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Abstract

Binge drinking and the onset of alcohol use disorders usually peak during the transition between 

late adolescence and early adulthood, and early adolescent onset of alcohol consumption has been 

demonstrated to increase the risk for alcohol dependence in adulthood. In the present study we 

describe an animal model of early adolescent alcohol consumption where animals drink 

unsweetened and unflavored ethanol in high concentrations (20%). Using this model we 

investigated the influence of drinking on alcohol-related appetitive behavior and alcohol 

consumption levels in early adulthood. Further, we also sought to investigate whether differences 

in alcohol-related drinking behaviors were specific to exposure in adolescence versus exposure in 

adulthood. Male Wistar rats were given a 2-bottle choice between 20% ethanol and water in one 

group and between two water bottles in another group during their adolescence (Postnatal Day 

(PD) PD26-59) to model voluntary drinking in adolescent humans. As young adults (PD85), rats 

were trained in a paradigm that provided free access to 20% alcohol for 25 min after completing 

up to a fixed ratio (FR) 16-lever press response. A set of young adult male Wistar rats was exposed 

to the same paradigm using the same time course beginning at PD92. The results indicate that 

adolescent exposure to alcohol increased consumption of alcohol in adulthood. Furthermore, when 

investigating differences between adolescent high and low adolescent drinkers in adulthood, high 

consumers continued to drink more alcohol, had fewer FR failures, and had faster completion of 

FR schedules in adulthood whereas the low consumers were no different than controls. Rats 

exposed to ethanol in young adulthood also increased future intake but there were no differences 

in any other components of drinking behavior. Both adolescent- and adult-exposed rats did not 

exhibit an increase in lever pressing during the appetitive challenge session. These data indicate 

that adolescent and early adult alcohol exposure can increase consumptive aspects of drinking but 

that adolescent exposure may preferentially influence the motivation to drink.
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Introduction

Adolescence is a critical time period for brain development when emotional, cognitive, and 

social maturation occur (see Dahl & Spear, 2004). The 2007 National Survey on Drug Abuse 

and Health has reported that approximately 16% of adolescents between the age of 12 and 

17 were current users of ethanol, with 10% of these teens classified as binge drinkers (U.S. 

Department of Health and Human Services, 2008). Data from the Monitoring the Future 

study shows that 30-day prevalence and heavy drinking in men peaks at ages 21–22 and then 

declines linearly through adulthood (Bachman et al., 1997). In agreement with these 

findings, Grant et al. (2004) reported that individuals within the ages 18–29 exhibit the 

highest rates of past-year ethanol abuse and dependence.

Ethanol use during early adolescence has been clearly demonstrated to be a risk factor for 

the later development of alcohol dependence in a number of epidemiological studies (Ehlers 

et al., 2006, 2010; Grant, 1998; Grant & Dawson, 1997; Hicks, Iacono & McGue, 2010; 

Hingson, Heeren & Edwards, 2008). The mechanism by which early adolescent drinking 

leads to an increased risk for alcohol dependence in high-risk individuals is not known. One 

hypothesis suggests that early heavy drinking can interrupt the normal course of social and 

cognitive development leading to an increased risk for a number of pathologies including 

drug addictions (DeWit et al., 2000; York, 1999). An alternate hypothesis is that teens that 

initiate drinking during early adolescence may have an underlying predisposition to 

disinhibitory behaviors that drives their early drinking as well as other risky actions (Iacono 

et al., 2002; Jessor & Jessor, 1977). These hypotheses are difficult to distinguish in human 

studies; however, the development of an animal model to study the effects of adolescent 

ethanol exposure on drinking behaviors in adulthood could ultimately prove useful in the 

understanding of the brain mechanisms underlying the effects of early adolescent drinking.

The adolescent period in rodents has a number of similarities with the human condition 

making it a reasonable model to study the consequences of adolescent drinking (see Spear, 

2000b, 2000c; Spear & Varlinskaya, 2005). Variables that have been used to investigate 

adolescent drinking patterns in animal models include: strain, sex, age, sweetened and/or 

flavored solutions, isolate-housing, investigator administered alcohol, and different operant 

or free consumption paradigms with variable lengths of access to ethanol during the light or 

dark part of the circadian cycle (Bell et al., 2006; Brunell & Spear, 2005; Criado & Ehlers, 

2013; Doremus et al., 2005; Ehlers et al., 2007a; Fullgrabe, Vengeliene & Spanagel, 2007; 

Lancaster et al., 1996; Siciliano & Smith, 2001; Walker, Walker & Ehlers, 2008). Studies 

investigating developmental differences in drinking patterns indicate that adolescent rats 

show greater levels of ethanol intake when compared to adult rats (Brunell & Spear, 2005; 

Doremus et al., 2005; Fabio et al., 2014; Sarviharju et al., 2001; Spear, 2004, 2007; Vetter, 

Doremus-Fitzwater & Spear, 2007; Vetter-O’Hagen, Varlinskaya & Spear, 2009).
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Studies using animal models have also indicated that voluntary ethanol drinking during 

adolescence can, in some models, be shown to facilitate the acquisition of alcohol self-

administration, increase craving behavior, and/or increase the probability of relapse in those 

animals in adulthood (see Alaux-Cantin et al., 2013; Gilpin, Karanikas & Richardson, 2012; 

Jeanblanc et al., 2015; McBride et al., 2005; Serlin & Torregrossa, 2015; Spear, 2000a; 

Toalston et al., 2015). However, other studies have shown that ethanol exposure during 

adolescence has no effect on subsequent ethanol consumption in adulthood (Slawecki & 

Betancourt, 2002). For instance, Vetter, Doremus-Fitzwater & Spear (2007) found that adult 

rats trained to drink ethanol during adolescence showed no differences in ethanol drinking 

when compared to a control group not exposed to ethanol during adolescence. Additionally, 

Siegmund et al. (2005) have shown that Wistar rats that initiated alcohol consumption during 

adolescence, when not exposed to stress, actually consumed less alcohol and showed lower 

preference than rats that were initiated into drinking as adults. The reason that disparate 

findings have been obtained between studies is at this point not entirely clear. However, one 

reason may be the inclusion of sweeteners or flavorings into the ethanol solutions. In two 

recent studies, adolescent drinking of sucrose or sucrose/saccharin solutions with or without 

ethanol was found to increase the consumption of those sweetened solutions in adulthood 

but not the consumption of ethanol alone (Broadwater, Varlinskaya & Spear, 2013; Pian et 

al., 2009). This finding has been interpreted as suggesting that solution–specific increases in 

adulthood intake after adolescent exposure are most likely associated with solution 

“acceptance” due to familiarity (Broadwater, Varlinskaya & Spear, 2013). Thus, the drinking 

of ethanol in flavored or sweetened solutions during adolescence may confound the 

interpretation of potential increases in ethanol consumption in adulthood if the ethanol is 

presented in a sweet or flavored solution that the rat is familiar with.

The purpose of this present study was to develop a model of adolescent drinking of high 

concentrations of unsweetened and unflavored ethanol (20% ethanol in water) to test the 

three specific aims: (1) to determine if adolescent ethanol drinking affects future drinking in 

adulthood; (2) to test whether the amount of drinking during adolescence influences 

drinking in adulthood; and (3) to investigate whether adolescent alcohol drinking enhances 

appetitive (alcohol seeking or craving, as measured by increasing number of lever presses to 

drink) and/or consumptive (amount of alcohol drank) components of alcohol drinking. 

Further, we sought to determine whether these behavioral differences were specific to 

adolescent exposure or were also seen in young adults exposed to the same drinking 

paradigm. Voluntary ethanol drinking using a two-bottle choice paradigm was used to assess 

the effects of ethanol drinking in adolescence and young adulthood. In later adulthood in 

both groups of rats, the “sipper tube” model, developed by Samson et al. (1998), was used to 

independently measure the number of lever presses, (to evaluate appetitive behaviors), and 

the amount of ethanol consumed, (to measure consummatory behaviors).

Materials and Methods

Animals

Fifty-three adolescent and 16 young adult male Wistar rats were obtained from Charles 

River (USA). Adolescent rats were received and weaned on postnatal day (PD) 23, whereas 
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adult rats were received at PD75. All animals were pair-housed in standard plastic cages and 

kept in a room with a light dark cycle (12-h of light/12-h of dark, lights on at 8:00 am) that 

was temperature controlled. Food and water were available ad libitum throughout the 

duration of the experiment. All experimental protocols were approved by the Institutional 

Animal Care and Use Committee of The Scripps Research Institute and were consistent with 

the guidelines of the NIH Guide for the Care and Use of Laboratory Animals.

Intermittent Ethanol 2-Bottle Choice Paradigm

To assess the effects of early ethanol drinking, adolescent rats and a comparison group of 

young adults were given the option to drink from two bottles. Experimental subjects (33 

adolescents, 8 young adults) were given one bottle with 20% ethanol and one bottle with tap 

water. Control subjects (20 adolescents, 8 young adults) were provided with two bottles of 

tap water. At the start of each 2-bottle choice session animals were divided from their cage 

mate by a Plexiglas divider that separated the cage into two equal-sized compartments. 

Solutions were presented in 100 ml graduated cylinders that were fitted with ball-point 

sipper tubes. The position of each bottle was alternated daily to avoid position preference. 

Animals were given 24 h access to the solutions and food was available ad libitum. Two 

“leak” bottles, one for water and one for ethanol, were used to control for accidental sipper 

leakage during the experiment and were placed in an identical plastic cage with a wire top. 

Before each session, the amount of solution in each bottle was measured before presentation 

to the animal. During the session, each bottle was weighed after 30 min and 24 h of 

drinking. The amount consumed from each bottle was calculated by subtracting the amount 

removed from the corresponding leak bottle from the volume removed from each bottle by 

the animal’s drinking. After each 24-h session the pair-housed animals were placed back 

together in their home cage. Each week contained 3 sessions with a total of 15 sessions 

lasting 33 days (PD26-59 or PD92-125). Each animal underwent a tail bleed during their 

13th or 15th session to measure their blood alcohol level (BAL). The BALs were mildly 

detectable (Adolescent = 21.51±2.50 mg/dL, Young Adult = 35.81±5.59 mg/dL) since 

alcohol drinking was relatively low and consumed across a 24-h period.

Operant Drinking

After a 4-week abstinence period, animals were trained in operant chambers for two days 

starting on PD85 for 2-bottle choice adolescence or PD152 for 2-bottle choice adults. 

Operant boxes were equipped with a house-light, a retractable lever, and a retractable sipper 

tube. This operant “sipper tube” model, developed by Samson et al. (1998), was used to 

independently measure the number of lever presses, (to evaluate appetitive behaviors), and 

the amount of ethanol consumed, (to measure consummatory behaviors). Each animal was 

water deprived for 23 h and then placed in an operant box with access to water with each 

lever press. Each training session was 25 min long and each lever press provided the animal 

with 30 sec of water access. To ensure that animals were properly hydrated following the 

training sessions, if an animal did not lever press during the 25 min training session they 

were provided with 60 min of free water access. If the animal did lever press they were 

given at least 35 more minutes of free water access. Operant sessions were performed 5 days 

per week around 9am. The paradigm then shifted to a fixed ratio (FR) schedule using 

ethanol to determine each rat’s motivation to consume ethanol. After two water training 
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sessions, each rat was given 10 min to press the lever once to receive 20% ethanol for 25 

min. The required number of presses then subsequently increased to FR 4, 6, 8, 10, 12, 14, 

then 16. If the animal succeeded at pressing the lever the number of times required, the 

animal was given 20% ethanol access for 25 min and advanced to the next level the 

following day. Animals that failed to complete the number of required lever presses did not 

receive access to ethanol and had to repeat that ratio level. For each session, the amount of 

ethanol consumed and the number of lever presses was recorded for each animal. Between 

each animal, a vinegar and water solution was used to clean each operant box and the 

bedding was changed. If an animal failed to reach criterion 6 times, or succeeded FR16 five 

times, it underwent an appetitive “challenge” session the next day. During the challenge 

session there was no fixed ratio, so that each animal could press the lever any number of 

times without receiving ethanol until a fixed time of 10 min. After the 10 min each animal 

received 25 min of 20% ethanol access and a tail bleed was done to measure the animal’s 

blood alcohol level (BAL).

Statistics

To determine if ethanol exposure in adolescence significantly influenced drinking in 

adulthood, adolescent rats were given a choice to consume alcohol for 15 intermittent days 

and then later tested on an operant FR drinking paradigm. During operant performance, two-

way ANOVAs (group x session) were used to analyze the average amount of ethanol 

consumed during the first three easier schedule sessions (FR1, FR4, FR6) and the average 

amount of ethanol consumed during the last five more challenging FR schedule sessions 

(FR8, FR10, FR12, FR14, FR16) to further delineate whether there were differences 

between groups. If the result of the ANOVA was statistically significant (p < 0.05), Tukey’s 

post hoc analyses were conducted. Rats that failed before reaching an FR schedule were 

given a blank score for consumption (g/kg) for all the subsequent sessions. One adolescent 

rat (ethanol group) did not complete the early FR ratios and nine more (4 control, 5 ethanol) 

failed to reach FR16. One-way ANOVAs were utilized to determine differences between 

groups (ethanol vs. control) on the average ethanol consumption (g/kg) during the appetitive 

challenge session, the average number of times each animal failed to reach criterion, and the 

overall average time to reach criterion. To test if adolescent alcohol exposure also had an 

effect on the appetitive component of adult drinking; the average number of challenge lever 

presses for each group was analyzed using a one-way ANOVA.

To determine if individual differences in alcohol consumption during adolescence influenced 

ethanol consumption during adulthood, the adolescent ethanol exposed animals were split 

into two groups; one group which consumed an amount of alcohol, during the first 30 min of 

the 2-bottle choice, above the median (High EtOH) and another group which consumed 

below the median (Low EtOH). In adulthood, two-way ANOVAs (group x session) were 

used to determine if there were any significant differences in the average amount of alcohol 

consumed during the first three FR schedule sessions, and during the last five FR schedule 

sessions. A one-way ANOVA was used to determine differences in ethanol consumption 

(g/kg) during the appetitive challenge session between the high and low drinking groups as 

compared to the controls in adulthood. One-way ANOVAs were used to analyze the average 

number of times each animal failed to reach criterion, overall average time to reach criterion, 
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and average number of lever presses during the challenge session. Follow-up Tukey’s post 

hoc analyses were conducted for statistically significant (p<0.05) ANOVAs.

To determine if ethanol exposure during early adulthood influenced drinking in later 

adulthood, adult rats were given an identical alcohol access period and were tested 4 weeks 

later on the same operant FR drinking paradigm as the adolescent-exposed rats. To 

determine if there were initial differences between young adult- and adolescent-exposure, a 

one-way ANOVA was conducted for the first 30 min of drinking and for 24 h of drinking 

over sessions 2–15. Three adult rats (2 ethanol, 1 control) did not complete the first 3 ratios 

and one additional rat (control group) did not reach FR16. A one-way ANOVA with Tukey 

post hoc analyses was used to determine differences in ethanol consumption (g/kg) during 

the challenge session, the average number of times each animal failed, average time to reach 

criterion, and average number of lever presses during the challenge session.

All study analyses were carried out using the statistical program SPSS (version 15.0, 

Chicago, IL: SPSS Inc.). All averages are reported as mean ± SEM (standard error of mean).

Results

Behavior in Adolescent Drinkers vs. Controls

The mean ± SEM amount of alcohol consumed over the fixed ratio sessions by the adult rats 

that were exposed to ethanol or water during adolescence was compared using a two-way 

ANOVA (alcohol or water group X three FR sessions). Two-way ANOVA (group x session) 

revealed that there was a significant main effect of group (adolescent alcohol exposure vs. 

control) over the first three FR sessions of the operant training (F = 45.47, df = 1,152, p < 

0.0001) but no effect of session (F = 1.903, df = 2,152, p = 0.15). Rats previously exposed to 

ethanol in adolescence consumed a significantly higher amount of ethanol (mean = 

0.75±0.08 g/kg), than control rats (mean = 0.24±0.03 g/kg) during the first three FR ratio 

sessions (see Figure 1A). Two-way ANOVA also revealed that there was a significant effect 

of group over the last five FR sessions (F = 18.80, df = 1,220, p < 0.0001) but again no effect 

of session (F = 0.714, df = 4,220, p = 0.58). Adolescent-exposed rats continued to consume 

a significantly higher amount of ethanol (mean = 0.87±0.08 g/kg), than control rats (mean = 

0.51±0.07 g/kg) during the last five FR ratio sessions (see Figure 1B). These results indicate 

that adolescent consumption of 20% ethanol over 15 days is sufficient to produce an increase 

in future drinking in adulthood compared to controls.

There was no significant difference in average time it took to lever press over any given FR 

criterion between adolescent alcohol drinking and control rats (F = 2.042, df = 1,51, p = 

0.16; see Figure 1C). However, adolescent-exposed rats were more likely to reach criterion 

(failed less) over all incrementing ratios (mean = 1.85±0.44) compared to controls (mean = 

3.60±0.58; F = 5.919, df = 1,51, p < 0.05; see Figure 1D). These results indicate that, 

overall, adolescent ethanol rats were more motivated to consume alcohol compared to 

controls.

The number of lever presses during the appetitive challenge session of the operant paradigm 

was compared to see if there was an enhancement in the appetitive component of alcohol in 
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animals that drank alcohol in adolescence. Adolescent-exposed rats pressed the lever more 

(mean = 51.67±6.61) than controls (mean = 39.85±10.28; F = 1.026, df = 1,51, p = 0.32) but 

the results were not significant (see Figure 1E). However, adolescent ethanol drinking rats 

(mean = 0.95±0.08 g/kg) did consume more than controls (mean = 0.69±0.09 g/kg) after 10 

minutes of challenge session lever pressing (F = 4.456, df = 1,51, p < 0.05; see Figure 1F). 

The BALs were taken immediately after the conclusion of the challenge session in a subset 

of animals. Ethanol consumption (g/kg) was not significantly correlated with BAL levels 

(mean = 32.09±3.23 mg/dL) taken immediately after the session [F = 3.083, df = 1,22, p = 

0.09, R2 = 0.12]. These results indicate that while adolescent-exposed rats demonstrate a 

robust increase in alcohol consumption in adulthood, it does not appear to impact the 

appetitive components of alcohol related behaviors.

Behavior in Low and High Adolescent Drinker vs. Controls

The mean ± SEM amount of ethanol consumed during the first 30 min of the ethanol 2-

bottle choice paradigm was used to evaluate the effects of the amount of alcohol drank in 

rats exposed to alcohol during adolescence. The adolescent drinkers were split into two 

groups; a low drinking subgroup (Low EtOH, n = 17), which consumed ethanol at or above 

the median (0.45 g/kg/30m), and a high drinking subgroup (High EtOH, n = 16), that 

consumed ethanol above the median were formed. A significant difference was found in the 

amount of ethanol consumed in the first 30 min of sessions 2–15 during adolescence 

between the low drinking group (mean = 0.29±0.03 g/kg) and the high drinking group (mean 

= 0.65±0.06 g/kg; F = 41.345, df = 1,31, p < 0.0001; see Figure 2A). High adolescent 

drinkers (mean = 3.36±0.46g/kg) also consumed more ethanol over the 24-h period for 

sessions 2–15 compared to low drinkers (mean = 2.06±0.35g/kg; F = 5.085, df = 1,31, 

p<0.05).

The ethanol consumption during adulthood of the two adolescent-ethanol exposed subgroups 

was then compared to determine if the amount of ethanol drank during adolescence had an 

effect on drinking during adulthood. Using a two-way ANOVA (group x session), there was 

a significant effect of group (F = 50.47, df = 2,149, p < 0.0001) as measured by the mean 

amount of alcohol consumed between control animals (mean = 0.24±0.03 g/kg), low 

drinkers (mean = 0.47±0.08 g/kg), and high drinkers (mean = 1.05±0.11 g/kg) during the 

first three FR sessions (see Figure 2B). Further post-hoc analysis showed that the Low and 

High EtOH subgroups drank more than controls and the Low EtOH drinkers consumed 

significantly less than the High EtOH group. There was also a significant effect over the first 

three FR ratio session (F = 3.680, df = 2,149, p < 0.05), with more consumption occurring 

after the FR6 (mean = 0.68±0.08 g/kg) schedule compared to FR1 (mean = 0.47±0.06 g/kg). 

There was also a significant difference in the mean alcohol consumption during the last five 

operant sessions (F = 16.97, df = 2,215, p < 0.001; see Figure 2C) with high drinkers (mean 

= 1.03±0.08 g/kg) consuming more than control animals (mean = 0.54±0.07 g/kg) and low 

drinkers (mean = 0.69±0.12 g/kg). However, there was no difference between control and 

low drinking animals. There was also no significant effect of session (F = 0.494, df = 4,215, 

p = 0.74).
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Differences in the behaviors associated with drinking were also compared in adolescent-

exposed rats and controls in the high and low adolescent drinking subgroups. Figure 2D 

shows a significant difference in the mean time to lever press to reach criterion (F = 4.850, 

df = 2,50, p<0.05). Rats who drank higher levels of alcohol in adolescence were 

significantly faster at reaching criterion (mean = 127.9±13.61 sec) compared to control 

(204.4±18.88 sec, p < 0.05) and Low EtOH drinkers (206.8±24.78 sec, p < 0.05). There was 

a significant difference in number of failed sessions (F = 3.680, df = 2,50, p < 0.05; see 

Figure 2E). This measure indicates the number of times an animal did not meet the criterion 

within 10 min on any given session (i.e. did not reach 8 press within 10 min on an FR8 

session). This effect was significant in a comparison of High EtOH drinkers (mean = 

1.31±0.51) and controls (mean = 3.60±0.58; p < 0.05). No differences were observed 

between Low EtOH drinkers (mean = 2.35±0.69) and controls.

There was no difference in the number of lever presses during the appetitive challenge of 

operant training between the groups (F = 0.720, df = 2,50, p = 0.49; Figure 2F). However, 

there was a difference in alcohol consumption after 10min of challenge lever pressing (F = 

5.023, df = 2,50, p < 0.05; Figure 2G). High EtOH rats (mean = 1.13±0.08 g/kg) consumed 

more than controls (mean 0.69±0.09 g/kg) on this last day of operant drinking. However, no 

difference in the amounts consumed was seen between Low EtOH drinkers (mean = 

0.79±0.13 g/kg) and controls or high drinkers.

Behavior in Adult Drinkers vs. Controls

The mean ± SEM amount of ethanol consumed during the first 30 min of the ethanol 2-

bottle choice paradigm was again used to determine initial differences in ethanol drinking 

(g/kg) between adolescent- and young adult rats. There was no significant difference in the 

amount of ethanol consumed in the first 30 min of sessions 2–15 between the adolescent-

exposed (mean = 0.47±0.04g/kg) and the young adult-exposed groups (mean = 0.39±0.11 

g/kg; F = 0.649, df = 1,39, p = 0.35). However, adolescent (mean = 3.50±0.27g/kg) rats did 

consumed more ethanol over a 24-h period compared to adults (mean = 2.20±0.53 g/kg; F = 

5.915, df = 1,26, p < 0.05, not shown).

During operant FR drinking paradigm, the mean ± SEM amount of alcohol consumed by 

adult rats which were allowed access to alcohol in young adulthood and then performed the 

operant drinking later in life, were compared to water only controls using a two-way 

ANOVA (group X session). Young adult-exposed rats drank significantly more alcohol later 

in adulthood during the first three FR sessions (mean = 1.08±0.17 g/kg) as compared to 

controls (mean= 0.21±0.03 g/kg; F = 33.85, df = 1,37, p < 0.001; Figure 3A). There was also 

a significant effect between groups over the last five schedules (F = 33.69, df = 1,49, p < 

0.0001). Ethanol adult rats also showed an increase in consumption in the last five schedules 

(mean = 1.25±0.07 g/kg) compared to controls (mean = 0.69±0.13 g/kg; Figure 3B). 

However, there were no differences in consumption across FR schedules for the first three 

fixed ratio sessions (F = 2.163, df = 2,37, p = 0.13) or last five fixed ratio sessions (F = 

1.845, df = 4,49, p = 0.14) for adult rats. Anecdotally, young adult exposed rats seemed to 

consume more ethanol during this task compared to adolescent exposed. These results 

indicate that this model of intermittent access to unsweetened alcohol can increase future 
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consumption, irrespective of when rats initially self-administered. There was also no 

difference in time to reach criterion for rats pre-exposed to ethanol in adulthood compared to 

controls (F = 0.036, df = 1,14, p = 0.85; Figure 3C). While adolescent-exposed rats were 

more likely to reach criterion (failed less) over all of the incrementing ratios, this difference 

in motivation to complete ratios was not demonstrated in the adults (Control = 3.63±0.84, 

EtOH = 4.38±0.96; F = 0.343, df = 1,14, p = 0.57; Figure 3D).

While rats pre-exposed to alcohol in young adulthood demonstrated increased consumption, 

we sought to determine if there was an age-dependent enhancement in the appetitive 

component of alcohol. Young adult ethanol drinking rats (mean = 45.25±22.80) pressed the 

lever less during appetitive challenge session compared to controls (mean = 49.38±16.68), 

but the finding was not significant (F = 0.021, df = 1,14, p = 0.89; Figure 3E). Similar to 

adolescent exposed rats, ethanol rats (mean = 0.98±0.16 g/kg) consumed more than controls 

(mean = 0.68 ± 0.17 g/kg) after the 10 min of challenge lever pressing, however this 

difference was not significant (F = 1.708, df = 1,14, p = 0.21; see Figure 3F). Ethanol 

consumption (g/kg) after the challenge session was significantly correlated with BAL levels 

(mean = 37.07±7.32 mg/dL) taken immediately after the session [F = 11.51, df = 1,14, p < 

0.01, R2 = 0.45]. These results indicate that young adult rats presented alcohol during this 

intermittent 2-bottle choice paradigm do not increase their appetitive alcohol-related 

behaviors in later adulthood.

Discussion

The present study used a limited-access two-bottle consumption model that used 

unsweetened and unflavored ethanol (20%) during adolescence followed by a self-

administration FR paradigm during adulthood to: (1) determine if the exposure to ethanol 

during adolescence has an effect on adult consumptive behavior; (2) to test if the amount of 

ethanol consumed during adolescence has an effect on adult drinking; and (3) to assess the 

effect of ethanol drinking during adolescence on appetitive and consumptive behaviors 

associated with ethanol in adulthood. These results indicate that adolescent alcohol 

exposure, using this intermittent drinking paradigm, can increase consumption in adulthood. 

Furthermore, when investigating differences between adolescent high and low adolescent 

drinkers, differences seemed to emerge in the adult rats that consumed higher amounts of 

alcohol in adolescence. These high consumers continued to drink more alcohol in adulthood 

across all FR ratios compared to controls whereas the low consumers drank more only 

during the first three ratios compared to controls. High consumers showed less FR failures 

and faster completion of FR schedules. However, there were still no differences in appetitive 

challenge lever pressing. We also investigated whether these behavioral differences were 

specific to adolescent exposure or were also seen in young adults exposed to the same 

drinking paradigm. Our results indicate that pre-exposure to alcohol increased alcohol intake 

irrespective of initial age of exposure. However, young adult-exposed rats did not show 

increased motivation to reach criterion (less fails) as seen with the adolescent exposure 

group.

Using this simple model of intermittent unsweetened 20% ethanol self-administration, rats 

previously exposed to ethanol during adolescence were found to consume significantly 
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higher amounts in adulthood compared to control rats. Further, rats that consumed high 

amounts of ethanol during adolescence also drank significantly more ethanol during 

adulthood compared to low drinkers and control animals. This indicates that moderate 

exposure to ethanol during adolescence may be followed by an increase in alcohol 

consumption during adulthood. Low ethanol exposure also increased adulthood consumption 

but only after the first three FR schedules. This is consistent with previous studies which 

showed that early exposure to ethanol increased ethanol consumption in adulthood (Ho, 

Chin & Dole, 1989; Yoshimoto et al., 2002), and more specifically the studies of Alaux-

Cantin et al. (2013), who demonstrated that intermittent free-choice ethanol consumption 

increased adult daily ethanol intake and the motivation to drink when the animal was 

provided with ethanol during early adolescence (PD30–43). However, there are some 

inconsistences in the literature with a few studies finding that ethanol exposure during 

adolescence has no effect on adult drinking (Fullgrabe, Vengelience & Spear, 2007; 

Siegmund et al., 2005; Slawecki & Betancourt, 2002; Vendruscoloa et al., 2010; Vetter, 

Doremus-Fitzwater & Spear, 2007). This result may be due to differences in methodology, 

for instance, how the ethanol was given to adolescent animals (voluntary or involuntary), 

whether the ethanol was administered with sucrose or another sweet substance, or the 

amount, length or time or timing of exposure. Further, voluntary administration used in this 

study may be considerably less stressful compared to intragastric infusions or injections, 

which may compound with the effects of alcohol during this critical period in development 

to impact future behavior (Lupien et al., 2009).

This effect of adolescent drinking on future consummatory behavior is not age specific. We 

found that adult rats, allowed to self-administer alcohol for 15 days would also increase 

consumption later during the operant FR task. While it would be interesting to determine 

whether differences emerged between high and low young adulthood drinkers, there were no 

clear changes in appetitive or motivational behaviors between treatment groups to suggest 

that further subdivision would provide a similar profile to adolescent drinkers. None the less, 

future studies are needed to further investigating the appetitive and motivational impact of 

adult alcohol exposure. Previous studies have shown that pre-exposure to ethanol in 

adulthood increased future consumption (de la Torre, Escarabajal & Agüero, 2015; Carrara-

Nascimento, Olive & Camarini, 2014). While pre-exposure increased consumption in both 

adolescent and young adult rats, it modestly increased the motivation to consume alcohol in 

the adolescent-exposed rats compared to controls. This developmental effect, that drinking 

during adolescence leads to a different profile of behavior than drinking during adulthood, 

has also been shown in mice. Carrara-Nascimento, Olive & Camarini (2014) found that 

adolescent and adult alcohol-exposed mice consumed the same amount of alcohol after a 15-

day treatment (2 g/kg injection) but only the adolescent-exposed mice showed a robust 

preference during the condition-place preference paradigm. These results indicate that 

administration of ethanol during adolescence can alter future behaviors in a different manor 

than when administered in adulthood. These findings may also support the hypothesis that 

different neurobiological systems facilitate consummatory and appetitive behaviors 

(Samson, Czachowski & Slawecki, 2000). However, it is unclear whether the 

neurobiological changes in adolescence causes altered alcohol related behaviors, or if it is 

caused by a direct effect of alcohol exposure. Further research on this causal relationship is 
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important for understanding the impact of alcohol exposure during this sensitive period of 

development.

This intermittent access paradigm, using high concentrations of unsweetened and unflavored 

ethanol (20% ethanol in water), demonstrates that alcohol drinking in adolescence can 

increase drinking in adulthood. It is important to note that after 30 minutes of alcohol 

exposure, rodent BALs were around 0.03%, equivalent to 1–2 drinks in humans. This further 

suggests that even minimal alcohol consumption can have lasting changes on future 

drinking. Further studies using this model may be suitable for investigating the 

neurobiological mechanisms underlying the effects of voluntary ethanol exposure during 

adolescence on ethanol drinking during adulthood.
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HIGHLIGHTS

Rats that drank 20% ethanol as adolescents or young adults drank more as adults.

Adolescent or adult drinking did not increase future appetitive lever pressing.

Adolescents drank more and displayed more motivation to drink than adult 

drinkers.
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Figure 1. Ethanol Drinking in Adolescence on Behaviors in Adulthood
(A) The mean (± SEM) amount of ethanol consumed during the first three FR sessions of 

the self-administration paradigm. Adult rats which were given the opportunity to freely 

consume ethanol during their adolescence. Adolescent-exposed rats consumed a 

significantly higher amount of ethanol compared to controls. (B) The mean (± SEM) amount 

of ethanol consumed during the last five FR sessions of the self-administration paradigm. 

Rats which were exposed to ethanol during adolescence again drank more ethanol during 

adulthood than control rats. (C) The overall mean (± SEM) time to reach any given FR 

criterion was similar for both groups. (D) The mean (± SEM) number of failed criterions 

was less for adolescent-exposed rats compared to controls (E) The mean (± SEM) number of 

lever presses during the appetitive challenge was not significantly different between the 

control and alcohol-exposed animals. (F) The mean (±SEM) ethanol consumed after the 

challenge lever pressing session. Ethanol-exposed rats consumed significantly more alcohol 

during this period compared to controls. (* p<0.05 vs. control group)
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Figure 2. High and Low Adolescent Ethanol Drinkers on Behaviors in Adulthood
(A) The mean (±SEM) amount of ethanol consumed during the first 30 min of the 2-bottle 

choice paradigm. Adolescent high drinking animals (High EtOH) had significantly higher 

consumption of alcohol than low drinking animals (Low EtOH). (B) The mean (±SEM) 

amount of alcohol consumed during adulthood in the first three FR sessions was compared 

between high drinkers, low drinkers and controls to determine if an initial preference to 

alcohol had a long-term effect on alcohol consumption during adulthood. High drinking 

animals consumed significantly more ethanol than both low drinking animals and control 

animals. Low drinkers consumed significantly more alcohol than controls. (C) The mean 

(±SEM) amount of alcohol consumed during all sessions was compared between high 

drinkers, low drinkers and controls. High drinking animals consumed significantly more 

ethanol than both low drinking animals and control animals, but no difference between low 

drinkers and controls. (D) The overall mean (± SEM) time to reach FR criterion was 

significantly faster for the high drinkers compared to low drinkers and controls. (E) The 

mean (± SEM) number of failed criterions was less for the high drinkers compared to 

controls but no difference between controls and low drinkers. (F) The mean (±SEM) number 

of lever presses during the appetitive challenge session was compared between the high 

drinkers, low drinkers and control animals and no significant difference was found. (G) The 

mean (±SEM) amount of alcohol consumed during the challenge session was significantly 

different, with high consuming animals drinking significantly more than low drinkers and 

control. (* p<0.05 vs. control group, # p<0.05 vs. Low EtOH group)
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Figure 3. Ethanol Drinking in Young Adulthood on Behaviors Later in Adulthood
(A) The mean (± SEM) amount of ethanol consumed during the first three FR sessions of 

the self-administration paradigm. Adult rats which were given the opportunity to freely 

consume ethanol during earlier in adulthood consumed significantly more ethanol compared 

to controls. (B) The mean (± SEM) amount of ethanol consumed during the last five FR 

schedules of the self-administration paradigm. Rats which were exposed to ethanol during 

adulthood again drank more ethanol later in adulthood than control rats. (C) The overall 

mean (± SEM) time to reach FR criterion was similar for both groups. (D) The mean (± 

SEM) number of failed criterions was not significantly different between ethanol-exposed 

and control group. (E) The mean (± SEM) number of lever presses during the appetitive 

challenge was not significantly different between the control and ethanol-exposed animals. 

(F) The mean (±SEM) amount of ethanol consumed during the challenge session was not 

significantly different between groups. (* p<0.05 vs. control group)
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