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Abstract
Ontogenetic studies using a social interaction paradigm have shown that adolescent rats are less
sensitive to anxiolytic properties of acute ethanol than their adult counterparts. It is not known,
however, whether adaptations to these anxiolytic effects upon repeated experiences with ethanol
would be similar in adolescents and adults. The present study investigated sensitivity to the
anxiolytic effects of ethanol in adolescent and adult male and female Sprague-Dawley rats
following 7 days of exposure [postnatal day (P) 27–33 for adolescents and P62–68 for adults] to 1
g/kg ethanol or saline (i.p.), as well as in animals left non-manipulated during this time. Anxiolytic
effects of ethanol (0, 0.75, 1.0, 1.25, and 1.5 g/kg for adolescents and 0, 0.25, 0.5, 0.75, 1.0, and
1.25 g/kg for adults in Experiments 1 and 2, respectively) were examined 48 hours after the last
exposure using a modified social interaction test under unfamiliar test circumstances. At both
ages, repeated ethanol exposure resulted in the development of apparent sensitization to anxiolytic
effects of ethanol indexed via enhancement of social investigation and transformation of social
avoidance into social indifference or preference, as well as expression of tolerance to the socially
inhibiting effects induced by higher ethanol doses. Evidence for the emergence of sensitization in
adults and tolerance at both ages was seen not only following chronic ethanol, but also after
chronic saline exposure, suggesting that chronic manipulation per se may be sufficient to alter the
sensitivity of both adolescents and adults to socially-relevant effects of ethanol.
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Introduction
Adolescence is a time of acquiring new social skills for survival away from parents. This
gradual transformation from immaturity and dependence to maturity and independence is a
developmental phase that can be identified across different mammalian species, with
adolescents sometimes differing dramatically from those younger or older in the ways they
respond to and interact with stimuli in their environment (Spear, 2000). It has been
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suggested that human adolescents experience more stressors and negative life events than
children and adults (Buchanan et al., 1992; Larson and Asmussen, 1991). The
developmental transition from immaturity toward maturity itself can be stressful, especially
if the capacity of adolescents to cope with different environmental and social challenges is
overburdened by the magnitude and speed of adolescent-associated neural, behavioral, and
hormonal changes (Collins, 2001; Davis, 2003; Jessor, 1993). Given the number of different
stressors to which adolescents may be routinely exposed, it is not surprising that human
adolescents consume alcohol in part for coping reasons (Cooper et al., 2000). Indeed,
adolescents who expect alcohol to alleviate their anxiety and to relieve their personal
problems are especially likely to engage in heavy and problem drinking (Bates and
Labouvie, 1997; Kuntsche et al., 2005; Montgomery et al., 1993). Therefore, anxiolytic
effects of ethanol may contribute to high levels of alcohol use during adolescence.

High levels of ethanol use are pervasive during adolescence, with approximately 11% of 8th

graders, 22% of 10th graders and 25% of high school seniors reporting a binge pattern of
drinking (i.e., consumption of 5 or more drinks per occasion) in the last 2 weeks (Johnston et
al., 2007). Even more elevated rates of binge drinking are reported among adolescents in
many European countries (Ahlström and Osterberg, 2005). High levels of ethanol
consumption are not restricted to human adolescents but may be seen in other mammalian
species as well. For instance, adolescent rats typically drink 2–3 times more ethanol relative
to their body weights than do adults (Brunell and Spear, 2005; Doremus et al., 2005; Vetter
et al., 2007). Adolescents may be able to sustain relatively large ethanol intakes due to their
relative insensitivity to particular adverse and incapacitating effects that may serve as cues
to terminate drinking, as well as to certain seemingly desirable consequences of ethanol
(Spear, 2000; Spear and Varlinskaya, 2005). Adverse effects of ethanol to which adolescents
are less sensitive than adults include ethanol-induced motor impairment (Hollstedt et al.,
1980; Silveri and Spear, 2001; White et al., 2002), suppression of locomotor activity (Little
et al., 1996), social impairment (Varlinskaya and Spear, 2002), and sedation (Draski et al.,
2001; Moy et al., 1998; Silveri and Spear, 1998, 1999, 2002, 2004), whereas anxiolytic
effects are among the desired effects of ethanol to which young adolescent rats appear
insensitive relative to their more mature counterparts (Varlinskaya and Spear, 2002, 2006a).

Anxiolytic properties of ethanol can be experimentally studied in rats in a number of ways,
including assessment of social interactions in an unfamiliar environment (File and Seth,
2003). An unfamiliar test situation is viewed as anxiety-provoking, and the suppression of
social behavior seen under this condition (i.e., environment-induced social inhibition) has
been applied as an animal model of anxiety (File and Hyde, 1978; File, 1980). Social
inhibition observed under such unfamiliar test circumstances is reversed by a number of
anxiolytic compounds, including ethanol (File and Seth, 2003). We have demonstrated
recently that suppression of social behavior under unfamiliar test circumstances is
accompanied by social avoidance (i.e., a tendency to move away from test partners rather
than to follow them) in both adolescents and adults (Varlinskaya & Spear, 2008).
Ontogenetic studies have shown that responsiveness to the anxiolytic effects of ethanol in
the social interaction test differs as a function of age, with young adolescent rats being less
sensitive to ethanol-induced anxiolysis than their older adolescent and adult counterparts,
when indexed in terms of enhancement of social investigation and transformation of social
avoidance into social preference (Varlinskaya and Spear, 2002, 2006a).

These previous ontogenetic studies assessed anxiolytic effects of only acute ethanol, and
hence it is not known whether adaptations to its anxiolytic effects upon repeated experiences
with ethanol would be similar in adolescents and adults. Indeed, few studies have assessed
adaptations to the anxiolytic effects of ethanol following repeated ethanol exposure even in
adults (Criswell and Breese, 1989; Koob et al., 1987; Sharma et al., 2007). Consequently,
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the present study investigated possible changes in sensitivity to the anxiolytic effects of
ethanol in adolescent and adult Sprague-Dawley rats following 7 days of exposure to 1 g/kg
ethanol or saline injected intraperitoneally (i.p.). This ethanol dose was chosen for
investigation because it produces peak blood ethanol concentrations (BECs) around 110–
120 mg/dl in both adolescent and adult rats (Varlinskaya & Spear, 2006b). These BECs are
within the range currently accepted by NIAAA to define human binge drinking (i.e., a
pattern of drinking that brings BEC to 80 mg/dl or above). An additional group of control
animals left non-manipulated during the chronic exposure period was also included to assess
whether the stress of repeated i.p. injections in the saline control group itself was sufficient
to alter sensitivity to ethanol-induced anxiolysis, and perhaps differentially so across age.

General Methods
Subjects and Experimental Design

Adolescent (Experiment 1) and adult (Experiment 2) male and female Sprague-Dawley rats
bred and reared in our colony at Binghamton University were used in these experiments.
Although male/female comparisons were not a focus of this work, both male and female
subjects were used in the present study, given our desire to maximally utilize generated
litters and evidence that, in sufficiently powered experiments, we have not observed
significant sex differences in responsiveness to the social anxiolytic effects of ethanol
among adolescent and adult animals (e.g., Varlinskaya and Spear, 2002).

A total of 66 litters provided the 330 male and female offspring serving as experimental
subjects and 330 like offspring serving as partners for these studies. All animals were
housed in a temperature-controlled (22°C) vivarium maintained on a 14-/10-hr light/dark
cycle (lights on at 07:00 hr) with ad libitum access to food (Purina Rat Chow, Lowell, MA)
and water. Pups were housed until weaning with their mothers in standard maternity cages
with pine shavings as bedding material. Litters were culled to 10 (5 males and 5 females)
pups within 24 hr after birth on postnatal day (P) 0. Rats were weaned on P21 and placed
into standard plastic cages with same-sex littermates (5 animals in a cage). In all respects,
maintenance and treatment of the animals were in accord with guidelines for animal care
established by the National Institutes of Health, using protocols approved by the
Binghamton University Institutional Animal Care and Use Committee.

Experimental subjects were either repeatedly exposed to ethanol (chronic ethanol group) or
saline (chronic saline control), or left undisturbed in their home cages (non-manipulated
control). All animals from a given litter received the same chronic treatment and were kept
together in groups of 5 same-sex littermates (Spear and File, 1996). On the test day, each
animal was assigned randomly to one of the acute challenge groups, with order of testing
counterbalanced across the experiment. To avoid the possible confounding of litter with
treatment effects (Holson and Pearce, 1992; Zorrilla, 1997), animals were assigned semi-
randomly to the experimental groups, with the constraint that no more than one subject of a
given sex from a given litter was assigned to a particular acute challenge condition. Equal
numbers of males and females were included into each experimental group to allow for
maximal utilization of generated litters, with 5 experimental subjects per sex placed into
each group. Assessment of sex differences was not a focus of these studies, and hence the
studies were not so powered, given prior evidence that sex is not a significant variable in the
anxiolysis induced by ethanol during mid adolescence and adulthood (see Varlinskaya and
Spear, 2002).

Chronic Exposure
Experimental subjects received either 1 g/kg of ethanol or saline intraperitoneally (i.p.) for 7
consecutive days (P27–P33 for adolescents and P62–P68 for adults). Ethanol was
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administered as a 12.6% (v/v) solution, a relatively low concentration that induced little (if
any) tissue irritation at the site of injection. Saline was given in a volume equal to the
volume of ethanol administered (i.e., at 1% of the body weight of experimental animal). The
solutions were administered at room temperature. A non-manipulated control group was left
undisturbed in their home cages except for daily body weighing. Percentage body weight
gain from day 1 (P27 for adolescents and P62 for adults) to day 7 (P33 for adolescents and
P68 for adults) was calculated for males and females from each chronic exposure condition
and the non-manipulated control group using litter as a unit of analysis (i.e., analyzing mean
body weights for animals of each sex within each litter; see Holson and Pearce, 1992).

Testing Procedure
Behavioral testing occurred 48 hr after the last exposure to ethanol (P35 or P70). All animals
were tested in an unfamiliar environment, since an unfamiliar test situation is traditionally
viewed as an anxiety provoking condition (File and Hyde, 1978; File, 1980). The test
apparatuses consisted of Plexiglas (Binghamton Plate Glass, Binghamton, NY) chambers
(30 × 20 × 20 cm for adolescents and 45 × 30 × 20 cm for adults) containing clean pine
shavings. Each test apparatus was divided into two equally sized compartments by a clear
Plexiglas partition that contained an aperture (7 × 5 cm for adolescents and 9 × 7 cm for
adults) to allow movement of the animals between compartments (Varlinskaya et al., 1999,
2001). On the test day, each subject was injected i.p. with ethanol or saline. The ethanol
dose range used for testing differed for adolescents (Experiment 1) and adults (Experiment
2), given previously reported age-related differences in sensitivity to the anxiolytic effects of
ethanol (Varlinskaya and Spear, 2002). Ethanol challenge dose was varied by altering the
volume of the 12.6% ethanol solution to avoid concentration-induced differences in ethanol
absorption rate (see Linakis and Cunningham, 1979). Control animals were injected with
isotonic saline in a volume equal to that of the highest dose of ethanol administered.

Immediately after ethanol administration, each experimental animal was marked by a
vertical line on the back and isolated in an opaque plastic holding cage (30 × 20 × 20 cm) for
30 min prior to testing (e.g., File, 1993). Thereafter, each animal was placed into the testing
chamber simultaneously with a same age and sex test partner. Partners were always non-
exposed animals that had not been socially isolated prior to testing and who were unfamiliar
with both the test apparatus and the experimental animal with which they were paired for
testing. Weight differences between test subjects and their partners were minimized as much
as possible, with this weight difference not exceeding 10 g for each pair of animals at P35
and 20 g at P70, and test subjects always being heavier than their partners. The order of
testing was counterbalanced for all treatment groups. During the 10-min test session, the
behavior of the animals was recorded by a video camera (Panasonic model AF-X8,
Secaucus, NJ), with real time being directly recorded onto the videotape for later scoring
(Easy Reader II Recorder; Telcom Research TCG 550, Burlington, Ontario). After each test,
the apparatus was wiped with 3% peroxide hydrochloride and the shavings were replaced
with fresh ones. All testing procedures were conducted between 9:00 and 13:00 hr under
dim light (15–20 lx). Trunk blood samples were collected immediately after the test.

Behavioral Measures
Anxiolytic effects of ethanol emerge reliably with two anxiety-sensitive measures of social
behavior under unfamiliar test circumstances in both adolescent and adult rats. Under these
test circumstances, social investigation is enhanced by acute ethanol challenge, whereas
social avoidance is transformed into social preference (Varlinskaya and Spear, 2002, 2006a).
Play fighting -- an adolescent-characteristic form of social interactions – is not sensitive to
the anxiolytic effects of ethanol when animals are tested in an unfamiliar, anxiety-provoking
environment. Therefore, the main focus of the present study was on social investigation and
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social preference/avoidance as two main indices of the anti-anxiety effects of ethanol. For
investigation of whether adaptations to repeated ethanol exposure in the present study were
specific to its anxiolytic effects, two anxiety-insensitive measures, namely play fighting and
overall locomotor activity in the social context were also analyzed.

The frequency with which each test subject emitted these behaviors was analyzed from the
video recordings (Thor and Holloway, 1984; Vanderschuren et al., 1997; Varlinskaya and
Spear, 2002). Social investigation was defined as the sniffing of any part of the body of the
partner. Play fighting was assessed by summing the frequencies of the following behavioral
acts and postures: pouncing or playful nape attack (the experimental subject lunges at the
partner with its forepaws extended outward); following and chasing (the experimental
animal rapidly pursues the partner); pinning (the experimental subject stands over the
exposed ventral area of the partner, pressing it against the floor). Play fighting differs from
serious fighting in the laboratory rat by target of attack: during play fighting, snout or oral
contact is directed toward the partner's nape, while during serious fighting the object of the
attack is the partner's rump (Pellis and Pellis, 1987). In the present experiments, subjects did
not demonstrate serious fighting and, hence, frequency of this behavior was not scored.

Social preference/avoidance was analyzed by scoring the number of crossovers (movements
between compartments) demonstrated by the experimental subject toward the non-
manipulated ethanol-naive peer and the number of crossovers away from the peer
(Varlinskaya et al., 1999, 2001). Social motivation was assessed by means of a coefficient of
preference/avoidance [Coefficient (%) = (crossovers to - crossovers from) / (crossovers to +
crossovers from) × 100]. Social preference was defined by significantly positive values of
the coefficient, while social avoidance was associated with negative values that differed
significantly from 0. The values of the coefficient that did not differ from 0 reflected social
indifference. Total number of crossovers was used as an index of general locomotor activity
under these test circumstances.

The videotape records were scored by two observers without knowledge of the chronic
exposure condition or acute challenge of any animal. Agreement between observers scoring
the same videotape was in excess of 90% for each measure of social behavior and social
preference.

Blood Ethanol Determination
Trunk blood samples were collected immediately after behavioral testing in heparinized
tubes, rapidly frozen, and maintained at −80°C until analysis of BECs. Samples were
assessed for BEC via headspace gas chromatography using a Hewlett Packard (HP) 5890
series II Gas Chromatograph (Wilmington, DE). At the time of assay, blood samples were
thawed and 25-µl aliquots were placed in airtight vials. Vials were placed in a HP 7694E
Auto-Sampler, which heated each individual vial for 8 min, and then extracted and injected
a 1.0 ml sample of the gas headspace into the gas chromatograph. Ethanol concentrations in
each sample were determined using HP Chemstation software, which compares the peak
area under the curve in each sample with those of standard curves derived from reference
standard solutions.

Data Analysis
Dependent variables, including blood ethanol concentration, frequencies of social
investigation and play fighting, coefficient of social preference/avoidance, and locomotor
activity were examined using analyses of variance (ANOVAs), with pre-test condition and
ethanol challenge dose used as between subject factors. The ANOVA of body weight gain
included the factor of pre-test condition as well as sex, given well-known sex differences in
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body weight gain; this later variable was calculated separately using the mean body weights
for animals of each sex within each litter. Where significant interactions involving pre-test
condition and ethanol challenge dose were evident, planned ANOVAs within each pre-test
condition were conducted to explore consequences of repeated ethanol or saline exposure on
responsiveness to acute ethanol challenge. Ethanol-induced changes of social behavior and
social motivation were assessed by post hoc comparisons (Fisher’s planned least significant
difference test) between ethanol-challenged groups and the saline-challenged controls. T-
tests were used to assess whether values of the coefficient differed significantly from 0.

Experiment 1. Ethanol anxiolysis following chronic adolescent ethanol
exposure

A total of 150 adolescent animals served as experimental subjects, with 150 additional
animals serving as their partners. On the test day (P35), animals were injected with one of
the 5 doses of ethanol (0, 0.75, 1.0, 1.25, and 1.5 g/kg), and their social interactions with
non-manipulated partners were assessed under unfamiliar circumstances. Therefore, the
design of Experiment 1 was a 3 (pre-test condition: no manipulation, chronic saline, chronic
ethanol) × 5 (ethanol challenge dose) factorial, with an equal number of males and females
placed into each experimental group.

Body Weight Gain
A 3 (pre-test condition) × 2 (sex) ANOVA (see General Methods) for percent body weight
gain from day 1 to day 7 of the chronic exposure period revealed significant main effects of
pre-test condition, F(1,24) = 4.30, p < 0.05, and sex, F(1,24) = 28.44, p < 0.0001.
Adolescent animals chronically exposed to saline (59.93% ± 1.97) gained significantly less
weight than their non-manipulated counterparts (65.96% ± 1.62), whereas adolescents
chronically exposed to ethanol (63.02% ± 2.07) did not differ significantly from either
control group. Adolescent males gained significantly more weight across the exposure
period than females (67.6% ± 1.2 vs. 58.3% ± 1.1, respectively).

Social Investigation and Social Preference/Avoidance
Ethanol-induced changes in social investigation of adolescent animals differed as a function
of pre-test condition [pre-test condition × ethanol challenge dose interaction, F(8,120) =
2.08, p < 0.05]. Chronic exposure to saline or ethanol during adolescence significantly
reduced baseline levels of social investigation; that is, chronically injected animals exhibited
less social investigation than non-manipulated controls when challenged with saline (0 g/kg
ethanol) on test day (see Fig.1, top). Ethanol-induced increases in social investigation were
seen in all groups, although adolescents chronically exposed to ethanol demonstrated
increases in social investigation at doses of 0.75 and 1 g/kg, whereas both non-manipulated
and saline controls exhibited this anxiolytic effect only following the 1 g/kg of ethanol (see
Figure 1, top). Non-manipulated controls demonstrated an inhibition of social investigation
at 1.5 g/kg ethanol, whereas adolescents chronically exposed to ethanol or saline were
insensitive to ethanol-induced social inhibition within this dose range.

The coefficient of social preference/avoidance differed as a function of pre-test condition,
F(2,120) = 5.55, p < 0.01, and ethanol challenge dose, F(4,120) = 7.60, p < 0.001 (see
Figure 1, bottom), with adolescent chronically exposed to ethanol demonstrating
significantly less social avoidance than their non-manipulated counterparts and animals
challenged with a dose of 1 g/kg ethanol showing transformation of social avoidance (t =
−6.77, p < 0.001) into social indifference (t = −0.62, p > 0.05).
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Play Fighting and Overall Locomotor Activity
As presented in Figure 2 (top), chronic exposure had no effects on ethanol-induced social
inhibition indexed by decreases in play fighting, with adolescents from all chronic
conditions demonstrating significant declines in play fighting after doses of 1.25 and 1.5 g/
kg ethanol [a significant main effect of ethanol challenge dose, F(4,120) = 18.89, p < 0.001].
Similarly, no effects of chronic exposure were evident in terms of ethanol-induced changes
in locomotor activity in the social context (Figure 2, bottom), with all groups of adolescent
animals showing significant decreases in total number of crossovers when challenged with
1.5 g/kg ethanol [a significant main effect of ethanol challenge dose, F(4,120) = 11.88, p <
0.0001].

Blood Ethanol Concentration
BECs increased in a dose-dependent fashion, F(3,96) = 101.20, p < 0.0001, but did not
differ as a function of chronic treatment in adolescent animals (see Table 1).

Experiment 2. Ethanol anxiolysis following chronic adult ethanol exposure
A total of 180 animals served as experimental subjects, and 180 served as partners in this
experiment. On test day (P70), adult rats from all 3 chronic conditions were injected i.p.
with one of the 6 doses of ethanol (0, 0.25, 0.5, 0.75, 1.0, 1.25), with their social interactions
with non-manipulated partners being assessed 30 min post-injection under unfamiliar
circumstances. Adult animals were challenged with lower doses of ethanol than their
adolescent counterparts (see Experiment 1), since they are more sensitive to the anxiolytic
effects of ethanol in the social interaction test (Varlinskaya and Spear, 2002). Therefore, the
design of Experiment 2 was a 3 (pre-test condition: no manipulation, chronic saline, chronic
ethanol) × 6 (ethanol challenge dose) factorial, with an equal number of animals of each sex
placed into each experimental condition.

Body Weight Gain
A 3 (pre-test condition) × 2 (sex) ANOVA for percent body weight gain from day 1 to day 7
of chronic adult exposure showed significant main effects of pre-test condition, F(1,30) =
5.81, p < 0.01, and sex, F(1,30) = 15.72, p < 0.001. In contrast to their adolescent
counterparts, adults chronically exposed to saline (8.34% ± 0.57) did not differ from non-
manipulated adults (9.44% ± 0.59), whereas animals chronically exposed to ethanol (7.38%
± 0.39) gained significantly less weight than non-manipulated controls, but not than chronic
saline control animals. Adult males gained significantly more weight across the exposure
period than adult females (9.37% ± 0.47 vs. 7.40% ± 0.33, respectively).

Social Investigation and Social Preference/Avoidance
As seen in Figure 3 (top), effects of acute ethanol challenge on social investigation of adult
animals varied with pre-test condition [pre-test condition × ethanol challenge dose
interaction, F(10,144) = 13.37, p < 0.001]. Ethanol-induced anxiolysis, as indexed by
significant increases in social investigation, was seen at a dose of 0.5 g/kg ethanol in non-
manipulated animals and at a lower dose of 0.25 g/kg in animals chronically exposed to
saline or ethanol. Ethanol-induced suppression of social investigation was observed
following administration of 1.0 and 1.25 g/kg ethanol in non-manipulated control animals,
whereas this suppression was seen only at a dose of 1.25 g/kg in animals chronically
exposed to saline and was not evident at any dose in the range tested following chronic
ethanol.

Acute effects of ethanol on the coefficient of social preference/avoidance were likewise
affected by pre-test condition [pre-test condition × ethanol challenge dose interaction,
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F(10,144) = 2.45, p < 0.01]. Social avoidance (t = − 3.65, p < 0.05) was transformed into
social preference (t = 2.28, p < 0.05) by a dose of 0.5 g/kg ethanol in non-manipulated
adults, whereas adults chronically treated either with saline or ethanol became more
sensitive to this ethanol effect, demonstrating transformation of social indifference (i.e.,
values of the coefficient not different from 0) to social preference (t = 2.62, p < 0.05 for
repeated saline and t = 3.30, p < 0.05 for repeated ethanol) following administration of 0.25
g/kg ethanol (Figure 3, bottom). An ethanol-induced enhancement of social avoidance (or
transformation of social indifference into social avoidance), indexed by significant lowering
of the preference/avoidance coefficient, was evident at the highest dose of ethanol tested
(1.25 g/kg) in both control groups but was not seen in the animals chronically exposed to
ethanol.

Play Fighting and Overall Locomotor Activity
As presented in Figure 4 (top), ethanol-induced social suppression in terms of play fighting
were seen in adults at doses of 1.0 and 1.25 g/kg regardless of chronic exposure condition
[ethanol challenge dose effect, F(5,144) = 14.65, p < 0.0001]. Likewise, all groups of adult
animals showed significant decreases in total number of crossovers following a dose of 1.25
g/kg ethanol [a significant main effect of ethanol challenge dose, F(5,144) = 12.42, p <
0.0001], with no effect of pre-test condition evident for this measure of locomotor activity in
the social context (Figure 4, bottom).

Blood Ethanol Concentration
BECs for adult animals increased with ethanol challenge dose, F(4,120) = 214.51, p <
0.0001, but were not affected by pre-test condition (see Table 2).

Discussion
Anxiolytic effects of ethanol emerged reliably with the two anxiety-sensitive measures in
both adolescent (Experiment 1) and adult (Experiment 2) animals: social investigation in an
unfamiliar context was enhanced by challenge with ethanol, whereas social avoidance was
transformed into social indifference/preference. These observations are in agreement with
our previous findings that have demonstrated the selective sensitivity of these two measures
for detection of ethanol-induced anxiolysis under unfamiliar test circumstances (Varlinskaya
and Spear, 2002, 2006a). During adolescence, chronic ethanol exposure resulted in the
development of apparent sensitization to ethanol anxiolysis: adolescents chronically treated
with ethanol showed significant increases in social investigation at a lower dose than non-
manipulated adolescents as well as those chronically injected with saline. Among adults,
apparent sensitization to the anxiolytic effects of ethanol was seen not only following
repeated ethanol exposure, but also after chronic saline injections, and hence would not have
been detected if a non-manipulated control group had not been included. These results
suggest that the chronic manipulations per se were sufficient for sensitization of adult
animals to ethanol-induced anxiolysis (i.e., possible stress-induced sensitization).

Very few studies have assessed adaptations to the anxiolytic effects of ethanol following
repeated ethanol exposure, with only adult rodents used as experimental subjects. The
development of tolerance to the anxiolytic effects of ethanol in conflict paradigms (Criswell
and Breese, 1989; Koob et al., 1987) and in an elevated plus maze test of anxiety (Sharma et
al., 2007) has been reported following repeated exposure of adult rats to ethanol – findings
that are notably in contrast to the sensitization to ethanol anxiolysis observed here. The
discrepancy between the present findings and those earlier studies may be related to
procedural differences, including levels and duration of chronic ethanol exposure, housing
conditions of the experimental animals, amount of stress associated with the experimental
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manipulations (food deprivation, electric shock, etc.), and model used to test anxiety-like
behavior. For instance, in the Criswell and Breese (1989) and Sharma et al. (2007) studies,
adult rats were housed individually and received liquid ethanol diets, with average daily
ethanol intakes of around 10 – 12 g/kg, whereas Koob et al. (1987) exposed group-housed,
food deprived animals to 0.75 g/kg ethanol per day, although the duration of chronic ethanol
exposure in all of these studies was comparable to that employed here (7–12 days). A
particularly substantial contributor may be the context in which anxiety is tested: in the
studies by Criswell and Breese (1989), Koob et al. (1987) and Sharma et al. (2007),
experimental subjects were tested individually, whereas we tested adolescent and adult
animals in a social context. Taken together, these findings lead to the tentative suggestion
that whereas sensitization develops to the social anxiety-reducing effects of ethanol,
repeated ethanol exposure more readily produces tolerance to ethanol’s anticonflict and/or
antipunishment properties.

In contrast to the sensitization to ethanol-induced anxiolysis seen following chronic ethanol
administration, tolerance emerged to the social inhibitory effects of ethanol at doses above
the anxiolytic range and was indexed by attenuation in the inhibitory effects of these higher
doses on social investigation in both adolescents and adults. This decreased sensitivity to
ethanol-induced suppression of social investigation among adolescents and adults was seen
not only following repeated ethanol, but also after chronic saline exposure, suggesting some
degree of possible stress-induced tolerance. In adults, chronic ethanol, but not saline
exposure also resulted in the development of tolerance to the ethanol-induced increase in
social avoidance seen at the highest ethanol challenge dose. Tolerance was not evident with
other measures, with ethanol-induced suppression of play fighting and locomotor activity
seen at these high doses of ethanol in the social context uninfluenced by chronic treatment at
either age. These findings suggest that ethanol-induced social inhibition indexed by
decreases in social investigation at both ages and social avoidance in adults do not simply
mirror changes in overall locomotor activity, given that these measures are differentially
affected by chronic ethanol and saline exposure. That is, the attenuations in social
investigation and social motivation at the highest dose were eliminated or reduced by the
chronic exposure regimen, whereas ethanol-induced decreases in overall number of
crossovers were unaffected, data that support the suggestion that initial declines in social
investigation and social motivation in ethanol-challenged animals likely reflect ethanol-
induced social inhibition and/or anxiogenesis, rather than general locomotor suppressing
effects of ethanol evident at higher exposure levels.

A number of studies have compared propensities for the emergence of chronic tolerance
following repeated ethanol exposure during adolescence and adulthood, although the results
obtained have varied across studies. For instance, adolescent, but not adult rats were found
to develop chronic tolerance to the sedative effects of ethanol following 7 days of exposure
to 4 g/kg given intragastrically twice daily (Swartzwelder et al, 1998). Likewise, in a study
where ethanol was administered via vapor inhalation for 64 hr to adult and adolescent mice,
and animals were tested 6 weeks later for a conditioned taste aversion to ethanol, only
adolescent ethanol exposure resulted in tolerance development (Diaz-Granados and Graham,
2007). In contrast to these studies reporting greater tolerance development among
adolescents, Ristuccia and Spear (2005) found that tolerance to hypothermic effects of
ethanol developed faster in adult rats than in their younger counterparts following exposure
to ethanol vapor (Ristuccia and Spear, 2005). In a study equating initial functional motor
impairment across age by dose adjustments, equivalent levels of tolerance to ethanol-
induced motor impairment were observed across the two ages (Silveri and Spear, 2001).
Similarly, exposure to a relatively modest dose of ethanol (1 g/kg ethanol i.p. daily for 7
days) during adolescence or early adulthood resulted in expression of chronic tolerance at
both ages to the social consequences of ethanol under familiar test circumstances
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(Varlinskaya and Spear, 2007). Among the variables that may contribute to such differing
age-related patterns in the relative rate of ethanol adaptation is the response measure under
investigation, as well as dose administered.

The adaptations to repeated ethanol observed in the present study appear to be functional
and not metabolic in nature, given that BECs determined from trunk blood did not differ as a
function of pre-test chronic treatment at either age. These findings differ from our
previously reported observations of decreased ethanol levels in tail blood on test day
following similar repeated ethanol exposure in adult but not adolescent rats (Varlinskaya
and Spear, 2007). Trunk blood samples were used in the present study, given that they are
thought to be a more accurate reflection of brain ethanol concentrations after i.p.
administration in laboratory rodents than tail blood samples (Gehle and Erwin, 2000;
Ponomarev and Crabbe, 2002; Sunahara et al., 1978; Varlinskaya and Spear, 2006b).

Social investigation of adolescent and adult rats is extremely sensitive to anxiogenic and/or
anxiolytic manipulations (Doremus-Fitzwater et al., 2009; Varlinskaya and Spear, 2002,
2006a, 2007), with repeated exposure to restraint stress decreasing this form of social
behavior and anxiolytic compounds (including ethanol) increasing social investigation. The
results of the current study demonstrate an age-related difference in the impact of chronic
manipulation on baseline levels of social investigation. That is, adolescents from both
chronic exposure conditions given saline on test day exhibited significantly less social
investigation than non-manipulated adolescents challenged with saline – an effect not seen
in adults. Thus, adolescents may be more sensitive to the anxiety-provoking effects of
chronic manipulations than their adult counterparts, and as a consequence may perceive
saline injections as a mild stressor, robust enough to produce anxiogenic action.

The unusual sensitivity of adolescent animals to the mild stress associated with repeated
saline injections was also evident in terms of body weight gain during the exposure period.
That is, adolescent animals were more sensitive to chronic saline than to chronic ethanol
exposure, showing a significant reduction of body weight gain relative to non-manipulated
controls only following repeated saline. In contrast, adults gained less weight than non-
manipulated controls only when they were chronically exposed to ethanol. These effects
were slight, however, with no significant differences in body weight gain observed between
the two chronic conditions at either age. Nevertheless, these findings are reminiscent of
work by Stone and Quartermain (1997), showing reduction in weight gain following
restraint stress only in 4-week-old but not 8-week-old male Swiss Webster mice.

To some extent, the enhanced sensitivity to chronic injection stress seen in adolescents in
terms of angiogenic and body weight effects in the present study is reminiscent of a recent
study by Silvers et al. (2006), who have reported more pronounced increases in
allopregnanolone levels following saline challenge in animals exposed to chronic saline
injections during adolescence than in those exposed to ethanol injections (Silvers et al.,
2006). Such stress-enhanced anxiety of adolescents animals could potentially serve to
encourage ethanol intake for its anxiolytic properties during adolescence. Yet, the results of
studies investigating the relationship between anxiety levels and ethanol intake in adult
animals are often controversial, with some researchers demonstrating positive correlations
between anxiety and ethanol intake (Izidio & Ramos, 2007; Stewart et al., 1993) and others
not finding this relationship (e.g., Langen & Fink, 2004). Unquestionably, more ontogenetic
studies are needed for our better understanding of the relationship between anxiety levels,
sensitivity to the anxiolytic effects of ethanol, and drinking.

In conclusion, the results of the present study suggest that adaptations to both chronic
ethanol exposure and the repeated stress of chronic injection per se may possibly serve as
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permissive factors fostering high ethanol intake in adolescents and adults, although the
nature of these adaptations seemingly varies across age. Repeated exposure to ethanol or to
the mild stress of the repeated injection procedure alone seemingly increases baseline
anxiety in adolescent animals, anxiety that may promote ethanol consumption during
adolescence for its anxiolytic properties. In adults, however, chronic stress and, especially,
repeated ethanol exposure reduce sensitivity to adverse effects of ethanol that may normally
serve to limit drinking, thereby permitting higher levels of use.
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Figure 1.
Effects of acute challenge with 0, 0.75, 1.0, 1.25, and 1.5 g/kg ethanol on social
investigation (top) and social preference/avoidance (bottom) of adolescent rats left non-
manipulated or repeatedly exposed to saline or 1 g/kg ethanol for 7 days prior to the social
interaction test. Data are collapsed across sex (n=10 per group). Asterisks (*) indicate
significant acute ethanol-induced changes relative to corresponding controls acutely
challenged with saline (0 g/kg) within each pretest condition (p < 0.05) for social
investigation and significant ethanol-induced changes relative to saline controls on data
collapsed across pre-test condition for social preference/avoidance. # - significant changes in
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chronically saline- or ethanol-exposed animals relative to non-manipulated controls when
challenged with saline on test day (p < 0.05).
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Figure 2.
Effects of acute challenge with 0, 0.75, 1.0, 1.25, and 1.5 g/kg ethanol on play fighting (top)
and locomotor activity in the social context, indexed via overall number of crossovers
(bottom) of adolescent rats left non-manipulated or repeatedly exposed to saline or 1 g/kg
ethanol for 7 days prior to the social interaction test. Asterisks (*) indicate significant acute
ethanol-induced changes relative to controls acutely challenged with saline (0 g/kg) (p <
0.05), with data collapsed across sex.

Varlinskaya and Spear Page 16

Alcohol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effects of acute challenge with 0, 0.75, 1.0, 1.25, and 1.5 g/kg ethanol on social
investigation (top) and social preference/avoidance (bottom) of adult rats left non-
manipulated or repeatedly exposed to saline or 1 g/kg ethanol for 7 days prior to the social
interaction test. Asterisks (*) indicate significant acute ethanol-induced changes relative to
corresponding controls acutely challenged with saline (0 g/kg) within each pre-test condition
(p < 0.05), with data collapsed across sex.
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Figure 4.
Effects of acute challenge with 0, 0.75, 1.0, 1.25, and 1.5 g/kg ethanol on play fighting (top)
and locomotor activity in the social context, indexed via overall number of crossovers
(bottom) of adult rats left non-manipulated or repeatedly exposed to saline or 1 g/kg ethanol
for 7 days prior to the social interaction test. Asterisks (*) indicate significant acute ethanol-
induced changes relative to controls acutely challenged with saline (0 g/kg (p < 0.05), with
data collapsed across sex.
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Table 1

Blood Ethanol Concentrations (mean ± SEM) in Adolescent Rats.

Ethanol Dose
(g/kg)

No Manipulation
(mg/dl)

Chronic Saline
(mg/dl)

Chronic Ethanol
(mg/dl)

0.75 41.9 ± 1.5 46.5 ± 3.9 43.9 ± 2.1

1.0 64.5 ± 4.3 69.5 ± 1.7 68.2 ± 3.4

1.25 85.8 ± 4.0 91.0 ± 3.0 82.4 ± 7.4

1.5 107.3 ± 6.7 108.9 ± 7.8 106.7 ± 4.7
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Table 2

Blood Ethanol Concentrations (mean ± SEM) in Adult Rats.

Ethanol Dose
(g/kg)

No Manipulation
(mg/dl)

Chronic Saline
(mg/dl)

Chronic Ethanol
(mg/dl)

0.25 7.4 ± 1.0 7.7 ± 2.1 8.1 ± 0.6

0.5 25.0 ± 2.3 28.4 ± 2.8 26.3 ± 1.7

0.75 55.1 ± 3.1 47.3 ± 3.8 59.8 ± 3.7

1.0 79.6 ± 6.5 75.0 ± 5.4 85.1 ± 3.1

1.25 96.6 ± 5.0 101.0 ± 9.5 102.0 ± 6.2
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