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Abstract
Epidemiological studies have demonstrated that heavy drinking and alcohol abuse and dependence
peak during the transition between late adolescence and early adulthood. The objective of the
present study was to determine whether a model of early onset adolescent ethanol drinking
exposure that is followed by an ethanol vapor regimen during late adolescence and young
adulthood leads to an increase in drinking in adulthood. In this model, initiation of voluntary
ethanol drinking in adolescence, using a sweetened solution, was followed by an 8-wk intermittent
ethanol vapor regimen in Wistar rats. A limited-access two-bottle choice paradigm was then used
to measure intake of a 10% (w/v) ethanol solution. No differences in water intake (g/kg), total
fluid intake (ml/kg) and body weight (g) were observed between air-exposed and ethanol-vapor
exposed groups during the pre-vapor and post-vapor phases. The eight wks of ethanol vapor
exposure was found to produce only a modest, but statistically significant, elevation of ethanol
intake during the protracted withdrawal period, compared to air-exposed rats. A significant
increase in ethanol preference ratio was also observed in ethanol-vapor exposed rats during the
sucrose-fading phase, but not during the protracted withdrawal period. The findings from the
present study suggest that in addition to alcohol exposure, environmental variables that impact
appetitive as well as consumptive behaviors may be important in developing robust drinking
effects that model, in animals, the increased risk for alcohol dependence seen in some human
adolescents who begin drinking at an early age.

Keywords
Adolescence; Dependence; Ethanol Consumption; Ethanol Vapor; Ethanol Intake; Protracted
Withdrawal

© 2012 Elsevier Inc. All rights reserved.
*Corresponding author and requests for reprints: Cindy L. Ehlers, Ph.D. Molecular and Integrative Neurosciences Department
Laboratory of Translational Neuropharmacology The Scripps Research Institute 10550 North Torrey Pines Road, SP30-1501 La Jolla,
CA 92037, USA Tel.: +1 858 784 7058 Fax: +1 858 784 7409 cindye@scripps.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 January 01.

Published in final edited form as:
Pharmacol Biochem Behav. 2013 January ; 103(3): 622–630. doi:10.1016/j.pbb.2012.10.016.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



1. Introduction
Adolescence is a critical time period for brain development when cognitive, emotional and
social maturation occur (see Dahl and Spear, 2004). The 2007 National Survey on Drug
Abuse and Health has reported that approximately 16% of teens between the age of 12 and
17 were current users of ethanol, with 10% of these individuals classified as binge drinkers
(U.S. Department of Health and Human Services, 2008). Additionally, underage college
students have been shown to be more likely to drink to excess, when they drank, than their
older peers (Wechsler et al., 2002). Evidence from the Monitoring the Future (MTF) study
showed that 30-day prevalence and heavy drinking in men peaks at ages 21-22 and then
declines linearly into adulthood (Bachman et al., 1997). Consistent with these findings,
Grant and colleagues (Grant et al., 2004) reported that individuals within the ages 18-29
exhibit the highest rates of past-year ethanol abuse and dependence.

For some individuals ethanol use during early adolescence is clearly a risk factor for the
later development of alcohol dependence (Ehlers et al., 2006; Grant, 1998; Grant and
Dawson, 1997; Hicks et al., 2010; Hingson et al., 2008). How early adolescent drinking
causes an increased risk for alcohol dependence in some individuals is not known. One
hypothesis posits that early heavy drinking can disrupt the normal course of social and
intellectual development leading to an increased risk for a number of social and
psychological pathologies including drug addictions (DeWit et al., 2000; York, 1999). An
alternate hypothesis is that some individuals who initiate drinking during early adolescence
may be more likely to have an underlying predisposition to disinhibitory behavior and
psychopathology that drives their early drinking (Iacono et al., 2002; Jessor and Jessor,
1977). These hypotheses are difficult to disentangle in human studies; however, the
development of an animal model in order to study the effects of adolescent ethanol exposure
on drinking behaviors in adulthood could be useful in the understanding of the brain
mechanisms underlying the effects of early adolescent drinking.

The adolescent period in rodents has many similarities to the human condition making it a
good model to study the short- and long-term consequences of adolescent ethanol exposure
(Spear, 2000b, 2000c; Spear and Varlinskaya, 2005). Variables that have been used to
investigate adolescent drinking patterns in animal models include sex, age, ethanol fluid
concentration, isolate-housing and use of different sipper-tube types in paradigms with 24-hr
access to ethanol solutions (Bell et al., 2006; Brunell and Spear, 2005; Doremus et al., 2005;
Ehlers et al., 2007; Fullgrabe et al., 2007; Lancaster et al., 1996; Siciliano and Smith, 2001).
Studies characterizing developmental differences in drinking patterns indicate that
adolescent rats show greater levels of ethanol intake than adult rats (Brunell and Spear,
2005; Doremus et al., 2005; Spear, 2004, 2007; Vetter et al., 2007; Vetter-O'Hagen et al.,
2009). In studies of alcohol preferring rats (AA) male AA rats were shown to decrease their
ethanol consumption with age (Sarviharju et al., 2001).

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 increase the probability of relapse in adults
(see McBride et al., 2005; Spear, 2000a; Gilpin et al., 2012). However, other studies have
shown that ethanol exposure during adolescence has no effect on subsequent ethanol
consumption in adulthood. For instance, Vetter et al. (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 who were initiated into drinking as adults. The reason that disparate findings have
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been obtained between studies is at this point is not clear. Potentially important factors
include: the strain of the rats, whether the alcohol exposure during adolescence was
voluntary, the length of alcohol exposure, the effects of stress, and the dose of alcohol.

Since in humans drinking typically begins during adolescence but then continues during
young adulthood and then declines into later adulthood, studying a model that assesses the
consequences of ethanol dependence during a period that includes late adolescence and
young adulthood could provide insight into the importance of this transition period on the
maintenance of ethanol drinking patterns in adulthood. One potential approach to
developing such an animal model is based on experiments in adult animals that assess
whether alcohol exposure, that is high enough to induce symptoms associated with
withdrawal, is important in the development and maintenance of subsequent ethanol
addiction (see Koob and LeMoal, 2008). Typically such a model uses intermittent exposure
to ethanol vapor to study the increase in voluntary consumption and self-administration of
ethanol following periods of abstinence in animals with a history of prolonged vapor
exposure (see Heilig et al., 2010). Findings from studies in adult rats have shown that
chronic intermittent ethanol vapor exposure produces a robust increase in voluntary ethanol
consumption (Rimondini et al., 2002a, 2002b, 2003; Sommer et al., 2008; Thorsell et al.,
2005a) and operant ethanol self-administration (O'Dell et al., 2004; Roberts et al., 1996,
2000; Thorsell et al., 2005b; Walker and Koob, 2007). However, studies evaluating the
effects of exposure to 2 wks of alcohol vapor in male Sprague-Dawley rats during
adolescence on subsequent drinking behavior revealed that the alcohol exposed animals did
not show increases in drinking in adulthood, even after noise stress (Slawecki and
Betancourt, 2002). It was suggested by the authors that forced exposure to ethanol vapor
during adolescence does not seem to be sufficient to alter the initiation or maintenance of
ethanol self-administration (Slawecki and Betancourt, 2002).

There is evidence to suggest that intermittent ethanol vapor requires a minimum duration of
ethanol exposure in order to produce a lasting upregulation of ethanol preference in adult
rats. For instance, studies have shown that a minimum duration of intermittent ethanol vapor
exposure is needed to produce a lasting increase of ethanol preference in adult rats (e.g.,
O'Dell et al., 2004; Rimondini et al., 2002a; Slawecki and Betancourt, 2002; Sommer et al.,
2008). Taken together these findings suggest that (1) a longer duration of ethanol vapor
exposure may be required in adolescent rats to produce long-lasting effects in ethanol
drinking and (2) that it may be necessary to initiate voluntary drinking in rats prior to vapor
exposure during adolescence in order to see subsequence increases in drinking in adulthood.
Therefore, the present study evaluated a model of early onset ethanol drinking that is
followed by an ethanol vapor exposure regimen during late adolescent/young adulthood
designed to resemble the pattern of heavy drinking and alcohol-related problems and
dependence shown to peak during late adolescence and early adulthood and to decline
linearly into adulthood (Bachman et al., 1997; Baer, 1993; Grant et al., 2004; Johnston et al.,
2001a, 2001b). Rats in the present study were exposed to an 8-wk intermittent ethanol vapor
regimen shown to produce behavioral, neurophysiological and neurochemical changes that
persist into the late protracted withdrawal period in adult Sprague-Dawley and Wistar rats
(Criado and Ehlers, 2010; Criado et al., 2008a, 2008b, 2011; Slawecki, 2002; Slawecki et
al., 2001).

The present report is part of a larger study characterizing the risks and consequences of
adolescent ethanol drinking in animal models and humans (Criado et al., 2008b; Ehlers et
al., 2006; Pian et al., 2008a, 2008b, 2010; Slawecki et al., 2001; Walker et al., 2008). These
experiments were designed to investigate whether initiation of voluntary drinking followed
by prolonged exposure to ethanol vapor during late adolescence/young adulthood increases
or decreases adult ethanol intake during protracted withdrawal relative to: (1) pre-exposure
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ethanol drinking levels; and (2) to an air-exposed control group. The working hypothesis of
this study is that initiation of voluntary ethanol drinking in adolescence followed by an 8-wk
intermittent ethanol vapor regimen during late adolescence and young adulthood would
produced a significant increase in ethanol intake in adult Wistar rats during protracted
withdrawal.

2. Materials and methods
2.1. Subjects

Thirty-six male Wistar rats (Charles River, Wilmington, MA) were used in the present study
and were 23 days of age (P23) on arrival. The animals were pair housed in standard home
cages measuring 25 cm wide × 20 cm high × 45 cm long in a temperature-controlled room
maintaining a 12 hr light/dark cycle (lights on at 6am). Upon arrival, animals were weighed
and handled daily. Ad libitum food and water were provided for the duration of the
experiment, except during the 30-min limited-access sessions. The work described herein
adheres to the guidelines stipulated in the NIH Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23, revised 1996) and was reviewed and approved by The
Scripps Research Institute's Institutional Animal Care and Use Committee.

2.2. General Procedure
All limited-access drinking tests occurred two hrs after the onset of the light phase of the
light/dark cycle, which has previously been shown to promote enhanced ethanol
consumption in adolescent animals (Walker et al., 2008). Animals were weighed and
transported to the testing room 30 min prior to the initiation of the two-bottle choice sessions
and 10 min prior to the start of the session were transferred to plastic cages [(25 (w) × 20 (h)
× 45 cm (l)] with wire bar cage tops that were separated into two equal-sized compartments
using a Plexiglas divider. Solutions were presented using 100 ml graduated cylinders
(Nalgene Labware, Rochester, NY) fitted with curved ball-point sipper tubes (Ancare,
Bellmore, NY). Animals were given 30 min of access to the solutions without food
availability, after which the cages were cleaned with 70% ethanol. Following the 30-min
limited-access sessions, animals were returned to the vivarium.

2.3. Acquisition of Sweetened Ethanol Drinking
Acquisition of ethanol drinking took place during adolescence (P25-P43) and was based on
an adaptation of Samson's sweetened fading procedure (Samson, 1986). Two bottles were
presented: one contained water and the other contained a sucrose solution (w/v) comprised
of 10% sucrose (10S) and tap water. Ethanol (95%; Gold Shield Chemicals; Hayward, CA)
was added to the sucrose solution until the appropriate concentration (w/v) was reached. The
order and number of consumption sessions was as follows: 10S (2 days), 10S + 1% ethanol
(10S1E, 1 day), 10S + 2.5% ethanol (10S2.5E, 1 day), 10S + 5% ethanol (10S5E ethanol, 4
days) and 10S + 10% ethanol (10S10E, 5 days). Figure 1 shows a diagram of the
experimental design. Bottle position alternated daily to avoid position preference. After the
5 days of 10S10E access, the animals were subjected to 8 wks of intermittent ethanol vapor
exposure.

2.4. Intermittent Ethanol Vapor Exposure
Ethanol vapor exposure has been shown to reliably allow for the titration of blood ethanol
concentrations (BEC) that are sufficient for inducing behavioral changes that are reflective
of ethanol withdrawal-like symptoms (e.g., O'Dell et al., 2004; Roberts et al.,1996; Walker
et al., 2008). In this paradigm, BECs can be easily titrated by the experimenter to fit
established criterion and the animals show normal weight gain and are freely moving
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(Rogers et al., 1979). Standard rat cages were sealed and ethanol vapor or air was pumped
through the chambers. Ethanol vapor was created by dripping 95% ethanol into 2000ml
Erlenmeyer flasks that remained at 50°C due to a warming tray. Air (11L/min) was passed
over the bottom of the flask so that when the ethanol hits the warm glass and was vaporized,
the air carried it into the vapor chamber. Alteration of the ethanol vapor concentration was
accomplished by modulating the air flow carrying the ethanol vapor into the chamber. The
animals were subjected to intermittent vapor exposure (14 hrs on /10 hrs off) over the course
of 8 wks (from P44 – P100) (Figure 1). Target BECs were 175-250 mg% across the 8-wk
exposure period and were determined by sampling blood collected from the tail (0.5 ml)
weekly, generating a mean BEC for the 8-wk exposure period. Following centrifugation,
plasma ethanol levels were determined using the Analox micro-stat GM7 (Analox Instr.
Ltd.; Lunenberg, MA).

2.5. Post-Vapor Ethanol Drinking
Following the 8-wk vapor exposure period, the animals were again allowed daily 30 min
limited-access sessions (Mon- Fri) as described above. However, to investigate the effect of
vapor exposure on protracted abstinence, the limited-access sessions were initiated one wk
after the ethanol-vapor exposure terminated. Thus, the animals never experienced ethanol
drinking during acute withdrawal (i.e., within the first 48 hrs after the vapor exposure was
completed). Initially, the solutions provided to the animals during the limited-access
sessions were sweetened ethanol solutions. Over the course of 15 sessions, the sweetener
was slowly faded out according to the following schedule: 10S10E (2 days), 5S10E (4 days),
2.5S10E (5 days) and 1S10E (4 days) (Figure 1).Subsequent to the removal of the
sweetener, the animals were allowed to drink 10% ethanol five days per wk (Mon. – Fri.) for
20 sessions during 30 min limited-access sessions. Next, the animals were allowed to drink
10% ethanol three days per wk (Mon., Wed. and Fri.) for an additional nine sessions (Figure
1).

2.6. Data Analysis
Statistical analyses were performed by using SPSS (SPSS, Inc., Chicago, IL). Values are
mean ± standard error of the mean (SEM). Data analyses were performed independently on
body weight (g), ethanol intake (g/kg), water intake (g/kg), total fluid intake (ml/kg; water
intake (ml) + ethanol solution intake (ml)/body weight (kg)) and ethanol preference ratio
(ethanol intake/ethanol intake + water intake). The study was divided into two phases: Pre-
Ethanol Vapor and Post-Ethanol Vapor (Figure 1). Body weight, ethanol preference and
consumption levels in the Pre-Ethanol Vapor phase were determined in the following groups
(and age): 10S1E (P29), 10S2.5E (P30), 10S5E (P31-P33, P36) and 10S10E (P37-P40, P43).
Dependent variables in the Post-Ethanol Vapor phase were further divided into three
different stages: Sucrose-Fading (P107-P127), 5 days/wk Unsweetened Ethanol Drinking
(P130-P158) and 3 days/wk Unsweetened Ethanol Drinking (P162-P187). Groups consisting
of more than one session were averaged in the Pre-Ethanol Vapor and in the Post-Ethanol
Vapor phase. In both Unsweetened Ethanol Drinking stages of the Post-Ethanol Vapor
phase, sessions were averaged by wk.

A mixed-model two-way analysis of variance (ANOVA) was used to assess body weight,
ethanol intake, water intake, total fluid intake and ethanol preference during both Pre- and
Post-Ethanol Vapor phases. Treatment (ethanol vapor or air) was assessed as a between
subject variable. Session was assessed as within subject repeated measures. If violation of
sphericity in Mauchly's test was found Greenhouse-Geisser corrected p-values were reported
for all repeated measures analyses. Post hoc analysis of two-way ANOVA utilized
independent one-way ANOVA. For these analyses, p-value was set at p < 0.05 to determine
the levels of statistical significance.
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A two-way ANOVA (treatment (ethanol vapor or air) × time period (pre or post ethanol
vapor)) was used to compare the levels of ethanol intake, water intake, total fluid intake and
ethanol preference before and after ethanol vapor exposure. Baseline levels of ethanol intake
were obtained in each group by averaging the final 2 days of ethanol intake prior to the
initiation of ethanol vapor exposure (10S10E). Post-vapor ethanol intake levels were
determined in each group by averaging the first 2 days of ethanol intake (10S10E).
Greenhouse-Geisser corrected p-values were reported. Post hoc analysis of two-way
ANOVA utilized independent one-way ANOVA by comparing baseline vs. post-ethanol
vapor values in each group. If comparisons between baseline and post-vapor levels show
statistically significant differences in both air-exposed and ethanol vapor-exposed groups,
the percent change in the ethanol preference ratio from baseline following their respective
treatments was used to compare both groups with an independent one-way ANOVA. An
independent one-way ANOVA was also used to determine whether the reduction (percent
change) in ethanol intake following sucrose removal from solution was significantly
different between groups. For these analyses, p-value was set at p < 0.05 to determine the
levels of statistical significance.

3. Results
3.1. Blood Ethanol Concentrations (BECs)

The BECs during the 8-wk exposure period were maintained with the required sustained
BECs (>175 mg/dl) and a mean BEC of 208 ± 6 mg% (n = 14). Determination of BEC
during the intermittent ethanol vapor regimen showed the following levels: day 6 (P49) =
119 ± 13 mg/dl; day 13 (P56) = 177 ± 16 mg/dl; day 20 (P63) = 198 ± 14 mg/dl; day 25
(P68) = 204 ± 16 mg/dl; day 30 (P73) = 238 ± 19 mg/dl; day 38 (P81) = 240 ± 12 mg/dl;
day 42 (P85) = 243 ± 24 mg/dl; day 49 (P92) = 242 ± 16 mg/dl; day 55 (P98) = 212 ± 12
mg/dl. Due to a technical problem with a single ethanol vapor chamber, four animals from
the vapor-exposed group had to be removed from the study.

3.2. Body weight
During the acquisition of ethanol drinking the two-way ANOVA revealed no significant
differences between treatment groups (Table 1). The effects of intermittent ethanol vapor on
body weight were also assessed at 2 wks (P57) and 6 wks (P86) during the vapor regimen
and 2 days after completion of the vapor regimen (P102). Independent one-way ANOVAs
showed no significant differences (F's(1,32) < 1.7; p's > 0.05) in body weight between
control and ethanol vapor-exposed rats at P57 (control: 308 ± 6; ethanol: 298 ± 9), P86
(control: 438 ± 8; ethanol: 419 ± 12) and P102 (control: 478 ± 10; ethanol: 474 ± 13).

A mixed-model two-way ANOVA conducted on body weight showed a significant session ×
treatment interaction during the 5 days/wk Unsweetened Ethanol Drinking stage (Table 1).
However, post hoc assessment revealed no significant differences between control and
ethanol vapor-exposed rats. During the Sucrose-Fading and 3 days/wk Unsweetened Ethanol
Drinking the two-way ANOVA revealed no significant differences between treatment
groups (Table 1).

3.3. Ethanol intake
Means and SEM for the four groups of sessions (10S1E, 10S2.5E, 10S5E, 10S10E) during
the acquisition of sweetened ethanol drinking in the Pre-Ethanol Vapor phase of the study
are shown in Figure 2A. The two-way ANOVA conducted on ethanol intake (g/kg) revealed
no significant interaction of session × treatment (F(3, 96) = 0.5; p > 0.05; Figure 2A) and no
main effect of treatment (F(1,32) = 0.2; p > 0.05). However, two-way ANOVA showed a
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main effect main effect of session (F(3,96) = 60.8; p < 0.001), which indicate that
consumption changed over time.

Figure 2B displays the consumption patterns during the Sucrose-Fading stage that occurred
one wk following cessation of ethanol vapor exposure. The two-way ANOVA indicated no
significant session × treatment interaction (F(1.3, 38.9) = 1.8; p > 0.05). However, statistical
analyses showed significant main effects of session (F(1.3,38.9) = 91.2; p < 0.001; Figure
2B) and treatment (F(1, 30) = 7.9; p < 0.01; Figure 2B). The significant effect of treatment
indicates that rats exposed to ethanol vapor consumed larger amounts of ethanol than control
rats exposed to air. These results also showed that although the consumption pattern
changed over time comparably for both groups, air-exposed and ethanol vapor-exposed
showed statistically significant differences during this stage.

Figure 3A shows five days per wk consumption of 10% ethanol (5 days/wk Unsweetened
Ethanol Drinking). The reduction in ethanol consumption between termination of the
Sucrose-Fading stage (1S10E) and 5 days/wk Unsweetened Ethanol Drinking (0S10E: Week
1) were similar between groups (control: -31.6 ± 5%; ethanol: -33 ± 6%; F(1,31) = 0.04, p >
0.05). While the two-way ANOVA revealed no session × treatment interaction (F(3, 90) =
0.6; p > 0.05), it showed a significant main effect of treatment (F(1, 30) = 4.7; p < 0.05;
Figure 3A). Moreover, statistical analyses showed a significant main effect of session (F(3,
90) = 4.1; p < 0.01). These results indicate that the escalated intake patterns observed during
the Sucrose-Fading stage and increase in ethanol intake in rats exposed to ethanol vapor
were maintained once 10% ethanol alone was provided for voluntary drinking.

Results for the last stage of the Post-Ethanol Vapor phase of the experiment (3 days/wk
Unsweetened Ethanol Drinking) are shown in Figure 3B. The two-way ANOVA showed no
session × treatment interaction (F(2, 60) = 2.6; p > 0.05). However, a significant main effect
of treatment was found indicating that rats exposed to ethanol vapor consumed larger
amounts of ethanol than control rats (F(1, 30) = 6.0; p < 0.05; Figure 3B). Statistical
analyses also showed a significant main effect of session (F(2, 60) = 4.5; p < 0.05). These
findings are consistent with results in earlier stages of the Post-Ethanol Vapor phase. These
results also show that group differences can persist for up to 10 wks into protracted
abstinence following intermittent ethanol vapor exposure.

Baseline consumption of sweetened ethanol (10S10E) during the final two sessions prior to
vapor exposure averaged 1.3 ± 0.1 g/kg in air exposed control rats and 1.5 ± 0.2 g/kg in
ethanol vapor-exposed rats. Post-vapor sweetened ethanol (10S10E) intake levels averaged
1.3 ± 0.1 g/kg in air exposed control rats and 1.7 ± 0.2 g/kg in ethanol vapor-exposed rats.
Analysis of the levels of ethanol intake (10S10E) between air-exposed and ethanol vapor-
exposed groups before and after ethanol vapor exposure showed no significant interaction of
treatment × time period (F(1,30) = 0.9; p > 0.05).

3.4. Ethanol preference ratio
Two-way ANOVA conducted on ethanol preference ratios during the Pre-Vapor phase in
air-exposed (n = 20) and ethanol vapor-exposed (n = 14) groups revealed no significant
interaction of session × treatment (F(1.7,55.1) = 2.2, p > 0.05) and no main effect of
treatment (F(1,32) = 1.3, p > 0.05). Statistical analyses during the Post-Vapor phase (air-
exposed, n = 18; and, ethanol vapor-exposed, n = 14) showed no significant session ×
treatment interaction during the Sucrose-Fading stage (F(1.8, 54.4) = 1.4; p > 0.05).
However, a significant main effect of treatment was found indicating that rats exposed to
ethanol vapor showed greater ethanol preference ratios than control rats exposed to air
(control: 0.62 ± 0.03; ethanol: 0.73 ± 0.03; F(1, 30) = 6.0; p < 0.05). In contrast, statistical
analyses showed no significant session × treatment interaction during the last two stages

Criado and Ehlers Page 7

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



following intermittent ethanol vapor exposure: 5 days/wk Unsweetened Ethanol Drinking
(F(2.5,73.7) = 0.7, p > 0.05) and 3 days/wk Unsweetened Ethanol Drinking (F(2,60) = 0.2, p
> 0.05). Consistent with these findings, no main effect of treatment was observed during
these stages (F's(1,30) < 1.3; p's > 0.05).

Analysis of ethanol preference ratios in control and ethanol-exposed groups before and after
vapor exposure showed a significant interaction of treatment × time period (F(1,30) = 4.7; p
< 0.05). Post hoc analyses revealed that control rats showed an increase in the ethanol
preference ratio following air vapor exposure, compared to the baseline ethanol preference
ratio (baseline: 0.76 ± 0.02; post air vapor: 0.85 ± 0.01; F(1, 17) = 30.8; p < 0.0001). Post
hoc analyses also showed that ethanol vapor-exposed rats had an increase in the ethanol
preference ratio following vapor exposure, compared to the baseline ethanol preference ratio
(baseline: 0.76 ± 0.02; post air vapor: 0.90 ± 0.02; F(1, 13) = 57.0; p < 0.0001). Comparison
of the percent change between both groups suggests a trend toward an increase in the
ethanol preference ratio in ethanol vapor-exposed rats in comparison to air-exposed rats
(ethanol vapor-exposed: 20.2 ± 3.2%; post air vapor: 12.8 ± 2.4%; F(1, 30) = 3.5; 0.05 < p <
0.10).

3.5. Water and Total Fluid intakes
Two-way ANOVAs were conducted on water intake (g/kg) during the Pre-Vapor phases
revealed no significant differences between treatment groups (Table 2). Analysis of the
levels of water intake between air-exposed and ethanol vapor-exposed groups before and
after ethanol vapor exposure showed no significant interaction of treatment × time period
(F(1,32) = 1.3; p > 0.05).

Statistical analyses conducted on total fluid intake during the Pre-Vapor phases revealed no
significant differences between treatment groups (Table 3). Analysis of the levels of water
intake between air-exposed and ethanol vapor-exposed groups before and after ethanol
vapor exposure showed no significant interaction of treatment × time period (F(1,32) = 0.7;
p > 0.05).

4. Discussion
The present study used a limited-access two-bottle consumption model to measure ethanol
intake in male Wistar rats following initiation of drinking and an exposure to an 8-wk
chronic intermittent ethanol vapor regimen. Rats exposed to ethanol vapor showed higher
amounts of ethanol intake and an increase in ethanol preference ratio than air-exposed
control rats during the Sucrose-Fading stage of protracted ethanol withdrawal. Following
complete “fade-out” of the sweetener, adult rats exposed to chronic ethanol vapor during
late adolescence (P44-P55) and adulthood (P56-P100) maintained significantly higher levels
of ethanol drinking than air-exposed rats for up to 10 wks into the ethanol protracted
withdrawal. However, 5 days/wk ethanol intake (10E) in rats exposed to ethanol vapor was
lower (0.27 ± 0.03 g/kg) than the levels found in our previous studies in adult rats exposed
to an 8-wk intermittent ethanol vapor regimen during adulthood using a one-bottle limited
access paradigm (0.84 ± 0.7 g/kg) (Thorsell et al., 2005b). These findings suggest that
exposure to an 8-wk ethanol vapor regimen increased sweetened and unsweetened ethanol
intake in adult Wistar rats during the protracted withdrawal period. However, exposure to
ethanol vapor during the adolescence-adult transition period does not produce more robust
increases in ethanol intake than what is seen in rats exposed to ethanol solely during
adulthood..

We recently assessed the impact of appetitive motivational engagement with ethanol during
adolescence on adult ethanol drinking. We trained adolescent rats to traverse an operant
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runway to drink a sweetened 10% ethanol solution (w/v) during 30 min two-bottle limited
access sessions and assessed their ethanol intake during adulthood (Walker and Ehlers,
2009a). Our study found that adult rats allowed to traverse the runway during adolescence
did not display an increase in ethanol consumption during the fade procedure when
compared to the yoked-control group. However, once the sweetener had been removed from
the 10E solution, the experimental group of rats significantly drank more 10E solution,
compared to the yoked-control group (Walker and Ehlers, 2009b). The lack of difference
between groups during the fading procedure was attributed to consumption patterns that
were driven more by the sweetened solution than the ethanol itself (Walker and Ehlers,
2009a). In contrast, animals that had control over their ethanol consumption during
adolescence showed a selective enhancement of adult ethanol intake when the sweetener
was removed from the ethanol solution, compared to yoked-control group that consumed
similar amounts of ethanol during adolescence (Walker and Ehlers, 2009a).

Comparisons between this previous study (Walker and Ehlers, 2009a) with findings from the
present study could provide insight into factors that may play a role increasing adult ethanol
intake in rats with a history of ethanol exposure during late adolescence/early adulthood.
Given that the adolescent sweetened alcohol consumption was comparable between the
studies, and since both studies initiated testing during protracted withdrawal, the possible
explanation for the increase in adult sweetened and unsweetened ethanol intake found in the
present study during the fading stage may be attributed to the consequences of the
intermittent ethanol vapor regimen, whereas the increase observed in Walker and Ehlers
(2009b) was specific to unsweetened ethanol consumption and attributed to the fact that the
animals had an appetitive experience associated with their ethanol consumption during
adolescence.

The model of early onset ethanol drinking followed by late adolescent/young adulthood
ethanol dependence assessed in the present study was designed to resemble a pattern of
heavy drinking and alcohol-related problems and dependence shown to peak during late
adolescence and early adulthood and to decline linearly into adulthood (Bachman et al.,
1997; Baer, 1993; Grant et al., 2004; Johnston et al., 2001a, 2001b). Studies have shown that
prolonged exposure to intermittent ethanol vapor exposure in adult rats produces a lasting
increase of ethanol preference (e.g., O'Dell et al., 2004; Rimondini et al., 2002a; Slawecki
and Betancourt, 2002; Sommer et al., 2008). Rats in the present study were exposed to an 8-
wk intermittent ethanol vapor regimen shown to produce long lasting behavioral and
physiological effects that persist into the late protracted withdrawal period in adult Sprague-
Dawley and Wistar rats (Criado and Ehlers, 2010; Criado et al., 2008a, 2008b, 2011;
Slawecki, 2002; Slawecki et al., 2001). Findings from studies in animal models with a
history of adult ethanol dependence suggest that subtle neuroadaptations during protracted
abstinence may also be associated with increases in voluntary ethanol intake (Heilig et al.,
2010). In view of the evidence of the long-term cellular and molecular consequences
produced by the intermittent ethanol vapor exposure in animals, and studies demonstrating
the impact of early drinking in humans, we expected to see higher levels of ethanol intake
following ethanol vapor exposure during adolescence/young adulthood in our model.

One potential explanation may be that adolescents/young adults exposed to ethanol vapor
may experience a qualitative or quantitative difference in withdrawal symptoms than adults,
that could impact their drinking following vapor exposure. There have been several studies
indicating that overall adolescent rats may have a quantitatively similar severity of
withdrawal but may have a qualitatively different experience of withdrawal (Doremus-
Fitzwater and Spear 2007; Slawecki and Roth, 2004; Slawecki et al., 2006; Wills et al.,
2009, 2010). The 8-wk intermittent ethanol vapor regimen used in the present study have
been shown to produce electrophysiological and neurochemical changes that persist into the
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late protracted withdrawal period in adult Sprague-Dawley and Wistar rats (Criado and
Ehlers, 2010; Criado et al., 2008a, 2008b, 2011; Slawecki, 2002; Slawecki et al., 2001).
Previous studies from our laboratory used this intermittent ethanol vapor regimen to
evaluate electroencephalographic (EEG) sleep parameters following ethanol vapor exposure
during adolescents as compared to adults. The results revealed that the long term effects of
ethanol exposure on slow wave sleep amplitude was significantly more robust in adults than
in adolescent exposed animals (Criado et al., 2008a; Ehlers and Slawecki, 2000). In view of
the evidence demonstrating a strong association between sleep disturbances and relapse to
ethanol drinking in clinical studies of adults (Brower et al., 1998; Clark et al., 1998, 1999;
Drummond et al., 1998; Foster and Peters, 1999; Gillin et al., 1994) if adolescents and
young adults are less impacted by ethanol-induced sleep disturbances they may drink less or
be at less risk for relapse during protracted withdrawal.

The BECs during the 8-wk exposure period were maintained above the 175 mg/dl target
level (mean BEC of 208 ± 6 mg%). However, mean BECs were initially around 119 mg/dl
during the first wk, reaching the target level above 175 mg/dl between the first and second
wks of ethanol vapor exposure. This gradual increase in BECs is a standard procedure that is
part of the intermittent ethanol vapor regimen used in this laboratory, which allows animals
to gradually acquire tolerance to ethanol and to maintain normal weight gain and motor
activity. This ethanol vapor regimen takes in consideration individual differences in body
weight, body gain, and sensitivity/tolerance to ethanol during the 8-wk vapor exposure
period. While the BECs of 119 mg/dl observed after one wk of ethanol vapor exposure were
lower than our overall target level of 175 mg/dl, we have shown that this ethanol vapor
regimen and its gradual increase in BECs produces long lasting changes in NMDAR subunit
expression in adolescent rats (e.g., Pian et al., 2010).

Findings from the present study showed that the average levels of unsweetened ethanol
consumed in adult rats during the protracted withdrawal periods (5 days/wk and 3 days/wk
stages) were 0.19 ± 0.01 g/kg (control group) and 0.27 ± 0.02 g/kg (experimental group).
Previous studies have shown that following 30 min operant sessions or 30 min post-gavage
administration, lower doses of ethanol are highly correlated with BECs in Wistar rats
(Richardson, Lee, O'Dell, Koob, & Rivier, 2008; Walker & Ehlers, 2009b), with levels of
0.5 g/kg and 0.75 g/kg reliably resulting in BECs of ~0.05 and 0.075 g%. Therefore, in the
present study, one could infer that the control and experimental levels of intake would have
resulted in BECs of approximately 0.019 g% and 0.027 g%, respectively. However, BECs
were not directly measured during the ethanol drinking phases and the possibility exists that
there could be a pharmacokinetic explanation for the differential intake between air- and
vapor-treated animals.

It is important to consider that preingestive factors may have also contributed to the higher
amounts of ethanol intake observed in adult rats exposed to ethanol vapor during the
Sucrose-Fading stage and maintained for up to 10 wks into ethanol protracted withdrawal.
For instance, preingestive factors such as changes in ethanol taste following ethanol vapor
exposure may have influenced the higher amounts of ethanol intake in ethanol-exposed rats.
Studies in B6 mice have shown that the large amounts of ethanol intake were not mediated
by its pharmacological properties, but rather by their inability to discriminate ethanol taste
and/or their high rate of ethanol metabolism (Dole et al., 1988). The present study did not
assess the consequences of ethanol vapor exposure on ethanol taste discrimination and
metabolism. However, studies have shown that exposure to this intermittent ethanol vapor
regimen (2 wk) in adolescent rats had no effect on sucrose intake and preference 48 hr after
ethanol withdrawal (Slawecki and Roth, 2004). Moreover, while findings from the present
study showed that the levels of ethanol intake were greater in ethanol-exposed than in air-
exposed rats, the levels of ethanol intake in ethanol-exposed rats were lower than the levels
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found in mice (e.g., Dole, 1986) and than the levels found in our previous studies in adult
rats exposed to an 8-wk intermittent ethanol vapor regimen during adulthood (Thorsell et al.,
2005b). Future studies are needed to determine whether this intermittent ethanol vapor
exposure paradigm altered ethanol taste.

In summary, this study demonstrated that the initiation of voluntary ethanol drinking
followed by an 8-wk intermittent ethanol vapor exposure during late adolescent/early
adulthood significantly increased sweetened and unsweetened ethanol drinking in adult rats
during protracted withdrawal. However, the increases in drinking were not as robust as that
seen in rats exposed to ethanol vapor during adulthood. These findings suggest that the
effects of ethanol withdrawal may not be as motivating to drink during adolescent/ young
adult alcohol exposure as in adults. Secondly, in light of the results of our previous studies
demonstrating that robust increases in drinking can be induced in adolescents exposed to an
appetitively motivated drinking paradigm (Walker and Ehlers 2009a), it may be that
important environmental and or social associations with drinking are necessary in order to
produce enhanced drinking in adulthood. Findings from the present study provide the basis
for further development of future studies characterizing the neural and cellular mechanisms
implicated in the development of protracted withdrawal symptoms and increased risk of
ethanol dependence in adult rats exposed to ethanol during the transition between late
adolescence and young adulthood.
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Highlights

1. Ethanol exposure during early adolescence increases risk of dependence in
adults

2. Ethanol-intake was measured in adult rats after initiation of drinking in
adolescence followed by ethanol vapor exposure

3. Adolescent ethanol vapor exposure modestly increased adult ethanol intake

4. Adolescent vapor exposure may not be as potent in increasing drinking in adults
as adult vapor exposure
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Figure 1. Diagram of the experimental design
The model consists of an acquisition phase characterized by an early onset ethanol drinking
during adolescence (P25 – P43). This is followed by exposure to an 8-wk intermittent
ethanol vapor regime (P44 – P100) during late adolescent/young adulthood (control rats
were exposed to air). Rats were then assessed in the Post-Ethanol Vapor phase during
adulthood in three different stages: Sucrose-Fading (P107-P127), 5 days/wk Unsweetened
Ethanol Drinking (P130-P158) and 3 days/wk Unsweetened Ethanol Drinking (P162-P187).
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Figure 2.
Ethanol intake during Pre-Vapor and Sucrose-Fading phases. A. Acquisition of sweetened
ethanol drinking during the pre-vapor phase. Mean (+/- S.E.M.) ethanol intake (g/kg) while
consuming a sweetened ethanol solution preceding ethanol vapor-exposure. Concentrations
of the solutions for each of the 11 sessions (30-min per session) are as follows: 10S1E (1
session), 10S2.5E (1 session), 10S5E (4 sessions) and 10S10E (5 sessions). Air-Exposed (n
= 20); Ethanol Vapor-Exposed (n = 14). Inset: Mean ± S.E.M. ethanol intake (g/kg) of the
11 sessions prior to the 8-wk ethanol vapor or air exposure periods. B. Sweetened ethanol
consumption patterns during the “fade-out” of the sweetener following ethanol-vapor
withdrawal. Sweetened ethanol intake (g/kg) following 8-wk of intermittent ethanol vapor-
exposure. Concentrations of the solutions for each of the 15 sessions (30-min per session)
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are as follows: 10S10E (2 sessions), 5S10E (4 sessions), 2.5S10E (5 sessions) and 1S10E
(last 4 sessions). Air-Exposed (n = 18); Ethanol Vapor-Exposed (n = 14). Inset: Mean ±
S.E.M. ethanol intake (g/kg) of the 15 sessions following the 8-wk ethanol vapor or air
exposure periods (* = p < 0.05).
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Figure 3.
Ethanol intake during 5 days/wk and 3 days/wk Unsweetened Ethanol Drinking phases. A.
Unsweetened ethanol drinking during late protracted withdrawal when tested five days per
wk. Unsweetened 10% ethanol intake (g/kg) over 4 wks (20 sessions, 30-min per session;
mean ± SEM are weekly averages) following ethanol-vapor withdrawal. Air-Exposed (n =
18); Ethanol Vapor-Exposed (n = 14). Inset: Mean ± S.E.M. ethanol intake (g/kg) of the 20
sessions following the 8-wk ethanol vapor or air exposure periods (* = p < 0.05). B.
Unsweetened ethanol drinking during late protracted withdrawal when tested three days per
wk. Unsweetened 10% ethanol intake (g/kg) over three wks (9 sessions, 30-min per session,
mean ± SEM are weekly averages) following ethanol-vapor withdrawal. Air-Exposed (n =
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18); Ethanol Vapor-Exposed (n = 14). Inset: Mean ± S.E.M. ethanol intake (g/kg) of the 9
sessions following the 8-wk ethanol vapor or air exposure periods (* = p < 0.05).
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Table 1

Mean body weight (g ± SEM).

Exposed Stage Ethanol Vapor- Session Air-Exposed

Pre-Ethanol Vapor Phase Acquisition of Sweetened Ethanol Drinking

10S1E 89 ± 2

90 ± 3

10S2.5E 96 ± 3

97 ± 3 F(1.1,34.1) = 0.7, p > 0.05

10S5E 122 ± 3

123 ± 4

10S10E 175 ± 4

178 ± 5

Post-Ethanol Vapor Phase

Ethanol Drinking Sucrose-Fading

10S10E 500 ± 11

496 ± 13

5S10E 507 ± 11

504 ± 13 F(1.3,42.8) = 1.6, p > 0.05

2.5S10E 518 ± 11

517 ± 13

1S10E 531 ± 12

531 ± 14

Unsweetened: Ethanol Drinking 5 Days/wk

0S10E WK 1 545 ± 12

546 ± 14

0S10E WK 2 560 ± 12

566 ± 15 F(1.3,41.9) = 6.2, p < 0.05

0S10E WK 3 570 ± 13

579 ± 15

0S10E WK 4 579 ± 13

588 ± 16

Unsweetened: Ethanol Drinking 3 Days/wk

0S10E 3X WK 1 590 ± 13

596 ± 16

0S10E 3X WK2 597 ± 14

606 ± 16 F(1.3,42.5) = 1.5, p > 0.05

0S10E 3X WK3 604 ± 14

614 ± 17

10S1E = 10% Sucrose + 1% Ethanol. 10S2.5E = 10% Sucrose + 2.5% Ethanol. 10S5E = 10% Sucrose + 5% Ethanol. 10S10E = 10% Sucrose +
10% Ethanol. 5S10E = 5% Sucrose + 10% Ethanol. 2.5S10E = 2.5% Sucrose + 10% Ethanol. 1S10E = 1% Sucrose + 10% Ethanol. 0S10E = 0%
Sucrose + 10% Ethanol. Air-Exposed (Pre-Vapor, n = 20; Post-Vapor, n = 18). Ethanol Vapor-Exposed (Pre- and Post-Vapor, n = 14).
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Table 2

Mean water intakes (g/kg ± SEM)

Exposed Stage Ethanol Vapor- Session Air-Exposed

Pre-Ethanol Vapor Phase Acquisition of Sweetened Ethanol Drinking

10S1E 7.6 ± 3.8

9.0 ± 0.7

10S2.5E 6.0 ± 0.4

6.0 ± 0.5 F(2.0,62.0) = 0.9, p > 0.05

10S5E 5.5 ± 0.3

5.7 ± 0.3

10S10E 4.5 ± 0.6

5.2 ± 0.7

Post-Ethanol Vapor Phase

Ethanol Drinking Sucrose-Fading

10S10E 1.6 ± 0.1

1.5 ± 0.1

5S10E 3.3 ± 0.5

2.0 ± 0.5 F(1.9,56.2) = 2.7, p > 0.05

2.5S10E 5.2 ± 0.8

3.6 ± 0.9

1S10E 4.7 ± 0.8

5.5 ± 0.9

Unsweetened: Ethanol Drinking 5 Days/wk

0S10E WK 1 4.7 ± 0.9

5.9 ± 1.0

0S10E WK 2 4.2 ± 0.7

4.4 ± 0.8 F(2.4,72.8) = 1.6, p > 0.05

0S10E WK 3 3.2 ± 0.7

4.4 ± 0.8

0S10E WK 4 3.3 ± 0.8

5.1 ± 0.9

Unsweetened: Ethanol Drinking 3 Days/wk

0S10E WK 1 2.9 ± 0.6

3.6 ± 0.7

0S10E WK2 2.9 ± 0.6

3.7 ± 0.6 F(2,60) = 0.2, p > 0.05

0S10E WK3 2.7 ± 0.6

3.7 ± 0.6

10S1E = 10% Sucrose + 1% Ethanol. 10S2.5E = 10% Sucrose + 2.5% Ethanol. 10S5E = 10% Sucrose + 5% Ethanol. 10S10E = 10% Sucrose +
10% Ethanol. 5S10E = 5% Sucrose + 10% Ethanol. 2.5S10E = 2.5% Sucrose + 10% Ethanol. 1S10E = 1% Sucrose + 10% Ethanol. 0S10E = 0%
Sucrose + 10% Ethanol. Air-Exposed (Pre-Vapor, n = 20; Post-Vapor, n = 18). Ethanol Vapor-Exposed (Pre- and Post-Vapor, n = 14).
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Table 3

Mean total fluid intake (ml/kg ± SEM)

Exposed Stage Ethanol Vapor- Session Air-Exposed

Pre-Ethanol Vapor Phase Acquisition of Sweetened Ethanol Drinking

10S1E 65.2 ± 4.3

68.8 ± 5.2

10S2.5E 61.3 ± 4.4

55.2 ± 5.3 F(2.2,70.5) = 0.8, p > 0.05

10S5E 36.1 ± 2.1

36.0 ± 2.6

10S10E 17.3 ± 1.3

18.3 ± 1.6

Post-Ethanol Vapor Phase

Ethanol Drinking Sucrose-Fading

10S10E 14.8 ± 1.4

18.6 ± 1.6

5S10E 10.7 ± 0.7

11.4 ± 0.8 F(1.9,59.9) = 2.4, p > 0.05

2.5S10E 10.4 ± 0.7

10.4 ± 0.9

1S10E 8.2 ± 0.8

10.3 ± 0.9

Unsweetened: Ethanol Drinking 5 Days/wk

0S10E WK 1 7.5 ± 0.8

8.9 ± 0.9

0S10E WK 2 6.4 ± 0.7

7.1 ± 0.8 F(2.4,77.8) = 1.6, p > 0.05

0S10E WK 3 5.0 ± 0.6

6.9 ± 0.8

0S10E WK 4 5.4 ± 0.8

7.6 ± 0.9

Unsweetened: Ethanol Drinking 3 Days/wk

0S10E 3X WK 1 5.5 ± 0.6

6.4 ± 0.7

0S10E 3X WK2 5.2 ± 0.6

6.9 ± 0.7 F(2,64) = 0.7, p > 0.05

0S10E 3X WK3 5.5 ± 0.7

6.7 ± 0.8

10S1E = 10% Sucrose + 1% Ethanol. 10S2.5E = 10% Sucrose + 2.5% Ethanol. 10S5E = 10% Sucrose + 5% Ethanol. 10S10E = 10% Sucrose +
10% Ethanol. 5S10E = 5% Sucrose + 10% Ethanol. 2.5S10E = 2.5% Sucrose + 10% Ethanol. 1S10E = 1% Sucrose + 10% Ethanol. 0S10E = 0%
Sucrose + 10% Ethanol. Air-Exposed (Pre-Vapor, n = 20; Post-Vapor, n = 18). Ethanol Vapor-Exposed (Pre- and Post-Vapor, n = 14).
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