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U1215, F-33000, Bordeaux, France

Abstract

A major limitation of the most widely used current animal models of alcohol dependence is 

that they use forced exposure to ethanol including ethanol-containing liquid diet and chronic 

intermittent ethanol (CIE) vapor to produce clinically relevant blood alcohol levels (BAL) and 

addiction-like behaviors. We recently developed a novel animal model of voluntary induction 

of alcohol dependence using ethanol vapor self-administration (EVSA). However, it is unknown 

whether EVSA leads to an escalation of alcohol drinking per se, and whether such escalation is 

associated with neuroadaptations in brain regions related to stress, reward, and habit. To address 

these issues, we compared the levels of alcohol drinking during withdrawal between rats passively 

exposed to alcohol (CIE) or voluntarily exposed to EVSA and measured the number of Fos+ 

neurons during acute withdrawal (16 h) in key brain regions important for stress, reward, and 

habit-related processes. CIE and EVSA rats exhibited similar BAL and similar escalation of 

alcohol drinking and motivation for alcohol during withdrawal. Acute withdrawal from EVSA and 

CIE recruited a similar number of Fos+ neurons in the Central Amygdala (CeA), however, acute 

withdrawal from EVSA recruited a higher number of Fos+ neurons in every other brain region 

analyzed compared to acute withdrawal from CIE. In summary, while the behavioral measures 

of alcohol dependence between the voluntary (EVSA) and passive (CIE) model were similar, the 

recruitment of neuronal ensembles during acute withdrawal was very different. The EVSA model 

may be particularly useful to unveil the neuronal networks and pharmacology responsible for the 

voluntary induction and maintenance of alcohol dependence and may improve translational studies 

by providing preclinical researchers with an animal model that highlights the volitional aspects of 

alcohol use disorder.
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1. Introduction

A major problem in the alcohol field is the limited number of animal models of alcohol 

self-administration in outbred rats that leads to blood alcohol levels in the 150-300 mg/dL 

range, a level often observed in alcohol use disorder and extreme binge drinking. The 

lack of animal model hinders the discovery of the neuronal networks responsible for the 

voluntary initiation and maintenance of alcohol use disorder and the discovery of novel 

pharmacological treatments.

Although no animal model of addiction fully emulates the human condition, the models do 

permit the investigation of the specific elements of the addiction process (Rodd et al., 2004). 

Multiple methods have been developed to produce BALs in the 100-300 mg/dL range for 

12+ h per day, associated with somatic and affective withdrawal symptoms, but they use 

either forced alcohol liquid diet (Gilpin et al., 2009; Lieber and DeCarli, 1982; Overstreet 

et al., 2004), intragastric ethanol intubation (Aujla et al., 2013; Braconi et al., 2010; de 

Guglielmo et al., 2015; Sidhpura et al., 2010), passive exposure to ethanol vapor (Gilpin et 

al., 2008; Goldstein and Pal, 1971; O’Dell et al., 2004; Rimondini et al., 2002; Roberts et 

al., 1996; Schulteis et al., 1995; Vendruscolo and Roberts, 2014), or selected inbred lines of 

ethanol-preferring rats or mice (Ciccocioppo et al., 2006; McBride and Li, 1998).

The current gold standard animal model for the induction of alcohol dependence in rats is 

the model of chronic intermittent ethanol vapor (CIE). The CIE model represents a very 

efficient way to produce alcohol dependence (Becker and Lopez, 2004; de Guglielmo et al., 

2016; Gilpin et al., 2008; Gilpin et al., 2009; Leao et al., 2015; Lopez and Becker, 2014; 

Richardson et al., 2008), and over the years it has been helpful to elucidate the neuronal 

mechanisms underlying alcohol dependence (de Guglielmo et al., 2018; de Guglielmo et 

al., 2016; de Guglielmo et al., 2019; Funk et al., 2006; Healey et al., 2008; Kallupi et al., 

2014; Kimbrough et al., 2017; Kononoff et al., 2018; Leao et al., 2015; Nealey et al., 2011; 

Smith et al., 2011; Valdez et al., 2002; Varodayan et al., 2017; Vendruscolo et al., 2012; 

Vendruscolo et al., 2015; Walker, 2012; Walker and Koob, 2008; Walker et al., 2011).

We recently characterized a novel animal model animal for the induction and maintenance 

of alcohol dependence in outbred rats using chronic intermittent alcohol vapor self-

administration (EVSA model (de Guglielmo et al., 2017)) by using a novel apparatus that 

allow rats to self-administer alcohol vapor in their home cage. Using this model, we found 

that rats self-administer ethanol vapor to the point of reaching BALs in the 150-300 mg/dL 

range and show an addicted-like phenotype (escalation of intake, anxiety-like behavior, 

hyperalgesia, somatic withdrawal signs) similar to passive ethanol vapor exposure using the 

CIE model (de Guglielmo et al., 2017).

However, it is unknown whether EVSA leads to an escalation of alcohol drinking per se, 

and whether such escalation is associated with neuroadaptations in brain regions important 

for stress, reward, and habit-related processes. The goal of this study was to compare the 

levels of alcohol drinking and motivation for alcohol during withdrawal in animals passively 

exposed to alcohol (CIE) and animals subjected to the ethanol vapor self-administration 

paradigm (EVSA). We also performed neuroanatomical analysis of the immediate early gene 
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c-fos in several addiction-related brain regions and compared patterns of activation between 

CIE and EVSA rats during acute alcohol withdrawal (16 h).

2. Materials and Methods

A schematic of the experimental design is represented in Figure 1.

2.1. Subjects

Adult male Wistar rats (n=40), weighing 200-225 g at the beginning of the experiments, 

were housed in groups of two per cage (self-administration groups) in a temperature-

controlled (22°C) vivarium on a 12 h/12 h light/dark cycle (lights on at 10:00 PM) with 

ad libitum access to food and water. All the behavioral tests were conducted during the dark 

phase of the light/dark cycle. All the procedures were performed in accordance with the 

ARRIVE guidelines (Kilkenny et al., 2010), adhered National Research Council’s Guide for 

the Care and Use of Laboratory Animals and were approved by the Institutional Animal 

Care and Use Committee of the University of California, San Diego.

2.2. Operant alcohol self-administration training (drinking)

Self-administration sessions were conducted in standard operant conditioning chambers 

(Med Associates, St. Albans, VT, USA). For the alcohol self-administration studies, the 

animals were first trained to self-administer 10% (w/v) alcohol and water solutions until a 

stable response pattern (20 ± 5 rewards) was maintained. The rats (n=32) were subjected 

to an overnight session in the operant chambers with access to one lever (right lever) that 

delivered water (fixed-ratio 1 [FR1]). Food was available ad libitum during this training. 

After 1 day off, the rats were subjected to a 2 h session (FR1) for 1 day and a 1 h session 

(FR1) the next day, with one lever delivering alcohol (right lever). All the subsequent 

alcohol self-administration sessions lasted 30 min. The rats were allowed to self-administer 

a 10% (w/v) alcohol solution (right lever) and water (left lever) on an FR1 schedule of 

reinforcement (i.e., each operant response was reinforced with 0.1 ml of the solution). Lever 

presses on the left lever delivered 0.1 ml of water. This procedure lasted 12 days until 

a stable baseline of intake was reached. At the end of this phase the rats were divided 

into 4 groups (n=8/group) that underwent the EVSA procedure (alcohol or air) or the CIE 

procedure (alcohol or air). A schematic of the experiment is presented in Figure 1. Eight 

more age-matched naïve animals were used at the end of the study as a naïve control for the 

FOS expression experiment.

2.3 Alcohol dependence induction

2.3.1 Operant ethanol vapor self-administration (EVSA)—We developed an 

apparatus that consists of a standard rat home cage that is equipped with a nosepoke hole 

and a cue light on each side of the chamber for active and inactive responses (de Guglielmo 

et al., 2017). The apparatus was connected to a custom-made alcohol vaporization system, 

consisting of a heating element, a glass flask, two solenoids (one “normally opened,” 

connected to clean air; one “normally closed,” connected to the alcohol flask), a gas washing 

bottle, and a compressor. The apparatus was controlled by a Med Associates smartcard, and 

each response at the active nosepoke hole triggered the activation of the two solenoids. The 
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one that was “normally open” closed, and the one that was “normally closed” opened, so 

alcohol vapor could be released into the chamber. After 2, 5, or 10 min (depending on the 

parameters used), the solenoids turned off, and clean air was pushed into the chamber. All 

active and inactive responses were recorded on a computer. The home cage was always 

ventilated with a minimum of 15 L/min of clean air during the experiment.

2.3.2 Chronic-intermittent alcohol/air vapor self-administration model (EVSA)
—The animals (n=8) were trained to self-administer alcohol vapor in 8 h sessions every 

other day from 10 AM to 6 PM for a total of 12 sessions. Rats did not have access to food or 

water during the test sessions. For the first 4 sessions, a response in the active nosepoke hole 

resulted in the activation of two solenoids (one for alcohol vapor opened and one for clean 

air closed) to expose the animals to alcohol vapor (15 L/min) for 2 consecutive minutes. 

The illumination of a cue light for 20 s followed a nosepoke response. Any nosepoke in the 

active hole while the cue light was on did not result in any delivery of alcohol vapor (timeout 

[TO]). After the 20 s TO, responses in the active nosepoke hole released alcohol vapor or 

air for another 2 min, and the cue light was illuminated again for other 20 s. Responses 

in the opposite hole were recorded but had no consequences. In the next four sessions, the 

animals were subjected to the same parameters. The only difference was that the time of 

vapor exposure after each nosepoke increased to 5 min. In the last four sessions, the time of 

vapor exposure after each nosepoke increased to 10 min. A separate group of 8 rats was used 

as a control and was trained in the same conditions with the only difference that the response 

to the active nose poke triggered the release of air instead of alcohol (Figure 1).

2.3.3 Chronic Intermittent Ethanol vapor exposure, CIE, model (Alcohol 
vapor chambers)—A separate group of rats (n=8) was made dependent by chronic 

intermittent exposure to alcohol vapors. They underwent cycles of 8 h every other day 

(blood alcohol levels during vapor exposure ranged between 150 and 250 mg/dL) for 4 

weeks. The every other day 8h exposure has been chosen to match the 8 h paradigm in 

the EVSA model. In this model, rats exhibit somatic and motivational signs of withdrawal 

(Vendruscolo and Roberts, 2014). Eight more rats were used as a control and exposed to air 

(Figure 1).

2.4. Operant alcohol self-administration during withdrawal from alcohol vapor (active or 
passive) exposure.

Behavioral testing occurred three times per week 16 hours into withdrawal from alcohol/air 

vapor. The rats were tested for alcohol (and water) self-administration on an FR1 schedule 

of reinforcement in 30-min sessions for 6 weeks. At the end of this phase the animals were 

subjected to a progressive ratio test during which the number of lever presses necessary 

to obtain the next reinforcement progressively increased according to the following 

progression: 1, 1, 2, 2, 3, 3, 4, 4, 5, 5, 7, 7, 9, 9, 11, 11, 13, 13, etc. (Leao et al., 2015; 

Vendruscolo et al., 2012). The PR session stopped after 90 minutes or when 30 minutes 

elapsed after the last reinforcement.
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2.5. Determination of blood alcohol levels

Blood was sampled weekly for the determination of BALs during vapor exposure for both 

the EVSA and the CIE paradigms. The rats were gently restrained under the technician’s 

arm, and the tip of the tail (2 mm) was cut with a clean razor blade.

Blood samples (0.1 ml) were collected in Eppendorf tubes (catalog no. 05-407-13C, Fisher 

Scientific, Waltham, MA) that contained evaporated heparin and kept on ice. The samples 

were centrifuged, and serum was decanted into fresh Eppendorf tubes. The plasma was then 

processed using GAS Chromatography for BAL determination.

2.6. Immunohistochemistry

At the end of the experiments, the rats were deeply anesthetized with C02 16 h into 

withdrawal at the time they were normally tested for alcohol drinking and perfused with 

100 ml of phosphate-buffered saline (PBS) followed by 400 ml of 4% paraformaldehyde. 

The brains were postfixed in paraformaldehyde overnight and transferred to 30% sucrose in 

PBS/0.1% azide solution at 4°C for 2-3 days.

Brains were frozen in powdered dry ice and sectioned on a cryostat. Coronal sections were 

cut 40 μm thick and collected free-floating in PBS/0.1% azide solution. Following three 

washes in PBS, the sections were incubated in 1% hydrogen peroxide/PBS (to quench 

endogenous peroxidase activity), rinsed three times in PBS, and blocked for 60 min in PBS 

that contained 0.3% TritonX-100, 1 mg/ml bovine serum albumin, and 5% normal donkey 

serum. Sections were incubated for 24 h at 4°C with a rabbit monoclonal anti-Fos antibody 

(Cell Signaling Technologies #2250) diluted 1:1000 in PBS/0.5% Tween20 and 5% normal 

donkey serum. The sections were washed again with PBS and incubated for 1 h in undiluted 

Rabbit ImmPress HRP reagent (Vector Laboratories). After washing in PBS, the sections 

were developed for 2-6 min in Vector peroxidase DAB substrate (Vector Labs) enhanced 

with nickel chloride. Following PBS rinses, the sections were mounted onto coated slides 

(Fisher Super Frost Plus), air dried, dehydrated through a graded series of alcohol, cleared 

with Citrasolv (Fisher Scientific), and coverslipped with DPX (Sigma).

Quantitative analysis to obtain unbiased estimates of the total number of Fos+ cell bodies 

was performed on a Zeiss Axiophot Microscope equipped with MicroBrightField Stereo 

Investigator software (Colchester, VT, USA), a three-axis Mac 5000 motorized stage (Ludl 

Electronics Products, Hawthorne, NY, USA), a Q Imaging Retiga 2000R color digital 

camera, and PCI color frame grabber.

Three bilateral sections were analyzed for each rat. Live video images were used to draw 

contours (at 5 x magnification) to delineate the DMS, DLS, NAcc, CeA, PAG, MHb 

and PVT. After determining the mounted section thickness and Z-plane values, an optical 

fractionator probe was used to determine the number of positive neurons within the DMS, 

DLS, NAcc, CeA, PAG, MHb and PVT contours. Briefly, a counting frame of appropriate 

dimensions, denoting forbidden and non-forbidden boundaries, was superimposed on the 

video monitor, and Fos+ cells were counted at 20× magnification. Cells were identified as 

neurons based on standard morphology, and only neurons with a focused nucleus within the 
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nonforbidden regions of the counting frame were counted. Counts from all images from each 

rat were averaged so that each rat was an n of 1.

2.7. Statistical analysis

The data are expressed as mean ± SEM. For comparisons between only two groups, p 
values were calculated using unpaired t-tests as described in the result section. Comparisons 

across more than two groups were made using one-way analysis of variance (ANOVA), 

and two-way ANOVA was used when there was more than one independent variable. The 

standard error of the mean is indicated by error bars for each group of data. Differences 

were considered significant at p < 0.05. All of these data were analyzed using Statistica 7 

software.

3. Results

3.1. Pre-dependence alcohol self-administration.

The animals successfully learned to self-administer alcohol and to discriminate between 

alcohol and water during the 12 days of the training phase, as demonstrated by the 

significant interaction in Two Way ANOVA, with solutions (Alcohol/Water) as between 

factor and time (number of sessions) as within factor (F9,558 = 3.459, p < 0.001). The 

Newman Keuls post hoc test showed that animals significantly preferred alcohol over water 

in the last 3 days of self-administration (p < 0.01, Fig. 2A). At this point the animals were 

divided into 4 groups (EVSA alcohol, EVSA air, CIE alcohol, CIE air) with similar alcohol 

and water intake as shown by the non-significant 2 Way ANOVAs (F27,252 = 0.97, p = NS, 

for alcohol, Fig. 2B and F27,252 = 0.70, p = NS, for water, Fig. 2C).

3.2. Ethanol vapor self-administration (EVSA)

At this point the CIE rats were placed in vapor chambers for 3 weeks, while the EVSA rats 

started self-administering alcohol vapor or air in 8 hours daily sessions for 3 weeks.

The rats self-administering alcohol vapor discriminated very well between the active and 

inactive nosepoke operanda (Fig. 3A). The mixed factorial ANOVA, with nose pokes as 

the between-subjects factor and session as the within-subjects factor, revealed a significant 

nose pokes × session interaction (F11,154 = 2.918, p < 0.001). In the first session, the 

animals emitted 64.9% (102.1 ± 14.6) active nosepokes vs. 35.1% (54.2 ± 7.4) inactive 

nosepokes. The percentage of active vs. inactive nosepokes increased as the number of 

sessions increased. In the last four sessions, the animals exhibited strong preference for the 

active nosepoke hole (80.5%, 47.6 ± 13.4 vs. 8.2 ± 2.2).

On the other hand, the control rats self-administering air did not show discrimination 

between the active and inactive nosepoke operanda (Fig. 3B). While in the first few sessions 

the rats seemed to prefer the active nose poke (associated with the activation of the cue 

light), their preference shifted for the inactive one in the last few sessions of the training 

paradigm (Fig. 3B).

The animals self-administering alcohol vapor showed robust escalation of alcohol vapor 

self-administration as demonstrated by the significant drug x time interaction in the two-way 
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ANOVA (F29,406 = 6.063, p < 0.0001) that was not observed with the rats self-administering 

air. The Newman Keuls post hoc test revealed that alcohol animals escalated their exposure 

to alcohol vapor from session 5 to session 8 (p < 0.05, 5 min phase) and from session 9 

to session 30 (p < 0.01, 10 min phase; Fig 3C) compared to session 4 (last session at 2 

min vapor reward). Air self-administration rates in the air group remained low for the whole 

duration of the experiment.

3.3. Escalation of alcohol drinking during withdrawal

After 3 weeks of passive (CIE) or active (EVSA) alcohol exposure there was no difference 

in blood alcohol level concentrations between CIE and EVSA rats as demonstrated by 

the non-significant t-test (t14 = 0.14, p = NS; Fig. 4A). The animals were maintained 

in the vapor (CIE) or let self-administer alcohol vapor (EVSA) for 6 more weeks and 

alcohol drinking was measured 18 hours into withdrawal from vapor during 18 alcohol 

self-administration sessions (30 min). The two-way ANOVA with drug as between factor 

and time as within factor showed a significant drug x time interaction (F60,560 = 2.389, 

p < 0.0001). Analysis of the Newman Keuls post hoc demonstrated that CIE and EVSA 

rats escalated their alcohol drinking compared to their pre-dependence baseline, while no 

escalation was detected in their respective air control animals (Fig 4B). Figure 4C shows 

comparisons of the intake pre- and post-vapor exposure in the four groups. The two-way 

ANOVA with drug as between factor and time as within factor showed a significant drug 

x time interaction (F3,28 = 15.45, p < 0.0001). The Newman Keuls post hoc test revealed 

that both CIE and EVSA rats escalated their alcohol intake (p < 0.001) compared to 

their pre-dependence baseline and consumed significant more alcohol compared to their air 

counterpart after alcohol vapor exposure (p < 0.001). No difference in terms of alcohol 

intake was detected between EVSA and CIE, demonstrating that the two models of ethanol 

dependence induction led to similar alcohol intake during the escalation phase.

The rats were also tested in a progressive ratio paradigm. The one-way ANOVA showed a 

significant effect of alcohol vapor exposure (F3,28 = 12.41, p < 0.0001). The Newman Keuls 

post hoc test revealed that both CIE and EVSA alcohol rats showed increased motivation 

for alcohol compared their air exposed control groups (p < 0.001, Fig.4D). No difference in 

the progressive ratio test was detected between EVSA and CIE, demonstrating that the two 

models of ethanol dependence induction led to similar motivation for alcohol during acute 

withdrawal. At the end of the behavioral studies, 16h into acute withdrawal from alcohol, 

brains were collected for the evaluation of Fos+ cells in different brain regions

3.4. Characterization of neuronal ensembles recruited by EVSA and CIE during acute 
withdrawal from alcohol vapor

We then investigated the neuronal ensembles that are recruited by acute withdrawal from 

alcohol vapor in animals made dependent through EVSA and CIE by evaluating the number 

of Fos-positive neurons in key brain regions that are involved in addiction (DMS, DLS, 

NAcc, CeA, PAG, Medial Habenula and PVT). The animals were euthanized 16 hours into 

withdrawal at the time they were used to start the alcohol self-administration testing. Eight 

more age-matched naïve animals were euthanized at the same time point and used as naïve 

controls.
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Figure 5 depicts the number of Fos-positive neurons per millimeter squared in the DMS, 

DLS, NAcc, CeA, PAG, Medial Habenula and PVT. Each graph shows the mean ± SEM (n 

= 6–8 animals per group).

Striatum—In the DMS, withdrawal from EVSA increased the number of Fos-positive 

neurons, as demonstrated by the one-way ANOVA (F4,35 = 29.92, p < 0.0001). Analysis of 

the Newman Keuls post hoc demonstrated that the EVSA rats had significantly higher levels 

of Fos-positive neurons compared to naïve (p < 0.0001), EVSA air (p < 0.0001) and CIE rats 

(p < 0.0001, Fig. 5A).

In the DLS, withdrawal from both EVSA and CIE increased the number of Fos-positive 

neurons, as demonstrated by the one-way ANOVA (F4,35 = 17.33, p < 0.0001). However, 

analysis of the Newman Keuls post hoc showed that the increase of Fos-positive cells 

was significantly higher in the EVSA rats compared to the CIE rats (p < 0.05 Fig. 5B). 

Interestingly, an increase in Fos-positive neurons compared to naïve animals was detected 

also in EVSA air control rats (p < 0.001 vs naïve, Fig. 5B).

Nucleus Accumbens—In the NAcc, withdrawal from both EVSA and CIE increased the 

number of Fos-positive neurons, as demonstrated by the one-way ANOVA (F4,31 = 29.50, 

p < 0.0001). However, analysis of the Newman Keuls post hoc showed that the increase of 

Fos-positive cells was significantly higher in the EVSA rats compared to the CIE rats (p 
< 0.01 Fig. 5C). A slight increase in Fos-positive neurons compared to naïve animals was 

detected also in EVSA air control rats (p < 0.05 vs naïve, Fig. 5C).

Central Amygdala—In the CeA, withdrawal from both EVSA and CIE increased the 

number of Fos-positive neurons, as demonstrated by the one-way ANOVA (F4,35 = 44.90, 

p < 0.0001). The Newman Keuls post hoc demonstrated that the increase in Fos positive 

neurons was similar during withdrawal from CIE or EVSA (p < 0.001 vs naïve and p < 

0.001 vs their respective air control, Fig. 5D).

Periaqueductal Grey—In the PAG, withdrawal from both EVSA and CIE increased the 

number of Fos-positive neurons, as demonstrated by the one-way ANOVA (F4,34 = 26.12, 

p < 0.0001). However, analysis of the Newman Keuls post hoc showed that the increase of 

Fos-positive cells was significantly higher in the EVSA rats compared to the CIE rats (p < 

0.001 Fig. 5E).

Medial Habenula—In the MHb, withdrawal from both EVSA and CIE increased the 

number of Fos-positive neurons, as demonstrated by the one-way ANOVA (F4,31 = 29.50, 

p < 0.0001). However, analysis of the Newman Keuls post hoc showed that the increase of 

Fos-positive cells was significantly higher in the EVSA rats compared to the CIE rats (p < 

0.001 Fig. 5F).

Paraventricular nucleus of the Thalamus—In the PVT, withdrawal from EVSA 

increased the number of Fos-positive neurons, as demonstrated by the one-way ANOVA 

(F4,35 = 29.92, p < 0.0001). Analysis of the Newman Keuls post hoc demonstrated that the 
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EVSA rats had significantly higher levels of Fos-positive neurons compared to naïve (p < 

0.001), EVSA air (p < 0.05) and CIE rats (p < 0.01, Fig. 5G).

Characterization of the withdrawal network connectivity after EVSA and CIE.: To 

determine possible differences in network connectivity after EVSA and CIE, we examined 

functional connectivity between brain regions based on significant correlations of Fos+ 

neurons (Fig 6). During abstinence from EVSA, strong positive correlations were observed 

between the DMS-NAcc, DMS-MHb, NAcc-PVT, DLS-PVT, DLS-PAG (all p < 0.05, Fig. 

6) and a strong negative correlation DMS-CeA (p < 0.05, Fig. 6). In addition, the increase of 

Fos+ neurons in the DMS, NAcc and PVT, positively correlated with the amount of alcohol 

consumed during withdrawal from EVSA (p < 0.05, Fig. 6).

During abstinence from CIE the DMS-CeA, DLS-PVT, and DLS-PAG correlations were 

still present (all p < 0.05, Fig. 6), but the DMS-NAcc, DMS-MHb, NAcc-PVT were lost. 

However, positive correlations between DMS-DLS, CeA-MHb and PVT-PAG were found 

(all p < 0.05, Fig. 6). Finally, during withdrawal from CIE, the increase of Fos+ neurons in 

the CeA and MHb, positively correlated with the amount of alcohol consumed (p < 0.05, 

Fig. 6).

4. Discussion

This study demonstrates that CIE and EVSA rats exhibit similar BAL (150-400 mg/dL 

range) and similar escalation of alcohol drinking during withdrawal, while no changes in 

terms of drinking were observed in the air exposed rats. CIE and EVSA also increased the 

motivation for alcohol compared to their respective air control groups under a progressive 

ratio schedule of reinforcement. Acute withdrawal from EVSA and CIE recruited a similar 

number of Fos+ neurons in the CeA, however, acute withdrawal from EVSA recruited a 

higher number of Fos+ neurons in every other brain region analyzed compared to acute 

withdrawal from CIE. Moreover, acute withdrawal from EVSA specifically recruited the 

DMS and PVT, a pattern not observed in CIE rats.

The present study is a follow up of our previous work that characterized a novel animal 

model for the induction and maintenance of alcohol dependence in outbred rats using 

chronic intermittent alcohol vapor self-administration (de Guglielmo et al., 2017). In our 

previous work we demonstrated that rats can voluntarily self-administer alcohol vapor to 

the point of becoming dependent on alcohol including somatic signs, anxiety-like behavior, 

and hyperalgesia. However, it is unknown whether EVSA leads to an escalation of alcohol 

drinking per se, and whether such escalation is associated with neuroadaptations in brain 

regions related to stress, reward, and habit. In this new set of experiments, we wanted to 

evaluate if animals exposed to this new paradigm of EVSA would also drink more alcohol 

during acute withdrawal from vapor. To test this hypothesis, we compared the levels of 

alcohol drinking 16 h into withdrawal in animals passively exposed to alcohol (CIE) and 

animals subjected to the new vapor self-administration paradigm (EVSA).

The results showed similar blood alcohol levels between CIE and EVSA rats at the end of 

the vapor exposure. EVSA and CIE rats similarly escalated their alcohol intake during acute 
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withdrawal to alcohol vapor and similarly showed increased motivation for alcohol when 

compared to their air control counterparts. A limitation of the CIE and EVSA models is 

that they use a different route of alcohol self-administration than humans (vapor delivery 

vs. ingestion). These models are used because while outbred rats will readily self-administer 

oral alcohol, the amount of alcohol consumed is usually very low (given the bitter taste 

and the pharmacological properties of alcohol) and therefore does not produce BALs that 

are clinically relevant for alcohol use disorder. However, the results demonstrate that rats 

in the EVSA model, not only escalated their exposure to ethanol vapor, but also escalated 

their alcohol drinking in an operant chamber and showed increased motivation for alcohol 

that was similar to CIE rats. The levels of alcohol drinking after EVSA were similar to the 

levels described in the literature with the CIE model and relevant for alcohol dependence 

(de Guglielmo et al., 2019; Kissler and Walker, 2016; O’Dell et al., 2004; Richardson et 

al., 2008; Smith et al., 2011). Therefore, the EVSA model, while using a different route of 

administration than human produces a Pattern of vapor self-administration that is relevant 

to alcohol drinking and blood alcohol levels in humans. Moreover, it is currently the only 

model available that can be used to specifically investigate the effects of the voluntary 

induction and maintenance of alcohol dependence in outbred rats.

We next performed neuroanatomical analysis of the immediate early gene c-fos in several 

addiction-related brain regions and compared patterns of activation between CIE and EVSA 

rats during acute alcohol withdrawal (16 h), at the time the animals were supposed to be 

tested for their alcohol drinking levels. We focused our analysis on key regions relevant to 

stress, reward, and habit-related processes, including the striatum, the nucleus accumbens, 

the central amygdala, the periaqueductal grey, the medial habenula, and the paraventricular 

nucleus of the thalamus.

Nucleus Accumbens and CeA.

We observed increased activation of the nucleus accumbens and the central amygdala in 

both CIE and EVSA rats during acute alcohol withdrawal, compared to air controls and 

naïve rats, suggesting that the mechanism behind the dysregulation of these two brain 

regions may be similar in rats made dependent with these two models (albeit the number of 

Fos+ neurons in the nucleus accumbens was slightly higher in the EVSA rats, compared to 

CIE animals). Converging lines of evidence show that alcohol acts on specific elements of 

the ventral forebrain, such as the NAcc and CeA to produce its acute positive reinforcing 

effects (Koob, 2003) and that the transition to dependence and addiction is believed to 

manifest as a function of dysregulated reward and stress circuitry within the NAcc and CeA 

(Koob, 2013). Numerous studies have identified a key role for the central nucleus of the 

amygdala (CeA) in alcohol drinking and alcohol dependence (de Guglielmo et al., 2016; de 

Guglielmo et al., 2019; Gilpin et al., 2015; Kimbrough et al., 2020; Koob, 2009; Koob and 

Volkow, 2010; Wrase et al., 2008). Chronic alcohol use alters CeA neuronal transmission 

(Roberto et al., 2012; Roberto et al., 2003; Roberto et al., 2004a; Roberto et al., 2004b; 

Varodayan et al., 2017), and the CeA has been shown to encode alcohol-related memories 

(Barak et al., 2013). Moreover, we have shown that the activation of a specific neuronal 

ensemble in the CeA during alcohol withdrawal is associated with high levels of alcohol 

drinking in alcohol-dependent rats (de Guglielmo et al., 2016). The similar level of Fos 
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activation on the CeA between EVSA and CIE rats is in line with the similar BALs and 

escalation of alcohol drinking in both groups, suggesting that activation of the CeA may be 

related to the motivation to drink alcohol during acute withdrawal (Koob, 2003; Koob and 

Le Moal, 2008), but not whether the maintenance of alcohol dependence is volitional or not.

Striatum.

The results showed that acute withdrawal recruits neurons in DMS selectively in the EVSA 

rats. In the DLS instead, acute withdrawal recruits neurons in all the groups except for 

the CIE air controls, when compared to naïve. However, EVSA rats showed a significantly 

higher number of Fos positive cells than CIE rats, despite reaching the same BALs (Fig 4A). 

These results suggest that hyperactivation of the DMS and DLS in EVSA may contribute to 

voluntary maintenance of alcohol dependence. Indeed, the striatum is the major input station 

of the basal ganglia known to control goal-directed and habit-like behaviors. The striatum 

receives glutamatergic inputs from the prefrontal cortex and to a lesser degree from the 

thalamus, as well as dopaminergic inputs from the ventral midbrain, and serotonergic inputs 

from the dorsal raphe nucleus and glutamatergic and GABAergic input from the amygdala. 

Alcohol alters the function of striatal circuits in multiple ways, which may contribute to 

acute intoxication, alcohol seeking, dependence and withdrawal. Growing evidence indicates 

regional-specificity of alcohol actions on the striatum (Chen et al., 2011; Corbit et al., 2012; 

Jeanblanc et al., 2009). The dorsolateral striatum (DLS) contributes to habit formation and 

may participate in the development of habitual alcohol use while the dorsomedial striatum 

(DMS) participates in control of goal-directed actions (Balleine and O’Doherty, 2010), and 

thus may influence goal-directed alcohol seeking. The selective increased in Fos+ neurons 

in the DMS in EVSA rats is likely due to the fact that EVSA rats had to perform an 

operant response to obtain alcohol vapor while CIE rats received alcohol vapor passively. 

These results suggest that the EVSA model may be more useful than the CIE model to 

study alcohol-induced neuroadaptations in the striatum that are relevant to the increased 

motivation to seek alcohol in dependent subjects.

Periaqueductal Gray.

Acute withdrawal produced a robust activation that was twice as strong in EVSA compared 

to CIE rats. The PAG is a major output of the extended amygdala and orchestrates emotional 

expression. Particularly relevant to negative emotional state, alcohol withdrawal-induced 

hyperalgesia is mediated in part by amygdala (CeA) projections to the PAG (Avegno et al., 

2018). Glutamatergic projections from the PAG to the ventral tegmental area synapse on 

both GABA and dopamine neurons (Omelchenko and Sesack, 2010) and provide a circuit 

for drug seeking via the PAG. Interestingly, the PAG is also involved in the regulation 

of goal-directed behavior (Mobbs et al., 2007), particularly in the presence of an aversive 

stimulus (Mobbs et al., 2007). Thus, PAG circuitry mediates negative emotional states and 

may close off the motivational loop that links negative reinforcement to drug seeking and 

the increased Fos activation in EVSA rats may contribute to the volitional maintenance of 

alcohol dependence of EVSA compared to CIE rats.
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Medial Habenula.

Acute withdrawal recruited the Medial Habenula (MHb) in both EVSA and CIE rats, with 

~3x higher Fos+ cells in the EVSA rats. The MHb has been shown to be involved in 

addiction, anxiety, and mood regulation (Batalla et al., 2017; Fowler and Kenny, 2012). 

It has been postulated that the LHb might be more implicated in the initial stages of 

recreational drug intake (associated with positive reinforcement), while the gradual shift 

towards compulsive drug use in addiction, strongly associated with negative affect (negative 

reinforcement), might be mediated by a greater involvement of the MHb (Batalla et al., 

2017; Loonen et al., 2017). Importantly, we have recently shown MHb regulation of 

excessive alcohol drinking in dependent rats with high addiction-like behaviors (Kononoff 

et al., 2018), demonstrating that the MHb involvement could be recruited during alcohol 

dependence. One possibility is that EVSA rats may develop higher negative emotional states 

during alcohol withdrawal, that could explain the higher activation observed in the MHb. 

However, in the current study we only compared CIE and EVSA rats for their levels of 

drinking, motivation for alcohol and BALs, but we did not look at other aspects such as 

somatic or emotional (anxiety and hyperalgesia) withdrawal signs. Such follow up studies 

will be important to test this hypothesis.

Paraventricular Nucleus of the Thalamus.

Acute withdrawal recruited the PVT only in EVSA rats. The paraventricular nucleus of the 

thalamus (PVT) is a midline thalamic brain region that has emerged as a critical circuit node 

in the regulation of behaviors across domains of affect and motivation, stress responses, and 

alcohol- and drug-related behaviors (Hartmann and Pleil, 2021; Matzeu and Martin-Fardon, 

2018, 2020). Recent studies have shown that the PVT is involved in ethanol drinking 

(Barson et al., 2015; Barson et al., 2017), but acute abstinence from CIE did not increase Fos 

activation in the PVT in mice (Smith et al., 2020). This is in line with our data that show 

selective activation of the PVT in the EVSA rats, demonstrating that hyperactivation of the 

PVT might contribute to the voluntary maintenance of alcohol dependence in rats.

To further assess the impact of withdrawal from EVSA and CIE on brain network, we 

evaluated the degree of associations between changes in neuronal activity (functional 

connectivity) in each brain region during acute withdrawal from alcohol vapor (Kimbrough 

et al., 2020) after EVSA or CIE. We found that during withdrawal from CIE, the increase 

in Fos+ nuclei in the CeA and MHb positively correlates with the amount of alcohol 

consumption. Interestingly, this CeA/MHb-drinking correlation, shifts to a DMS/NAc/PVT-

drinking correlation during acute withdrawal from EVSA. Analysis of the functional 

connectivity between structures during acute withdrawal from alcohol vapor demonstrated 

that, while some correlations are shared between EVSA and CIE animals (DMS-CeA, DLS-

PVT, DLS-PAG), some others are specific of EVSA (DMS-NAcc, DMS-MHb, NAcc-PVT) 

or CIE (DMS-DLS, CeA-MHb and PVT-PAG). Interestingly, the NAcc, while recruited 

during acute withdrawal, does not correlate with any other brain regions in CIE animals. 

Contrary, in the EVSA animals, the NAcc shows a high degree of functional connectivity 

with DMS and PVT, and the increase of Fos+ nuclei in these regions during withdrawal 

positively correlates with the amount of alcohol consumed (Fig.6). These results show the 

selectivity of recruitment and connectivity of specific structures characteristic of the EVSA 
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model and suggest that the dysregulation of DMS, NAc and PVT might play an important 

role for the motivational and volitional aspects of alcohol dependence.

In summary, these results demonstrated that rats made dependent through the EVSA model 

showed phenotypical characteristic (escalation of drinking, increased motivation for alcohol, 

high BALs) that were similar to animals made dependent with the CIE model. However, 

the EVSA rats showed higher level of Fos activation in the DLS, NAcc, PAG, and MHb 

compared to CIE rats and showed selective recruitment of neuronal ensembles in the DMS 

and PVT.

This work highlights the importance on refining animal models of substance use disorder 

that incorporate voluntary behaviors, since forced and passive administration models have 

limited face validity and cannot be used to unveil the neuronal networks mediating the 

voluntary induction and maintenance of drug dependence.

These results further validate the relevance of the EVSA model to the initiation and 

maintenance of alcohol dependence and demonstrate that escalation of alcohol vapor is 

associated with escalation of alcohol drinking and the selective recruitment of neuronal 

ensembles in brain regions critical for reward, stress, and habit-related processes.

Targeting specifically these ensembles in the DMS and the PVT during acute abstinence 

from ethanol vapor self-administration may shed lights on the mechanisms underlying the 

volitional initiation and maintenance of alcohol dependence.
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Figure 1: 
Experimental Timeline. The rats were first trained to self-administer alcohol in standard 

operant chambers and then divided in 4 groups (CIE, Air Passive, EVSA and Air SA, and 

exposed to intermittent ethanol vapor (passive or active) or intermittent air (control groups 

passive or active) 8 h/day 3 days a week for 4 weeks. The animals were then tested for 

alcohol drinking in the operant chambers 16 hours into acute withdrawal from vapor for 6 

more weeks.
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Figure 2: 
Alcohol Self Administration pre-vapor exposure. A) Discrimination between alcohol and 

water levers in the whole population B) Mean of alcohol rewards in the 4 groups before 

alcohol vapor/air exposure C) Mean of water rewards in the 4 groups before alcohol 

vapor/air exposure. ** p < 0.01 vs water
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Figure 3: 
Alcohol/air vapor self-administration. A) Discrimination between active and inactive 

responses in the EVSA group, *** p < 0.01 vs inactive B) Discrimination between active 

and inactive responses in the air self-administration group. C) The rats nose-poking for 

alcohol escalate their intake while the rats nose-poking for air show relatively low levels of 

responding *** p < 0.05 and ** p < 0.01 vs last day of 2 min phase.
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Figure 4: 
CIE and EVSA alcohol rats show similar BALs and level of escalation and motivation for 

alcohol. A) Blood alcohol levels (BALs) at the end of the vapor exposure. B) Escalation of 

alcohol drinking. CIE and EVSA alcohol rats show escalation of alcohol intake when given 

access to alcohol drinking during acute withdrawal. *p < 0.05 and ** p < 0.01 vs Baseline 

pre vapor. C) Average for the levels of alcohol drinking pre- (last 3 days) and post (last 3 

days) vapor exposure. *** p < 0.001 vs Baseline pre vapor and ### p < 0.001 vs air control. 

(D) Motivation for alcohol, measured in a Progressive Ratio test, at the end of the behavioral 

paradigm. ** p < 0.01 vs air control.
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Figure 5: 
Neuronal ensembles activated by alcohol withdrawal from CIE and EVSA. Number of 

Fos-immunoreactive nuclei per millimeter squared and representative images of A) DMS, 

B) DLS, C) NAcc, D) CeA, E) PAG, F) MHb, G) PVT. * significant differences vs CIE, # 

significant differences vs air control and $ significant differences vs naïve.
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Figure 6: 
Correlation analysis between brain regions based on Fos+ nuclei during acute withdrawal 

from EVSA and CIE. Connections with significant correlations (p < 0.05) are represented in 

red (positive) and blue (negative). Red circles indicate brain regions with significant increase 

of Fos+ nuclei compared to air controls. Grey circles indicate brain regions with unchanged 

Fos+ nuclei compared to air controls. Green circles indicate that the increase in Fos+ nuclei, 

correlates with the amount of alcohol consumed during acute withdrawal from alcohol vapor 

(EVSA or CIE).
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