0.05), but no interaction (F(1, 29) = 1.14, 

p = 0.30). The same analysis for the devaluation test also revealed a main effect of Sex 

(F(1, 27) = 7.32, p < 0.05) and a main effect of Group (F(1, 27) = 12.64, p < 0.01), but no 

interaction (F(1, 27) = 0.01, p = 0.98). Together, these results indicate overall weaker PIT in 

females relative to males, regardless of treatment group. In other words, CIE enhanced PIT 

strength in both sexes. Males and females were thus combined for all further Experiment 2 

analyses.

Experiment 1A: Pavlovian-to-instrumental transfer with short conditioned stimuli

Mice were exposed to a Pavlovian conditioning procedure with 8-sec auditory tones. In 

this procedure, reward delivery occurred immediately after presentation of the CS+ tone. A 

benefit of this procedure is that it easily differentiates food port entries that are performed 

predictively (i.e., in expectation of food delivery) from food port entries that are performed 

to retrieve food. That is, predictive port entries are those that occur during CS+ presentation, 

and food retrieval port entries are those that occur soon after CS+ presentation.

Mice acquired Pavlovian conditioned behavior across training and learned that the CS+ tone 

was predictive of food delivery. This finding was supported by a 2-way ANOVA (Day x 

Trial Type) for rate of food port entries (port entries per min), which revealed significant 

main effects of Day (F(7, 126) = 6.26, p < 0.0001) and Trial Type (F(2, 18) = 4.26, p = 

0.03), and a Day x Trial Type interaction (F(14, 126) = 4.08, p < 0.0001) (Figure 1B). Post 

hoc comparisons for the main effect of Trial Type (collapsing across days) supported that 

the rate of predictive food port entries was significantly higher on average during the CS+ 

compared to the ITI (p < 0.05). There was no significant difference between food port entry 

rate during the ITI and CS− (p = 0.09) or between CS+ and CS− port entry rates (p = 0.99). 

However, post hoc day comparisons for the interaction between Day and Trial Type found 

that on the final day of training, there were significantly more food port entries performed 

during the CS+ compared to both the ITI (p < 0.01) and the CS− (p < 0.05). In subsequent 

instrumental training, mice learned to press a lever for the same food reward as earned in 

Pavlovian training and escalated their rate of lever pressing across sessions. This finding was 

supported by a 1-way ANOVA (Day) for lever press rate, which found a significant main 

effect of Day (F(7, 42) = 18.34, p < 0.0001) (Figure 1C).

However, PIT testing with short CS tones suggested negative PIT transfer. This finding 

was supported by a 1-way ANOVA (Trial Type) for lever press rate during the test, which 

revealed a significant main effect of Trial Type (F(2, 12) = 9.50, p < 0.01) (Figure 1D). 

Post hoc comparisons indicated significantly lower lever pressing rates during the CS+ tone 

compared to both the ITI (p < 0.05) and the CS− tone (p < 0.01). There was no significant 

difference between lever press rates during the CS− and ITI (p = 0.96). Further supporting 

that negative transfer occurred, a one sample t-test found that the difference between lever 

press rates in the ITI and CS+ was significantly lower than 0 (t(6) = 4.03, p < 0.01). Thus, 
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the above data show that the short cue procedure resulted in a decrease in lever pressing 

during cue presentation.

Experiment 1B: Pavlovian-to-instrumental transfer with long conditioned stimuli

In Experiment 1B, we altered the Pavlovian training procedure described in Experiment 1A 

to use longer, 120-sec auditory tones. In this modified procedure, food pellets were delivered 

on average every 30-sec throughout the CS+ tone rather than immediately after tone 

presentation. This procedure reduces the precise temporal predictability of food delivery 

and provides larger windows to observe cue-influenced lever pressing behavior.

Animals demonstrated robust Pavlovian learning with long CS tones. This was supported by 

a 2-way ANOVA (Day x Trial Type) for rate of food port entries, which revealed a main 

effect of Trial Type (F(2, 30) = 15.36, p < 0.0001) and Day (F(7, 105) = 7.31, p < 0.0001), 

but no significant interaction between the factors (F(14, 210) = 1.71, p = 0.06) (Figure 1E). 

Planned post hoc comparisons for the main effect of Trial Type found that food port entry 

rate was significantly higher during the CS+ tone compared to both the CS− (p < 0.0001) 

and the ITI (p < 0.001). There was no significant difference between food port entry rates 

in the ITI and CS− (p = 0.99). Next, animals were exposed to lever press training identical 

to the procedure described in Experiment 1A. Mice learned to lever press for the same food 

reward as earned during Pavlovian training and increased their rate of lever pressing across 

sessions, as demonstrated by a main effect of Day in a 1-way ANOVA (F(7, 105) = 59.13, p 
< 0.0001) (Figure 1F).

A PIT test conducted under extinction found that the long cue procedure produced positive 

PIT transfer (Figure 1G). This finding was supported by a main effect of Trial Type (F(2, 

30) = 8.64, p < 0.01) in a 1-way ANOVA for lever press rate during the test. Post hoc 

comparisons found that lever press rate was selectively energized during the CS+ tone 

relative to the ITI (p < 0.01) and the CS− tone (p < 0.01). There was no significant 

difference between lever press rates in the ITI and CS− (p = 0.99). Further supporting that 

lever pressing was energized during the food-associated CS+, a one sample t-test found that 

the difference between ITI and CS+ lever press rates was significantly greater than 0 (t(15) 

= 3.64, p < 0.01). In addition, an unpaired t-test found that the PIT difference scores for 

Experiments 1A and 1B were significantly different, supporting that the short cue procedure 

produced negative transfer, whereas the long cue procedure produced positive transfer (t(21) 

= 4.35, p < 0.001) (Figure 1H). These findings suggest that certain aspects of Pavlovian 

conditioning can affect the direction of PIT transfer in mice. In particular, short cues with 

greater reward predictability and fewer cue-reward pairings may produce negative transfer, 

whereas long cues with less predictable reward delivery and more cue-reward pairings may 

enable a larger window to observe cue-energized instrumental behavior and positive transfer.

Experiment 2: CIE-induced enhancement of Pavlovian-to-instrumental transfer

We next examined the effect of chronic ethanol exposure on PIT behavior using the long 

cue protocol. A new cohort of mice was exposed to CIE procedures, followed by training 

conducted identically to Experiment 1B, except with 1 fewer day of Pavlovian training. 

Following CIE exposure but prior to food restriction, average weights were 31.24 ± 1.82 
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grams in the Air group and 28.78 ± 1.63 grams in the CIE group. An unpaired t-test 

supported that there was no significant difference in weight between groups (t(31) = 1.01, p 
= 0.32).

Robust Pavlovian conditioned behavior was observed across groups, with learning 

supporting similar levels of conditioning between Air and CIE mice (Figures 2B, 2C). A 

3-way ANOVA (Day x Trial Type x Group) for rate of food port entries during training did 

not show a significant 3-way interaction (F(12, 372) = 2.62, p = 0.96), nor a significant 

2-way interaction of Trial Type x Group (F(2, 62) = 0.68, p = 0.51). However, there was a 

significant Day x Trial Type interaction (F(12, 372) = 5.42, p < 0.001), and a significant Day 

x Group interaction (F(6, 186) = 2.66, p < 0.05). There were main effects of Trial Type (F(2, 

62) = 39.06, p < 0.001) and Day (F(6, 186) = 4.78, p < 0.001), but no main effect of Group 

(F(1, 31) = 0.001, p = 0.98). Post hoc comparisons for the main effect of Trial Type showed 

that regardless of Air/CIE group, food port entry rates were significantly higher during the 

CS+ compared to both the ITI (p < 0.001) and the CS− (p < 0.001), whereas there was 

no significant difference between the ITI and CS− (p = 0.99). Further supporting similar 

levels of conditioning across groups, post hoc comparisons for the Day x Group interaction 

revealed no significant differences in overall food port entry behavior (collapsing across trial 

type) between Air and CIE on any given training day (ps = 0.99). Non-parametric tests 

also supported similar levels of training between groups. A Mann-Whitney test found no 

difference in CS+ food port entry rates between Air (Mdn = 8.00) and CIE (Mdn = 6.30) 

on the final day of training (U = 107, z = −1.03, p = 0.30). Confirming learning in the 

Air group, a Friedman test found a significant effect of Trial Type on food port entry rates 

during the last day of training in Air mice (χ2(2) = 18.38, p < 0.0001), with Dunn’s multiple 

comparisons indicating significantly higher food port entries in the CS+ relative to the ITI 

and CS− (ps < 0.001) and no difference between ITI and CS− (p = 0.99).

Both Air and CIE groups acquired similar levels of lever press behavior across instrumental 

training, with no differences between groups (Figure 2D). This was supported by a 2-way 

ANOVA (Day x Group) for lever press rate, which revealed no main effect of Group (F(1, 

31) = 0.34, p = 0.56) and no Day x Group interaction (F(7, 217) = 0.76, p = 0.62). A 

significant main effect of Day (F(7, 217) = 79.71, p < 0.0001) supported that mice increased 

lever pressing across training.

A subsequent PIT test revealed strengthened PIT transfer in CIE animals compared to Air 

animals (Figure 2E). A 2-way ANOVA (Trial Type x Group) for lever press rate found a 

significant main effect of Trial Type (F(2, 62) = 21.89, p < 0.0001) and a Trial Type x 

Group interaction (F(2, 62) = 3.51, p < 0.05). There was no main effect of Group (F(1, 31) 

= 0.90, p = 0.35). Post hoc comparisons for the Trial Type x Group interaction indicated that 

CS+ lever press rates were selectively enhanced in CIE animals compared to the CS− (p < 

0.0001) and ITI (p < 0.0001), and there was no significant difference between the CS− and 

ITI (p = 0.94). In Air animals, CS+ lever press rates were selectively enhanced compared 

to the CS− (p < 0.05) but less so compared to the ITI (p = 0.06). There was no significant 

difference between the CS− and ITI periods (p = 0.99). An analysis of difference scores 

supported that transfer occurred in both groups. In one sample t-tests, the difference between 

CS+ and ITI lever press rates was found to be significantly greater than 0 for both the Air 
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group (t(15) = 2.28, p < 0.05) and the CIE group (t(16) = 5.12, p < 0.0001). Supporting that 

PIT was enhanced in the CIE group, an unpaired t-test found that the difference between 

CS+ and ITI lever press rates was greater in CIE animals compared to Air animals (t(31) = 

2.27, p < 0.05) (Figure 2F).

Outcome devaluation testing was performed to investigate whether devaluation procedures 

differentially influence PIT expression in Air versus CIE mice. We found that pre-feeding 

prior to PIT testing did not disrupt the enhanced PIT observed in CIE mice compared to Air 

controls (Figure 2G). A 2-way ANOVA (Trial Type x Group) for lever press rate revealed 

a significant main effect of Trial Type (F(2, 58) = 18.32, p < 0.0001) and a Trial Type x 

Group interaction (F(2, 58) = 5.21, p < 0.01), but no main effect of Group (F(1, 29) = 0.45, 

p = 0.51). Post hoc comparisons revealed that in the CIE group, CS+ responding remained 

significantly higher than during both the ITI (p < 0.0001) and the CS− (p < 0.0001). Lever 

press rates did not differ between the CS− and ITI in the CIE group (p = 0.86). In the Air 

group, CS+ responding was not significantly energized relative to the ITI (p = 0.49), but 

was significantly higher than during the CS− (p < 0.05). There was no significant difference 

between lever press rates during the ITI and CS− in the Air group (p = 0.63). Analysis 

of the difference between CS+ and ITI lever press rates for each group supported that PIT 

was still enhanced in the CIE group following devaluation. One sample t-tests revealed that 

whereas the CIE group difference score was significantly greater than 0 (t(14) = 4.90, p < 

0.001), the Air group difference score was not (t(15) = 1.55, p = 0.14). Further, an unpaired 

t-test comparing difference scores between groups found that the CIE group score was 

significantly higher than the Air group score (t(29) = 3.05, p < 0.01) (Figure 2H). Groups 

did not differ in consumption levels during the pre-feeding period (0.60 ± 0.11 grams in Air 

and 0.62 ± 0.07 grams in CIE; unpaired t-test, t(29) = 0.14, p = 0.89). A 2-way ANOVA 

(Group x Test) also confirmed that across groups, baseline lever press rates in the ITI period 

decreased from the PIT test to the devaluation test. This was supported by a main effect of 

Test (F(1, 29) = 105.70, p < 0.0001) and no main effect of Group (F(1, 29) = 0.12, p = 

0.74) or interaction (F(1, 29) = 0.30, p = 0.59). Similarly, food port entries decreased from 

the PIT test to the devaluation test. This was supported by a 3-way ANOVA (Trial Type x 

Group x Test) for food port entry rate, which found a main effect of Test (F(1, 29) = 19.51, 

p < 0.001) and no other significant main effects or interactions (ps > 0.05). Together, these 

results suggest that CIE-strengthened transfer in the PIT test was resistant to devaluation of 

the food reward outcome.

Discussion

In the present study, we adapted a model of Pavlovian-to-instrumental transfer in mice to 

examine the influence of prior exposure to chronic intermittent ethanol on cue control of 

behavior. In ethanol-naïve mice, we found that a short cue procedure produced negative 

transfer and a long cue procedure produced positive transfer in the PIT test (Figure 1), 

supporting that procedural differences in Pavlovian training can influence the expression 

and direction of transfer in rodent models (Crombag et al., 2008). We then found that 

chronic ethanol exposure prior to all behavioral procedures resulted in enhanced PIT transfer 

compared to controls (Figure 2). These results suggest that protracted withdrawal following 

chronic ethanol exposure strengthened the ability of conditioned cues to guide ongoing 
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instrumental actions. Importantly, as we used non-drug cues and rewards throughout all 

experiments, these findings suggest that ethanol dependence may alter behavior guided by 

reward cues in general, rather than just cues associated with ethanol.

We found that though performance did not differ significantly between groups during 

training, PIT transfer was selectively enhanced in ethanol animals compared to controls. 

This finding of CIE-enhanced PIT is consistent with one previous study showing increased 

influence of non-drug Pavlovian cues on behavior in abstinent humans with alcohol 

dependence (Garbusow et al., 2016). However, another recent report found no differences in 

transfer strength between abstinent individuals with AUD and controls (van Timmeren et al., 

2020). Two notable differences between these studies are the type of reward and the type of 

PIT procedure used. Garbusow et al. (2016) used cues associated with monetary wins and 

losses, and van Timmeren et al. (2020) used cues associated with food rewards. However, as 

the present work also used food rewards, more investigation is necessary to understand any 

differences in performance between procedures using primary or secondary reinforcers. A 

second difference between these studies is the method of PIT used. Whereas van Timmeren 

et al. (2020) explicitly examined both specific and general PIT, finding no differences 

between patients and controls with either form of PIT, Garbusow et al. (2016) used a PIT 

procedure that cannot determine which form of PIT was observed. These experimental 

differences may underlie the disparate results observed, or other undetermined factors may 

be involved.

We found that PIT transfer persisted in ethanol animals, but not control animals, following 

devaluation procedures. Though we did not directly test devaluation to avoid possible 

training and extinction effects, several factors support that devaluation occurred. Groups 

showed similar consumption during pre-feeding, and across all groups there was a reduction 

in baseline rate of lever presses and food port entries made during the devaluation test 

compared to the first PIT test. As CIE exposure has previously been shown to produce 

insensitivity to devaluation of ethanol self-administration as well as operant food-seeking 

(Lopez et al., 2014; Renteria et al., 2018; Renteria et al., 2020), the current findings suggest 

that cue-induced motivational influences on lever pressing are open to devaluation in control 

mice but not ethanol mice. Past works have revealed conflicting effects of devaluation on 

PIT, with procedures similar to those used here demonstrating devaluation susceptibility 

(Aitken et al., 2016; Corbit et al., 2007; Dailey et al., 2016). In contrast, outcome-specific 

PIT often shows no effect of devaluation in both rodents and humans (Holland, 2004; 

Rose et al., 2018; but see Seabrooke et al., 2019). Holland (2004) additionally found 

that sickness-induced devaluation did not alter presumed outcome-general PIT, perhaps 

indicating differing effects based on method of devaluation. As the procedure in the present 

work is thought to produce outcome-general PIT (Cartoni et al., 2016), and devaluation was 

induced via satiation, our results support that devaluation affected transfer in the control 

group but not the ethanol group.

It is well established that exposure to ethanol is associated with altered responses to cues 

for ethanol. In rodents, cues and contexts related to ethanol invigorate ethanol-seeking 

behavior (Cunningham et al., 2006; Remedios et al., 2014; Sciascia et al., 2015), and 

ethanol self-administration both augments ethanol-seeking (Remedios et al., 2014; Sciascia 
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et al., 2015) and reinstates Pavlovian and instrumental ethanol-seeking following extinction 

(Burattini et al., 2006; Chaudhri et al., 2010; Tsiang & Janak, 2006). Using PIT tasks, a 

number of rodent studies have found that ethanol-paired conditioned stimuli elicit increases 

in instrumental responding that was previously maintained by ethanol (Corbit & Janak, 

2007; Corbit & Janak, 2016; Glasner et al., 2005; Krank, 2003; Krank et al., 2008; Milton 

et al., 2012). Though this effect has not been studied extensively in humans, one study 

of detoxified individuals with AUD interestingly found that alcohol cues had an inhibitory 

effect on instrumental behavior in PIT (Schad et al., 2019). This inhibitory effect may 

reflect the negative properties of alcohol and related cues experienced by patients during the 

process of detoxification (Schad et al., 2019). The present work moves beyond drug-specific 

cues to investigate the effect of chronic ethanol exposure on PIT behavior in the presence of 

reward cues in general, not just ethanol cues.

Notably, one prior study in mice using CIE and PIT procedures similar to those in the 

present work found that transfer was present in Air animals but abolished in CIE animals 

(DePoy et al., 2015). This study differed from the current work in that ethanol exposure was 

conducted after training had concluded, when associations were already learned (DePoy et 

al., 2015). In addition, DePoy et al. (2015) conducted testing immediately after the acute 

phase of ethanol withdrawal (2–3 days in nonhuman animals; Heilig et al., 2010). This 

timeline is markedly different from that used in the present work and previous work in 

humans with AUD, where ethanol exposure occurred prior to all behavioral procedures. 

Thus, DePoy et al. (2015) may have revealed an effect of more recent withdrawal on 

PIT performance, and would not have captured any possible effect of chronic ethanol 

exposure on training. Together, these results suggest that the sequence of drug exposure and 

conditioning may be an important factor in determining whether prior ethanol dependence 

enhances or inhibits PIT. Indeed, previous work supports that the timing of exposure to 

psychostimulants determines whether PIT is enhanced or impaired (Wyvell & Berridge, 

2001; Hall & Gulley, 2011).

Though human PIT studies commonly utilize short, discrete Pavlovian cues (e.g., Garbusow 

et al., 2016; van Timmeren et al., 2020), previous work supports that procedures using 

short duration cues often do not produce positive PIT transfer in rodent models. Crombag 

et al. (2008) found that 10-sec Pavlovian tones did not produce transfer, whereas 120-

sec Pavlovian tones produced robust transfer. Earlier work found similar results, with 

long Pavlovian cues producing positive transfer and short Pavlovian cues suppressing 

instrumental responding (Meltzer & Brahlek, 1970; Van Dyne, 1971). In the present work, 

mice trained with short cues demonstrated expected performance in both the Pavlovian and 

instrumental phases of training, but negative transfer in the PIT test. Mice trained with 

long cues, however, demonstrated expected performance in training and positive transfer 

in the PIT test. These findings could reflect several differences in the short and long 

cue procedures, including the temporal pairing of cue-food delivery, difference in the 

number of cue-reward pairings, and number of rewards delivered. Competition between 

lever press and food port entry behaviors may also be at play, as mice cannot perform these 

behaviors simultaneously; a short cue could bias checking of the food port in expectation 

of imminent food delivery, at the expense of lever pressing. Regardless of differences 
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between procedures, these findings support using Pavlovian training procedures with long 

conditioned cues to examine the effect of ethanol dependence on transfer in rodent PIT.

Though several brain areas are thought to contribute to PIT, the two regions most heavily 

implicated are the amygdala and nucleus accumbens (NAcc; Blundell et al., 2001; Corbit 

et al., 2001; de Borchgrave et al., 2002; Hall et al., 2001; Holland & Gallagher, 2003), 

with relatively more recent studies uncovering a dissociation between select subregions. 

Lesions to the basolateral amygdala (BLA) and NAcc shell have been shown to abolish 

outcome-specific PIT, whereas lesions to central amygdala (CeA) and NAcc core abolish 

outcome-general PIT (Corbit et al., 2016; Corbit & Balleine, 2005; Corbit & Balleine, 

2011). In amygdala, the dissociation between subregions has been corroborated in human 

PIT using high-resolution fMRI (Prévost et al., 2012). Further, lesions to CeA and substantia 

nigra pars compacta (SNpc) or ventral tegmental area (VTA) were shown to reduce transfer 

in presumed outcome-general PIT (El-Amamy & Holland, 2007), and VTA inactivation 

itself attenuates or abolishes transfer (Corbit et al., 2007; Murschall & Hauber, 2006).

Chronic alcohol exposure produces functional changes in amygdala and NAcc that could 

contribute to altered PIT behavior. In rodent CeA, CIE exposure was shown to augment 

GABAergic signaling and produce a net inhibition (Pleil et al., 2015; Roberto et al., 2004), 

potentially leading to disinhibition of downstream regions (Gilpin et al., 2015; Roberto 

et al., 2021). In rodent NAcc, CIE exposure increased glutamatergic activity (Griffin et 

al., 2014; Griffin et al., 2015), and in alcohol-dependent humans, NAcc activity in PIT 

was found to correlate with subsequent relapse (Garbusow et al., 2016). The overlap 

in brain regions implicated in PIT and affected by alcohol dependence is significant, 

and suggests that chronic exposure to alcohol could alter neural circuitry underlying the 

motivating influence of Pavlovian cues on instrumental behavior. As similar procedures to 

that used here are thought to produce outcome-general PIT (Cartoni et al., 2016), changes 

to subregions involved in that type of PIT are of greatest interest in regard to the present 

findings. For instance, an intriguing hypothesis is that CIE inhibition of CeA, and possible 

downstream disinhibition of areas such as SNpc and VTA, could underlie the facilitation of 

transfer demonstrated here in CIE mice.

One alternative explanation for enhanced transfer is that the CIE group could have 

undergone changes in motivational processes unrelated to ethanol. Though altered 

motivation can be difficult to measure directly, some evidence that could support increased 

motivation for the food reinforcer in CIE animals would be significantly lower weights, 

generally heightened responding, increased levels of consumption prior to the devaluation 

test, and possibly enhanced performance in other measures of motivational processes, such 

as incentive learning tasks. The present work, however, reflects a pattern of results that 

supports similar levels of food motivation between groups. There were no significant 

differences between Air and CIE groups in baseline weights, and across Pavlovian 

and instrumental training, animals exhibited very similar patterns of responding and no 

significant differences in behavior between groups. The two groups also did not significantly 

differ in consumption of the food reinforcer prior to the devaluation test. Though incentive 

learning was not examined here, recent work found that CIE-exposed animals actually 

exhibited impaired incentive learning although there was no weight loss during or after CIE 
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(Galaj et al., 2020). Thus, though changes in motivational processes cannot be completely 

ruled out, findings in the present work do not appear to be consistent with CIE-increased 

food motivation.

Together, our data suggest that chronic exposure to ethanol and repeated withdrawal can 

enhance the control of cues on volitional behavior. Importantly, this change was induced 

by prior chronic ethanol exposure and observed in a non-ethanol related task state. This 

suggests that ethanol dependence and protracted withdrawal may be associated with changes 

to neural structures key for guiding cue responses in general, rather than just cues for 

ethanol. This work sets the stage for future research investigating the neural circuitry 

underlying altered cue control of behavior in ethanol dependence, and may suggest that 

ethanol-induced changes in brain areas such as the nucleus accumbens and amygdala are 

key to enhancements in cue control. Future work dissecting the distribution of lever presses 

and head entry behavior across a session could also be of interest, in particular to clarify 

any behavioral differences between varying training procedures. Elucidating the neural and 

behavioral effects of ethanol dependence on cue control of behavior is crucial for developing 

improved methods of assessing and treating individuals with AUD.
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Fig. 1. Long cue procedure produces positive Pavlovian-to-instrumental transfer (PIT) and short 
cue procedure produces negative PIT.
(A) All mice first went through Pavlovian training including a food-associated tone (CS+), 

a non-food-associated tone (CS−), and intertrial intervals (ITI) where no tone was played; 

next, mice went through instrumental lever press training on continuous reinforcement 

(CRF) and random ratio (RR) schedules; finally, transfer was assessed in a PIT test. (B-D) 

Experiment 1A, short cue procedure. (B) Rate of food port entries across Pavlovian training 

days. (C) Rate of lever presses across instrumental training days. (D). Rate of lever pressing 
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during each trial type in the PIT test. (E-G) Experiment 1B, long cue procedure. (E) 

Rate of food port entries across Pavlovian training days. (F) Rate of lever presses across 

instrumental training days. (G) Rate of lever presses during each trial type in the PIT 

test. (H) Average difference between rate of lever pressing during CS+ minus rate of lever 

pressing during ITI for Experiments 1A and 1B. Data points represent mean ± SEM. * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 represent significant comparisons.
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Fig. 2. Chronic intermittent ethanol (CIE) exposure enhances Pavlovian-to-instrumental transfer 
(PIT).
(A) All mice were exposed to either CIE or Air control procedures; next, animals went 

through long cue procedure Pavlovian training including a food-associated tone (CS+), a 

non-food-associated tone (CS−), and intertrial intervals (ITI) where no tone was played; 

next, mice received instrumental lever press training on continuous reinforcement (CRF) and 

random ratio (RR) schedules; transfer was then assessed in a PIT test; finally, a second PIT 

test was performed following devaluation of the food outcome. (B) Rate of food port entries 

across Pavlovian training days in Air group. (C) Rate of food port entries across Pavlovian 

training days in CIE group. (D) Rate of lever presses across instrumental training days. (E) 

Rate of lever pressing during each trial type in the PIT test. (F) Average difference between 

rate of lever pressing during CS+ minus rate of lever pressing during ITI in the PIT test. (G) 

Rate of lever pressing during each trial type in the devaluation test. (H) Average difference 

between rate of lever pressing during CS+ minus rate of lever pressing during ITI in the 

devaluation test. Data points represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001 represent significant comparisons.
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