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Abstract

Background—Clinically, early life stress and anxiety disorders are associated with increased

vulnerability for alcohol use disorders. In male rats, early life stress, imparted by adolescent social

isolation, results in long-lasting increases in a number of behavioral risk factors for alcoholism,

including greater anxiety-like behaviors and ethanol intake. Several recent studies have begun to

use this model to gain insight into the relationships among anxiety measures, stress, ethanol intake

and neurobiological correlates driving these behaviors. As prior research has noted significant sex

differences in the impact of adolescent stress on anxiety measures and ethanol drinking, the

current study was conducted to determine if this same model produces an “addiction vulnerable”

phenotype in female rodents.

Methods—Female Long Evans rats were socially isolated (SI; 1/cage) or group housed (GH; 4/

cage) for six weeks during adolescence. After this housing manipulation, behavioral assessment

was conducted using the elevated plus maze, response to novelty in an open field environment,

and the light/dark box. After behavioral testing, home cage ethanol drinking was assessed across

an eight week period.

Results—No group differences were detected in any of the behavioral measures of

unconditioned anxiety-like behavior. Greater ethanol intake and preference were observed in SI

females but these differences did not persist.

Conclusions—The SI/GH model, which results in robust and enduring increases in anxiety

measures and ethanol self-administration in male Long Evans rats, did not result in similar

behavioral changes in female rats. These data, and that of others, suggest that adolescent social

isolation is not a useful model with which to study neurobiological substrates linking antecedent

anxiety and addiction vulnerability in female rats. Given the compelling epidemiological evidence

that the relationship between chronic adolescent stress and alcohol addiction is particularly strong

in women, there is clearly an urgent need to identify a more effective model with which to study

these clinically important relationships in female rodents.
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INTRODUCTION

Early life stress is associated with increased risk for alcohol use disorders later in life,

particularly among women (Enoch 2011). Alcohol dependent females are more likely to

have a comorbid anxiety disorder (Kessler et al. 1997; Kessler et al. 2005); report greater

anxiety following exposure to an alcohol related cue (Fox et al. 2009); and PTSD/trauma

more often precedes comorbid alcohol dependence in females than males (Sonne et al.

2003). Additionally, early life stress or trauma is more consistently associated with alcohol

abuse/dependence in women than men (Widom et al. 2007).

Despite the clinical evidence of a prominent role for negative affect and stress contributing

to alcohol use disorders in females, the vast majority of preclinical animal studies of the

relationship between antecedent anxiety-like behavior and alcohol use vulnerability have

focused exclusively on male subjects. For example, in male rodents, adolescent social

isolation engenders enduring increases in anxiety-like behaviors and measures of ethanol

self-administration (McCool and Chappell 2009; Sanna et al. 2011; Chappell et al. 2013), as

well as increased preference for the ethanol-paired chamber in a conditioned place

preference paradigm (Whitaker et al. 2013). Further, male rats genetically bred for high

alcohol intake (alcohol-preferring (P) rats; Marchigian Sardinian alcohol-preferring (msP)

rats) also demonstrate greater anxiety-like and depressive-like behavior along with greater

ethanol intake than non-alcohol preferring counterparts (Ciccocioppo et al. 1999; Ehlers et

al. 2007). Repeated stress also increases ethanol intake and potentiates ethanol withdrawal-

related anxiety in male rats (Breese et al. 2004). These powerful models are beginning to

provide important insight into some of the neurobiological substrates linking early life

stress, anxiety, and vulnerability to alcohol addiction, but need to also be explored in

females.

Surprisingly, the relationship between antecedent anxiety and increased propensity to self-

administer ethanol has proven more difficult to model in females. For instance, repeated

restraint stress in female rats does not alter ethanol intake during access or following ethanol

withdrawal (Bertholomey et al. 2011), but adolescent foot shock stress increases ethanol

intake in female HAP1 mice (Chester et al. 2008). Additionally, Lopez et al. (2011) showed

that female mice isolated immediately post-weaning did not consistently drink more than

their GH counterparts (only drank more on days 1, 8, 10); however, female mice isolated in

adulthood drank significantly less than mice group housed in adulthood. Thus, there are

several models using male rodents that can be used to study neurobiological substrates

linking antecedent anxiety and vulnerability to alcohol addiction, but a reliable model using

females has yet to be identified.

Previous studies from our laboratory and others have shown that adolescent early life stress,

imparted by social isolation (SI) during adolescence, models important aspects of addiction

vulnerability in male rats. That is, compared to animals group housed (GH) during

adolescence, SI engenders robust increases in anxiety-like behaviors and alcohol intake in

male rodents (McCool and Chappell 2009; Chappell et al. 2013). This behavioral phenotype

is not only robust, but enduring in nature, and has marked effects on measures of neural

plasticity (Miyazaki et al. 2012; Whitaker et al. 2013; Yorgason et al. 2013). This model is
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very simple to use and is effective in at least two rodent strains using male rodents. Thus, we

sought to determine if adolescent social isolation could also be used to model the

relationship between antecedent anxiety-like behavior and alcohol addiction vulnerability in

female rats.

MATERIALS AND METHODS

Subjects

Twenty-five adolescent female Long Evans rats aged 24 days and weighing approximately

40 grams upon arrival at the laboratory were used in these studies (Harlan Laboratories,

Indianapolis, IN). Upon arrival, animals were group housed (4/cage) and given one week to

acclimate to the laboratory and handling procedures before experiments were initiated.

Handling and behavioral procedures were consistent with those used in previous studies in

our lab with male rats (McCool and Chappell 2009; Chappell et al. 2013). Female rats were

housed in a separate colony room without male rats. Rats were maintained on a 12h light/

dark cycle (lights on 7:00-19:00), and food and water were available ad libitum for the

duration of the studies. All animal care procedures were in accordance with the NIH Guide

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

and Use Committee.

Housing Procedure

Following the one week acclimation period in which all animals were group housed, animals

either remained group housed (GH; n = 12) or were socially isolated (SI; n = 13) (Method

after Chappell et al. 2013). GH rats were housed in groups of four in large plexiglass cages

(33.0 cm × 59.7 cm; Nalgene, Rochester, NY), whereas SI rats were singly housed in

standard cages (20.3 cm × 26.7 cm; Allentown Inc., Allentown, NJ) and deprived of any

physical contact and/or social interaction with their peers. These housing conditions were

maintained for six weeks with rats being subject only to a once/week cage change. Rats

remained in their GH/SI living condition until after the completion of behavioral tests for

anxiety-like behavior (detailed below).

Measures of Unconditioned Anxiety-Like Behavior

Elevated Plus Maze, Response to Novelty, and Light/Dark Box—At the end of the

six week GH/SI housing period, anxiety-like behavior was assessed using a standard

elevated plus maze (EPM; Med Associates, St. Albans, VT) as described previously

(Chappell et al. 2013; McCool and Chappell 2009). Measures of anxiety-like behavior

included time spent on the open arms and the number of open arm entries during the 5

minute trial (300 seconds). The number of closed arm entries was used as a measure of

general locomotor activity (Holmes and Rodgers 1999). This test was conducted on PND 85

for all subjects. The following week, on PND 91-92, response to novelty was measured

using standard locomotor activity chambers (model-RXYZCM, Digiscan animal activity

monitors, Omnitech, Columbus, OH). Subjects were placed in the center of acrylic plastic

chambers (42 × 42 × 30 cm) equipped with infrared photodetectors located in arrays of eight

photobeams along each wall, arranged at regular intervals along the length of the chamber,

2.5 cm above the floor. Exploratory activity in this novel environment was first measured
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for 60 minutes in five minute time bins. Following this period, an immovable object (500g

weight) was placed in the center of the chamber and locomotor activity in response to the

placement of this novel object was assessed for an additional 60 minutes. GH and SI rats

were tested on separate, but consecutive days due to the number of animals and long session

duration (two hours). In a final assessment of anxiety-like behavior on PND 97 before

initiation of the ethanol drinking procedure, rats were exposed to the light/dark box (27 × 58

× 30 cm). An area of 24 × 27 cm was painted black and illuminated by a 40 W red light bulb

(dark side). The remaining area was painted white and was illuminated by a 40 W

incandescent light (light side). The two chambers were separated by a partition that

contained a 10 × 10 cm doorway in the center to allow free access between the two sides. To

initiate the test, subjects were placed on the light side of the chamber, facing away from the

doorway. Each test session lasted five minutes. Anxiety-like measures included the latency

for the rats to re-enter the light side for the first time, the total number of crosses to the light

side, and the total time spent on the light side (Lack et al. 2008).

Home Cage Ethanol Drinking Procedure—On PND 100, following the completion of

tests of anxiety-like behavior, all animals were singly housed in standard sized cages for the

duration of the ethanol self-administration procedure. To initiate familiarity with ethanol

before the two-bottle choice procedure, subjects were given three day access to a 10%

ethanol solution (v/v) as their only liquid. The following week, to assess ethanol preference,

rats were given concurrent access to a 10% ethanol solution and water for 23 hours for five

consecutive days. For the remainder of the drinking study, ethanol consumption was

assessed using an intermittent access, two-bottle choice home cage drinking procedure that

has previously been shown to engender relatively high levels of ethanol intake in male

Long-Evans rats (Wise 1973; Simms et al. 2008; Chappell et al. 2013; Butler et al. 2014).

Rats were given access to 20% ethanol (v/v) and water on Monday, Wednesday, and Friday

for 24 hours with only water available on the remaining days. Total fluid intake was

measured following 30 minutes and 24 hours of ethanol access during this procedure. The

placement of the ethanol and water bottles was alternated on each drinking day to control for

side preferences, and ethanol and water intake were measured each day. Preference ratios

were calculated at the 30 minutes and 24 hour time points, respectively, as the amount of

ethanol consumed divided by the total fluid (water + ethanol) consumed. This procedure was

conducted for seven consecutive weeks (21 ethanol drinking sessions), with the exception of

one Friday (week 5) due to a holiday for laboratory personnel.

Statistics—For measures of anxiety-like behavior on the EPM and the Light/Dark box,

one-tailed unpaired t-tests were conducted to compare GH and SI female rats. Data gathered

from the response to novelty assay and drinking procedures were conducted using a two-

way repeated measures (RM) ANOVA (group × time), with Bonferroni post-hoc tests

interpreted when appropriate. Additional correlational analyses (Pearon’s r) were conducted

to explore the relationship between anxiety-like behavior and ethanol intake. The

significance level for all analyses was set at p < 0.05. Data were analyzed and graphs were

generated using SigmaPlot 11.0 and GraphPad Prism4 software.
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RESULTS

Elevated Plus Maze

At the end of the six week GH/SI housing period, anxiety-like behavior was assessed using

three behavioral assays. On the EPM, GH and SI female rats did not differ on any parameter,

including: time spent in the open arms, number of open arm entries, time spent on the closed

arms, number of closed arm entries, or time spent at the junction of the four arms (Table 1).

Response to Novelty

The response to novelty test was two hours in duration, with the novel object placed in the

open field immediately following the 60 minute time point. A RM two-way ANOVA (group

× time) was conducted to determine if overall locomotion (distance travelled) differed

between GH and SI rats. The data revealed that the groups did not differ in total distance

travelled, and there was not a significant interaction between group and time. There was,

however, a main effect of time that showed differences in total distance travelled at multiple

time points (F(23, 599) = 34.113, p <0.001). Of note, distance travelled at the 5 minute time

point was greater than all other time points (t values ranged from 4.6 - 17.1, p values ≤

0.001), and distance travelled was significantly increased by placement of the novel object,

as compared to the previous 45 minutes of the test (t values ranged from 5.4 – 12.0, p values

< 0.001) and as compared to distance travelled from the 70 minute time point until the end

of the 120 minute test (t values ranged from 5.7 – 11.69, p values < 0.001). A RM two-way

ANOVA (group × time) was conducted for time spent in the center of the open field. There

was no main effect of group, or a significant interaction. There was a main effect of time

(F(23, 599) = 10.261, p < 0.001), indicating that time in the center of the field was increased

by placement of the novel object (t values ranged from 4.1 – 9.1, p values < 0.05) (Fig. 1).

Together, these data suggest that GH and SI female rats do not differ in open-field

locomotor activity, either before, or in response to, the introduction of a novel object.

Light/Dark Box

Lastly, anxiety-like behavior was assessed using the Light/Dark box. GH and SI rats did not

differ in general locomotion, as there was no group difference detected in the amount of

time they spent moving in the dark side of the box or the light side. There was also no group

difference for time spent on the light side of the box or number of entries into the light side

of the box (Table 2). It is notable that both groups spent more time in the dark side rather

than the light side of the chamber, suggesting that this assay is indeed anxiogenic (SI rats: t

= 3.01, p < 0.01; GH rats: t = 1.73, p < 0.05; Fig. 2). The number of entries into each side of

the chamber was equivalent within SI rats (t = 0.10, p = 0.46) and within GH rats (t = 0.10, p

= 0.46) (not shown).

Home Cage Ethanol Drinking

Home cage ethanol drinking was initiated with three day forced access to 10% ethanol. A

RM two-way ANOVA (group × day) showed a significant main effect of day, such that

more ethanol was consumed on the first day of access (Friday) as compared to each of the

following two days (Saturday and Sunday) (F(2, 74) = 22.583, p <0.001) (Fig. 3). Rats
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drank an average of 6.4 (± 0.29) g/kg ethanol in the first day of access and decreased their

daily intake to 4.7 (± 0.23) and 5.0 (± 0.11) g/kg, respectively, on the second and third days

of forced access. There was no significant interaction or group difference in drinking over

the three day period. After three day forced access, a two-bottle choice procedure was

initiated in which each rat was given access to both water and 10% ethanol for five

consecutive days. A RM two-way ANOVA (group × day) showed a main effect of group

(F(1, 123) = 5.912, p < 0.05) and a main effect of day (F(4, 123) = 4.534, p < 0.01), but no

significant interaction. Across the five day period, SI female rats drank more than GH

female rats (F(1, 123) = 5.912, p < 0.05) (Fig. 4). Ethanol intake increased steadily across

days (F(4, 123) = 4.534, p < 0.01), such that ethanol intake was greatest on Friday, with

significantly greater intake compared to all other days (p values < 0.05), except Thursday. In

fact, daily intake doubled across the five day period, with an average intake of 0.646 (±

0.14) g/kg on Monday and 1.317 (± 0.14) g/kg on Friday. Ethanol preference also

significantly increased across the five day period (F(4, 120) = 2.707, p < 0.05), with a strong

trend toward significance for SI rats to prefer ethanol more than GH rats (p = 0.053). A

statistically significant increase in daily ethanol preference for SI rats was observed when

comparing Monday and Friday ratios (t = -2.43, p < 0.05; Monday: 0.091 (± 0.02), Friday:

0.237 (± 0.06). The ethanol preference ratio also increased in GH rats, though the increase

was not statistically significant (t = -1.465, p = 0.158; Monday: 0.057 (± 0.01), Friday: 0.190

(± 0.09) for GH rats (Fig. 4).

The forced access and five day choice procedure for 10% ethanol were implemented to, 1)

reduce novelty/aversion to ethanol, and 2) assess ethanol preference over consecutive days

with a familiar ethanol concentration (10%). However, previous work has demonstrated that

intermittent access to ethanol (Mon, Wed, Fri) engenders higher levels of ethanol intake

compared to intake when access is uninterrupted (Wise 1973). As such, the intermittent

access, two-bottle choice ethanol (20%) drinking paradigm was initiated following the

forced access and five day two-bottle choice access periods (Chappell et al. 2013). Ethanol

intake (g/kg) was analyzed using RM two-way ANOVAs (group × drinking session) for the

30 minute time point and 24h intake. At 30 minutes, there was a significant group × drinking

session interaction (F(19, 497) = 1.883, p < 0.05), such that SI rats drank more than GH rats

on sessions three and four (Bonferroni p values < 0.05), but intake in SI rats was not

statistically greater than intake in GH rats at other time points (Fig. 5a). Similarly, following

24h access to ethanol, there was a significant group × drinking session interaction

(F(19,497) = 3.453, p < 0.001). SI rats consumed more ethanol than GH rats on sessions

two, three, and eight (Bonferroni ps < 0.05), but intake in SI rats was not statistically greater

than intake in GH rats at other time points. Ethanol preference ratios were also calculated for

SI and GH rats, respectively, across the seven week intermittent access drinking period. A

RM two-way ANOVA (group × session) indicated a main effect of session on 30 minute

preference (F(19, 494) = 2.471, p < 0.001), but no main effect of group or interaction.

Analysis of data for ethanol preference ratios (24h time point) revealed a significant main

effect of session (F(19, 494) = 2.721, p < 0.001) and a group × session interaction (F(19,

494) = 2.316, p < 0.01). During week one through week three, SI rats showed greater

preference for ethanol on five out of the nine sessions (Bonferroni, ps < 0.05). Significant

group differences were never noted in ethanol drinking or ethanol preference after week
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three of home cage, two-bottle choice intermittent ethanol access. Overall, the drinking data

show that female SI rats drank more ethanol than female GH rats at early time points, but

over sessions, SI rats decreased their ethanol intake while GH rats increased their ethanol

intake; thus resulting in no significant differences in ethanol intake or preference in the last

few weeks of the intermittent drinking regimen.

Correlational Analyses: Ethanol Intake and Anxiety-Like Behavior

Previous data from male Long Evans rats using this experimental protocol have shown a

significant correlation between 24h ethanol intake in week 1 of the intermittent procedure

and anxiety-like behavior on the elevated plus maze, such that greater ethanol intake was

observed in rats that showed greater anxiety-like behavior when GH and SI groups were

combined (but not when GH and SI groups were considered separately) (Chappell et al.,

2013). In female rats, there was also no significant correlation between 24h ethanol intake in

week 1 and time spent on the open arms of the elevated plus maze when GH and SI groups

were considered separately (GH rats: r = 0.1960, p = 0.54; SI rats: r = -0.1125, p = 0.71).

And in contrast to the male data, the relationship between ethanol intake and anxiety-like

behavior on the elevated plus maze was also not significant when GH and SI groups were

combined for analysis (r = 0.023, p = 0.914). Correlations with ethanol intake and behavior

in the Light/Dark box showed a different result. For GH rats, there was no significant

relationship between 24h ethanol intake in week 1 and time spent on either the Dark or Light

side of the box (Dark: r = 0.004, p = 0.99; Light: r = -0.004, p = 0.99). However, for SI rats,

there was a significant negative correlation between ethanol intake and time spent on the

Dark side of the box (r = -0.602, p < 0.05; Fig. 7a) and, correspondingly, a significant

positive correlation between ethanol intake and time spent on the Light side of the box (r =

0.602, p < 0.05; Fig. 7b). These data are consistent with the conclusion that female SI rats

that drink more ethanol show less anxiety-like behavior in the Light/Dark box paradigm.

DISCUSSION

The adolescent GH/SI model implemented in this study has been previously shown by our

lab and others to result in an addiction vulnerable phenotype hallmarked by enduring

increases in anxiety-like behaviors and ethanol intake in male Long Evans rats. However,

the current studies do not show a similar phenotype in female Long Evans rats following the

same experimental protocol. Female GH and SI rats show only modest and transient

differences in behavioral assays of unconditioned anxiety-like behavior and ethanol

drinking. Moreover, increased anxiety measures were not associated with greater ethanol

intake in female rats. These data provide additional evidence that behavioral and

neurobiological measures in models of psychological and addictive disorders may engender

profoundly different patterns in males and females. Despite the clinical evidence that early

life adversity is strongly associated with increased alcohol addiction vulnerability in women,

it appears that adolescent social isolation does not serve as a reliable model in female

rodents for anxiety-addiction correlates, but such a model is extremely desirable.

Previous reports of the effects of adolescent SI on anxiety-like behaviors in female rats have

shown equivocal results, and the current EPM data contrast with previously published data
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gathered from male Long Evans rats that were housed in the same manner (McCool and

Chappell 2009; Chappell et al. 2013). On a measure of unconditioned anxiety-like behavior

(i.e., open field activity), SI female rats have shown significantly greater anxiety-like

behavior, indicated by less time spent in the center of the field (Hermes et al. 2011) and

greater immobility time (Lukkes et al. 2012) relative to GH conspecifics. Conversely, on the

elevated plus maze, female SI rats have shown increased anxiety-like behavior (Da Silva et

al. 1996), or no difference relative to GH females (Weiss et al. 2004; Weintraub et al. 2010;

Bourke and Neigh 2011). Results are also equivocal in social interaction paradigms using SI

female rats, such that no difference (Lukkes et al. 2012), or decreased social interaction has

been reported (Hermes et al. 2011). Additionally, hyperactivity in a novel environment in

males is consistently observed across rat strains and GH/SI paradigm, but female SI rats do

not reliably show this difference in locomotion relative to GH counterparts (Weiss et al.

2004; Ferdman et al. 2007). It has also been suggested that SI engenders a depressive-like,

but not anxiety-like, phenotype in female SI rats compared to their GH counterparts (Bourke

and Neigh 2011). Perhaps most important in regard to the current study design, the elevated

plus maze has been a validated test for measuring anxiety-like behavior in male rodents in

large part because of the ability of diazepam to increase open arm exploration and time

(Pellow et al. 1985). However, female Sprague Dawley rats fail to show an anxiolytic effect

after diazepam administration in the elevated plus maze, perhaps suggesting that this test is

not optimized for use in female rats (Simpson et al. 2012). On the light/dark box paradigm,

however, the lack of group differences in time spent in the dark compartment and general

locomotion is consistent with observations made in this assay using male Long Evans rats

that were similarly housed (McCool and Chappell 2009). When data were analyzed within

groups, an anxiogenic effect of the assay was detected, with mean values showing that both

GH and SI rats spent slightly more time in the dark side and slightly less time in the light

side of the chamber. Most interestingly, however, was the observation that ethanol intake in

SI rats was actually positively correlated with lower anxiety-like behavior in the light/dark

box, in that rats that spent more time in the light (anxiogenic) side of the box drank the most

ethanol. These data are in the opposite direction of the correlation between ethanol intake

and anxiety-like behavior in male rats. Together, these data highlight that in female rats,

antecedent anxiety-like behavior is likely not driving ethanol intake as in male rats. This

further underscores our need for an appropriate model in female rats to study

neurobiological substrates linking antecedent anxiety and alcohol dependence. It is

noteworthy that anxiety-like behavior was measured in this study using three separate

approaches (EPM, Light/Dark, Open field center time), but group differences were not

apparent. This is in marked contrast to the enduring increases in anxiety-like behavior

observed in male rats subjected to this same adolescent isolation procedure (McCool and

Chappell 2009; Chappell et al. 2013).

Adolescence is a critical period of brain development. In male Long Evans rats, there are

likely myriad reasons why early life stress during adolescence increases the expression of

anxiety-like behaviors and ethanol intake/preference, or group housing significantly reduces

these behaviors. Greater ethanol intake in SI female rats was observed on a few of the

drinking days, though this greater intake was transient, with SI and GH females drinking the

same amount of ethanol in the last four weeks. Even more striking, SI rats showed greater
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ethanol preference under intermittent access conditions in the first three weeks, but this

effect failed to persist as preference in SI rats dropped and preference in GH rats increased

over the seven week period. This pattern contrasts with ethanol intake in male Long Evans

rats having undergone the same housing procedure, in which SI rats persist in drinking more

ethanol than GH rats across a four week intermittent drinking period (Chappell et al. 2013).

Additionally, male rats’ anxiety-like behavior on the EPM is positively correlated with their

initial ethanol intake, whereas no such relationship was detected in female rats. The inability

to detect this phenotype in female rats may be because they are less adversely affected by

social isolation; or, female rats may be more sensitive to hierarchies that develop in social

groups, making group housing more adverse. For instance, in a non-human primate model of

ethanol self-administration in which animals were initially group housed, ethanol intake

during group housing was inversely correlated with dominance rank, with no change in

alcohol preference in females following isolation (McKenzie-Quirk and Miczek 2008).

Additionally, Advani et al. (2007) showed increased ethanol preference in socially isolated

male mice, whereas increased ethanol preference in female mice was only observed in those

females that were subjected to social isolation and maternal separation in early life. Indeed,

female rats exposed to prenatal restraint stress have been shown to have greater preference

for, and intake of, ethanol during adolescence compared to unstressed counterparts (Van

Waes et al. 2011), which may suggest that the nature of the stressor may be of critical

importance in engendering persistently greater ethanol intake in females after stress, or that

females may need a longer, more severe history of stress during critical developmental

periods to engender greater levels of alcohol intake/preference. Alternatively, other

behavioral deficits may be more pronounced in females. For instance, McCormick et al.

(2013) showed that social instability stress in female rats during adolescence led to increased

fear-like behavior.

It is pertinent to note that we did not evaluate the stage of the estrous cycle in this study.

However, the range of variability observed within groups in this study is not greater than

would be observed in studies with male rats, suggesting that stage of the cycle likely did not

introduce significant variability in the ethanol drinking observed, and brief postnatal social

isolation has been shown to not alter the estrous cycle (Kosten et al. 2005). Most relevant to

the current dataset that was collected over an eight week period, previous data have shown

that ethanol drinking patterns can vary across the estrous cycle without changing total

ethanol (g/kg) intake (Ford et al. 2002b). In accordance, intake in an operant self-

administration paradigm has been shown to be similar in freely cycling female rats across

phases of the estrous cycle (Roberts et al., 1998). However, it cannot be completely ruled

out that hormones can affect ethanol intake, as exogenous introduction of hormones in intact

female rats has been shown to affect ethanol intake (Ford et al. 2002a). Some studies have

suggested a relationship between stage of the estrous cycle and anxiety-like behavior (Bitran

& Dowd 1996; Mora et al. 1996), though several studies have reported no effect of estrous

cycle on the elevated plus maze in adult female rats (Bitran et al., 1991; Nomikos &

Spyraki, 1988). Taken together, what can be concluded is that estrous cycle stage does not

uniformly affect anxiety-like behavior in females across paradigms. Though it is an

important consideration, there is not compelling evidence to date that hormone fluctuations

throughout the estrous cycle are a primary determinant of anxiety-like behavior or ethanol
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intake in female rats. As we and others seek to identify more effective models to study the

interaction between early life stress, anxiety, and ethanol drinking, it will be important to

determine how estrous cycle-associated hormonal fluctuations contribute to these

relationships.

The goal of the current studies was to assess whether an adolescent social isolation protocol

that increases a number of behavioral risk factors for alcoholism in male Long Evans rats

engenders similar phenotypic changes in females. The data indicated that early life stress

fails to impart the same addiction vulnerable phenotype in female rats. Given the robust and

enduring behavioral and neurobiological alterations noted in SI vs. GH male rats, it is

compelling that this same protocol produces only small, transient differences in SI/GH

female rats and that increased anxiety-like behaviors were not positively correlated with

ethanol intake in females. Current efforts are underway to develop an appropriate model to

study anxiety-like behaviors in female rats and subsequent addiction vulnerability and/or

resiliency.
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Figure 1.
In the Response to Novelty test, no group difference was detected in distance travelled or

time in the center of the field. A. Regarding distance travelled, there was a main effect of

time such that the distance travelled at the 5 minute time point was greater than all other

time points, and distance travelled was significantly increased by placement of the novel

object. B. Regarding time in the center of the field, a main effect of time revealed that time

in center of the field was increased by placement of the novel object.
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Figure 2.
In the light/dark box, GH and SI rats spent significantly less time on the light side compared

to the dark side, though the number of entries into each side of the chamber was equivalent

within groups. (*p < 0.01 vs. Dark side of chamber in SI rats; #p < 0.05 vs. Dark side of

chamber in GH rats).
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Figure 3.
Three day forced drinking (10% ethanol). There was no effect of group, but ethanol intake

(g/kg) was greater on Friday than both Saturday and Sunday (#p < 0.05).
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Figure 4.
A. Five day, two-bottle choice drinking intake (water and 10% ethanol) showed a main

effect of group and a main effect of day. Across the five day period, SI female rats drank

more than GH female rats (*p < 0.05). Ethanol intake was greatest on Friday, with

significantly greater intake compared to all other days (p values < 0.05), except Thursday. B.

During the five day two-bottle choice procedure, ethanol preference was significantly

increased across the five day period, with a strong trend toward significance for SI rats to

prefer ethanol more than GH rats (p = 0.053) (#p < 0.05 Friday vs. Monday preference in SI

rats).
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Figure 5.
Home cage ethanol drinking in the intermittent access, two bottle choice paradigm. A. At the

30 minute time point, SI rats drank more ethanol (g/kg) than GH rats on sessions three and

four (*p < 0.05). B. Following 24h access to ethanol, SI rats consumed more ethanol (g/kg)

than GH rats on sessions two, three, and eight (*p < 0.05).
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Figure 6.
Ethanol preference ratios for home cage, two-bottle choice intermittent ethanol access. A. A

RM two-way ANOVA (group × session) indicated a main effect of session on 30 min

preference, but no main effect of group or interaction. B. Analysis of 24h ethanol preference

ratios revealed a significant main effect of session and a group × session interaction. During

week one through week three, SI rats showed greater preference than GH rats for ethanol in

five out of the nine sessions (Bonferroni post-hoc tests, *p values < 0.05).

Butler et al. Page 18

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 August 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
Correlations between Light/Dark box behavior and ethanol intake in SI rats. A. There was a

significant negative correlation between ethanol intake and time spent on the Dark side of

the box. B. Correspondingly, there was a significant positive correlation between ethanol

intake and time spent on the Light side of the box.
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Table 1
Elevated Plus Maze

Group housed (GH) and socially isolated (SI) female rats did not differ on any parameter measured on the

elevated plus maze, including: time spent in the open arms, number of open arm entries, time spent on the

closed arms, number of closed arm entries, or time spent at the junction of the four arms.

Group Housed Socially Isolated t-test, p

Open Arm Time (sec) 15.0 ± 5.3 23.02 ± 9.5 n.s., p = 0.24

Number of Open Arm Entries 0.67 ± 0.2 1.5 ± 0.5 n.s., p = 0.10

Closed Arm Time (sec) 195.5 ± 8.4 180.7 ± 17.7 n.s., p = 0.23

Number of Closed Arm Entries 5.3 ± 0.7 5.6 ± 0.51 n.s., p = 0.37

Junction Time (sec) 90.3 ± 9.1 96.3 ± 12.8 n.s., p = 0.36
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Table 2
Light/Dark box

In the light/dark box, GH and SI rats did not differ in general locomotion or measures of anxiety-like behavior.

Time was measured in seconds.

Group Housed Socially Isolated t-test, p

Time spent moving (dark) 116.8 ± 9.1 122.1 ± 6.0 n.s., p = 0.31

Time spent moving (light) 87.5 ± 9.81 95.35 ± 6.9 n.s., p = 0.26

Total time (light) 132.5 ± 14.7 131.0 ± 9.2 n.s., p = 0.46

# Entries (light) 5.9 ± 0.58 6.4 ± 0.50 n.s., p = 0.27
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