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Abstract
Background—Ontogenetic differences in response to ethanol challenge have been observed
under a variety of circumstances, including varying reports of developmental differences in the
expression of tolerance to ethanol. The purpose of the present experiment was to further explore
potential differences in acute and chronic tolerance expression between adolescent and adult, male
and female Sprague-Dawley rats, using the social interaction test.

Methods—Acute (AT) and chronic (CT) tolerance to the social suppressing effects of a moderate
dose of ethanol was assessed in adolescent and adult rats following i.p. injections of 2.0 g/kg
EtOH or saline daily for 10 days. At test, adults and adolescents were challenged with 1.0 or 1.25
g/kg EtOH, respectively, with AT and CT assessed at 5 and 25 min post-injection using ratios of
impairment to brain ethanol levels (BrECs) at each time period (CT) and within-session declines
in impairment relative to BrECs (AT).

Results—In adolescents, 10 days of ethanol pre-exposure resulted in evidence of chronic
tolerance at 25 min post-injection, perhaps associated with an enhanced expression of acute
tolerance. Among adults, signs of chronic tolerance were seen at 5 min post-injection in adults,
and may reflect neuroadaptations unassociated with acute tolerance, as with evidence of tolerance
emerging only in adult control animals repeatedly exposed to saline injection prior to ethanol
challenge on test day. Sex differences in tolerance expression were not observed at either age.

Conclusions—Our results show ontogenetic differences between adolescents and adults in the
short and long-term neuroadaptations that they express in response to repeated perturbations with
ethanol. Together these findings add age of exposure and time of testing within the intoxication
period as critical variables to be considered when exploring the complex relationship between
acute and chronic tolerance.
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Introduction
Adolescence is a developmental period of transition from dependence on the mother to
relative independence. During this period, organisms across a variety of mammalian species
undergo hormonal, brain and behavioral changes (see Spear, 2000, for review). Some of the
behavioral changes observed during this period include increases in interactions with peers
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and risk taking behaviors (see Spear, 2007 for references and review). Increased alcohol
consumption is also seen during this developmental transition, in both animals (Brunell et
al., 2005; Doremus et al., 2005; Lancaster et al., 1997; Vetter et al., 2007) and humans
(Johnston et al., 2009; SAMHSA, 2008). Binge drinking (i.e. five or more drinks consumed
in one sitting) has been reported in individuals as young as in the 8th grade (Johnston et al.,
2009). According to the Monitoring the Future Study, by 2009 the percentage of 8th, 10th,
and 12th graders who reported binge levels of drinking were 20%, 28%, and 42%,
respectively (Johnston et al., 2009).

Increased levels of alcohol consumption observed in adolescents may be due to their relative
insensitivity to some of the negative effects of EtOH that may help to curb intake. Rodent
studies have shown adolescent animals to be less sensitive to the sedative (Silveri and Spear,
1998), motor impairing (White et al., 2002), anxiogenic and social inhibitory (Varlinskaya
and Spear, 2002, 2006) effects of EtOH than adults. Social interactions play a critical role in
both human (Brendt, 1982) and animal (see Vanderschuren et al., 1997, for review)
development, and hence the impact of alcohol on social interactions is of particular
importance and relevance. The social interaction test is sensitive to the impairing effects of
moderate doses of EtOH and has been used for over 25 years to assess anxiolytic and
anxiogenic effects of drugs, including EtOH (see File and Seth, 2003, for review), as well as
tolerance to EtOH-induced social impairment in rodents (Varlinskaya and Spear, 2006;
2007).

Developmental differences in the expression of tolerance to EtOH may contribute to age
differences in EtOH sensitivity. Chronic tolerance occurs after repeated exposures to EtOH
and is indexed by a reduction in ethanol sensitivity relative to EtOH-naïve organisms. Acute
tolerance on the other hand, represents a decline in EtOH sensitivity occurring within a
single EtOH exposure. Literature on age differences in the development of acute and chronic
tolerance is limited, although a number of studies have shown that adolescent animals may
express acute tolerance under conditions where adults do not (Grieve and Littleton, 1979;
Silveri and Spear, 1998; Varlinskaya and Spear, 2006). Available evidence regarding
differences between adolescents and adults in the development of chronic tolerance to EtOH
is more mixed (Pohorecky et al., 1986; Swartzwelder et al., 1998; Varlinskaya and Spear,
2007).

Some researchers argue that both acute and chronic tolerance represent the same underlying
process as evidenced, for example, by a reduction or complete blockade in the development
of both acute and chronic tolerance after lesions of the median raphe nucleus (Campanelli et
al., 1988; Khanna et al., 1987). Kalant and colleagues postulated two potential explanations
underlying the association between acute and chronic tolerance (Kalant et al., 1971). First,
they proposed that the adaptive change due to acute tolerance could endure to the next drug
exposure; according to this proposition, chronic tolerance may reflect a persisting change
from the previous drug exposure. The second possibility proposed was that of a “carryover”
effect, whereby subsequent drug exposures facilitate the rate of acute tolerance acquisition;
here, chronic tolerance is viewed as potentially representing an increase in magnitude of
acute tolerance. Other researchers, however, have argued that acute and chronic tolerance
represent different underlying processes and are not related mechanistically (Pohorecky and
Roberts, 1992; Tabakoff, 1982). A developmental approach could prove useful in further
exploring the relationship between these processes.

The goal of the present experiment was to examine potential sex and age differences in the
emergence of acute and chronic tolerance in adolescent and adult rats. Both sexes were
included given that, despite evidence for sex differences in EtOH consumption (Blanchard et
al., 1993; Doremus et al., 2005; Lancaster et al., 1996), relatively few studies have examined
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potential sex differences in the emergence of tolerance to EtOH, and among those that have,
the findings are mixed (Linsenbardt et al., 2009; Webb et al., 2002, Varlinskaya and Spear,
2009; Burnett and Walker, 2002). Examining ontogenetic differences in the emergence of
acute and chronic tolerance is important given the presumptive relationship of tolerance with
alcoholism, with tolerance included as one of the criteria for alcohol dependence in the
DSM-IV-TR. Furthermore, there is an abundance of evidence to suggest a relationship
between high levels of EtOH consumption and the more rapid acquisition of acute and
chronic tolerance (Lê and Kiianmaa, 1988; Li et al., 1993; Erwin et al., 1980; Tampier and
Quintanilla, 2002; although see Khanna et al., 1991), findings suggesting that the greater
alcohol intake seen during adolescence may contribute to the elevated levels of alcohol
dependence (e.g. tolerance) reported among late adolescents (18–23 years old) relative to
more mature individuals (Harford et al., 2005). Yet, despite evidence for age differences in a
variety of EtOH-related measures of intoxication and consumption, relatively few
researchers have examined the relationship between acute and chronic tolerance in adult
male animals, let alone in females or in adolescent animals.

Materials and Methods
Subjects

Male and female Sprague-Dawley rats derived from our breeding facility were used in the
current experiment. On postnatal day (P) 1, all litters were culled to 8–10 pups with a sex
ratio of six males to four females kept whenever possible. Pups were weaned at P21 when
they were pair housed with a same-sex littermate unless otherwise noted. Rats were given ad
libitum access to food (Purina Lab chow, Lowell, MA) and water, and were maintained in a
temperature-controlled vivarium with a 14:10 hr light-dark cycle (lights on at 0700 hr). At
all times animals were treated in accordance with guidelines for animal care established by
the National Institutes of Health under protocols approved by the Binghamton University
Institutional Animal Care and Use Committee.

Experimental Design
Both male and female rats received repeated exposure to either 2.0 g/kg ethanol (EtOH) or
saline (Sal) during adolescence or adulthood. On test day, animals in all groups were
challenged with either saline or ethanol, and tested in the social interaction test either 5 or 25
min thereafter. Thus, the experimental design for this study was a 2 age (adolescent, adult) x
2 sex x 2 pre-exposure (chronic Sal, chronic EtOH) x 2 injection-test interval (5, 25 min) x 2
acute challenge (Sal, EtOH) factorial, with eight animals placed in each of the 32 groups
defined by this experimental design. On test day, the ethanol challenge dose used for adults
was 1.0 g/kg EtOH whereas adolescents were challenged with a 1.25 g/kg EtOH dose due to
their apparent insensitivity to the lower EtOH challenge dose of 1.0 g/kg revealed in initial
test runs. Subsequent analysis confirmed the insensitivity of adolescents to the 1.0 g/kg
EtOH dose, with adolescents given this challenge dose not differing from Sal controls in
their overall social activity (49.6±3.97 and 53.3±3.27, respectively). Hence, a challenge dose
of 1.25 g/kg EtOH was used for adolescents in all the assessments reported here.

Chronic Exposure
On P21 or P66, rats were re-housed with a same-sex, same-age non-littermate assigned to
the same chronic exposure condition, with no more than one animal from a given litter
placed into an experimental group, thus reducing the possibility of litter effects (Holson and
Pearce, 1992). Beginning four days thereafter (i.e. from P24–33 or P69–78), animals
received daily injections of EtOH (2.0 g/kg as a 12.6% v/v solution in 0.9% saline) or Sal
for 10 days. Immediately after injection, animals were returned to their home cage with their
similarly injected cage mate. On the last day of the chronic exposure period, and about 2 hr
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prior to the daily injection, all experimental animals were placed individually into the test
context to be used for the social interaction (SI) test for a 30-min habituation period and then
returned to their home cage.

Social Interaction testing
On test day (i.e. P34 or P79), animals were tested in the SI test between the hours of 0900
and 1300, under dim lighting (3 lux). Each experimental animal was weighed, marked with a
vertical black line across the back (in order to differentiate each experimental animal from
its partner during the SI test), and isolated in a 47 × 25.4 × 20.3 cm holding cage for a total
of 30 min prior to testing in order to facilitate social interactions (File and Seth, 2003). Rats
in the 5 min injection-test interval group were placed in the holding cage for 25 min,
injected with either EtOH or Sal and returned to the holding cage for an additional 5 min
before testing, whereas rats in the 25 min group were placed in the holding cage for 5 min,
injected with either EtOH or Sal and returned to the holding cage for an additional 25 min
prior to testing. At the onset of the 5-min test session, each animal was simultaneously
placed into the SI apparatus with a non-manipulated partner of the same sex and age that
was unfamiliar with both the SI apparatus and the experimental animal. Weight differences
between experimental animals and their partners were minimized to the extent possible, with
no more than a 20 g difference between each pair tested.

Each social interaction apparatus was made of clear Plexiglas (Binghamton Plate Glass,
Binghamton, NY) and size-scaled for each test age: 30 × 20 × 20 cm for adolescents and 45
× 30 × 20 cm for adults. The apparatus was divided on the long axis into two equal sized
compartments by a wall containing an aperture measuring 7 × 5 cm for adolescents and 9 ×
7 cm for adults, thereby allowing animals to move between compartments. Before placing
an animal into the SI apparatus, the walls/floors were wiped clean with a 3% hydrogen
peroxide solution, dried, and fresh pine shavings were added.

All sessions in the SI apparatus were conducted without an experimenter present in the
room. A video camera (Supercircuits model PC-23C, Austin, TX) located above the
apparatus recorded each session for later scoring. Behaviors of the experimental animal
during the 5-min test session were scored from the videotape by two experimenters blind to
the experimental condition of each animal, with at least 90% inter-experimenter agreement.
Overall social activity was determined by summing the occurrence of the following
behaviors: investigation (sniffing any body part of the partner), contact (crawling over or
under the partner and social grooming) and play (pouncing or playful nape attack, chasing
and pinning). A social preference/avoidance coefficient [Coefficient (%) = (crossovers to the
partner − crossovers away from the partner)/(crossovers to the partner + crossovers away
from the partner) × 100] was used as an index of social motivation toward its partner, with
positive scores indicating a preference and negative scores indicating relative avoidance of
the partner. An index of motor movement in the test apparatus was calculated on both the
habituation and test days by summing the number of crosses between compartments
Although recognizing that number of crosses into each compartment may be influenced by
exploratory behavior (File and Seth, 2005), compartment entries is a common way of
indexing motor activity (e.g. the use of total number of arm entries in the elevated plus maze
to index locomotor activity), and was used as such in this social context.

Blood and Brain Ethanol Determination
Immediately following testing, experimental animals were decapitated. Trunk blood and
brains were collected, placed, and maintained at −80°C until analysis of blood and brain
ethanol concentration (BEC and BrEC, respectively). Samples were assessed for BECs via
headspace gas chromatography using a Hewlett Packard (HP) 5890 series II Gas
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Chromatograph (GC) (Wilmington, DE). 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 GC. 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. Brain samples were
thawed at time of analysis and 2 ml of cold distilled water added per gram of brain tissue
before the sample was homogenized at 5 °C and analyzed using the same procedure used for
analysis of BEC.

Data Analysis
Unless otherwise noted, data were analyzed by factorial or repeated measures analyses of
variance (ANOVA), with significant effects and interactions explored further using Fisher’s
LSD post-hoc tests.

Test day analyses focused first on behavior of animals receiving Sal challenge on test day to
assess potential withdrawal-related alterations. Overall social activity of each EtOH
challenged animal was then converted to an impairment score reflecting its impairment
relative to the corresponding Sal-challenged control group, to control for any age or sex-
related differences seen among these Sal challenged animals prior to assessment of EtOH
effects. The formula used for calculating impairment scores was: [impairment score = 100 −
([each animal’s social behavior/mean of Sal group] × 100)], resulting in scores from 0 (no
impairment) to 100 (maximum impairment). Any EtOH-challenged animal who exhibited
greater social activity at test compared to its control group was automatically given an
impairment value of zero (9 adults and 12 adolescents met this criteria).

Chronic tolerance was assessed by comparing the impairment scores following EtOH
challenge in animals with a history of EtOH relative to EtOH-naïve (chronic Sal) animals.
Because interpretation of the response to EtOH challenge should presumably reflect, in part,
the amount of EtOH in the brain, data were expressed as social impairment/BrEC ratios
(impairment ratio = impairment score/BrEC). A significantly smaller impairment ratio in
EtOH-exposed relative to EtOH-naïve animals at a given injection-test interval was used as
evidence for CT. Although most assessments of CT focus only on a single injection-test
interval, analysis of CT in the present experiment was conducted at both the 5- and 25- min
test interval due to evidence demonstrating that CT expression may vary with time following
the ethanol challenge dose (Pohorecky and Roberts, 1992; Kalant, 1971).

Acute tolerance can be indexed a number of different ways, most of which involve assessing
the relationship between BECs and EtOH-induced impairment of a particular function (e.g.
sedation, motor impairment). Radlow (1994) argues for the use of an output function (that
relates change in BEC to change in EtOH induced impairment) over time. Using this
method, AT is defined as being present when animals display less impairment relative to
their brain EtOH levels over time post-EtOH. To directly compare BrEC with EtOH-induced
impairment using the Radlow method, the first step is to convert the social impairment score
for each EtOH challenged animal into a % maximum impairment score [% maximum
impairment = (impairment of each animal/mean maximum impairment for that experimental
group) × 100]; therefore with this transformation, maximum impairment is expressed as
100%. The next step is to likewise convert each animals BrECs to % of the average
maximum BrEC within each age/sex/pre-exposure condition [% maximum BrEC = (BrEC
of each animal/maximum mean BrECs) × 100]. Finally, an output function is formed by
subtracting the percent maximum social impairment from the percent maximum BrEC (%
max BrEC − % max social impairment) for each animal, with each of these data points
plotted against time. With this output function, higher scores reflect less impairment relative
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to BrECs. Acute tolerance is then assessed via regression analysis of each output function
over time to determine if the slope differs significantly from zero (see Radlow, 1994). Using
this approach, acute tolerance is defined as greater output values over time, with EtOH-
induced social impairment declining more rapidly than BrECs, as indexed by a positive
slope of the linear regression of this output function with time.

The advantage of the Radlow method is that it converts data across groups to the same scale
(% of maximum impairment) prior to assessing AT in each group. The disadvantage of this
approach is the many transformations needed in order to obtain each output function, with
the final analysis far removed from the raw data. Due to this concern, acute tolerance was
also assessed more directly using social impairment/BrEC ratios at each age and exposure
condition. When assessing AT using these ratios, AT is indexed by significant declines in
the ratios over time—i.e., significantly smaller ratios at the 25 min than 5 min injection-test
interval (see Pohorecky and Roberts, 1992).

Results
BrECs and overall social activity data were checked for outliers and any values greater than
2 standard deviations from the mean were excluded from analysis. As a result, data from a
total of four adolescents and five adults were removed prior to analysis, with no more than
one animal removed from any experimental condition.

Means (±SEM) are provided for all behavioral measures in adolescent (table 3a) and adult
(table 3b) male and female rats.

Body Weight Gain
To determine whether chronic EtOH exposure altered weight gain during the 14 days of the
experiment, a 2 (age) X 2 (sex) X 2 (pre-exposure) factorial ANOVA was performed. This
analysis revealed main effects of age [F (1,237) = 2243.83, p<.001], sex [F (1,237) =
236.40, p<.001] and pre-exposure [F (1,237) = 94.34, p<.001], as well as interactions of sex
with pre-exposure [F (1,237) = 9.62, p<.01] and age [F (1,237) = 17.05, p<.001], and a 3-
way interaction of these variables [F (1,237) = 5.84, p<.001] (table 1). Fisher’s post hoc tests
did not reveal meaningful differences underlying these interactions, although adolescents
were found to gain significantly more weight than adults, rats exposed to EtOH for 10 days
to gain significantly less weight than their Sal-exposed counterparts, and males at each age
and exposure condition to gain significantly greater weight gains than females.

Total number of crosses on the habituation day
A 2 (age) X 2 (sex) X 2 (pre-exposure) X 6 (5-min bins) repeated measures ANOVA of
motor activity (number of crosses) during the 30-min habituation period revealed significant
main effects of sex [F (1,235) = 4.37, p<.05], age [F (1,235) = 15.36, p<.001], pre-exposure
[F (1,235) = 69.58, p<.001] and time bin [F (5,1175) = 859.37, p<.001], as well as
interactions of bin with sex [F (5,1175) = 4.60, p<.001], age [F (5,1175) = 14.66, p<.001]
and pre-exposure [F (5,1175) = 10.42, p<.001]. Females generally were more active than
males, a sex difference that reached significance during the first and last 5 min of
habituation (see top insert Fig. 1). Adolescents were significantly more active than adults
during the first 5 min, although their activity dropped quickly; reaching levels significantly
lower than that of adults at each time bin thereafter (see bottom insert Fig. 1). Regardless of
age, EtOH pre-exposed animals had significantly less crosses than Sal pre-exposed animals
during all time bins, although this difference tended to diminish as activity in both groups
diminished over time (Fig. 1). Since habituation took place 22 hours following the previous
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day’s injection, the lower motor activity of EtOH pre-exposed animals at both ages may be
due, in part, to withdrawal or “hangover” effects (Macey et al., 1996).

Baseline levels of Motor Activity, Overall Social Activity, and Social Motivation on test day
In order to further explore possible withdrawal effects, behaviors of Sal-challenged animals
on test day were examined during the 5-min SI test, using a 2 (age) X 2 (sex) X 2 (pre-
exposure) factorial ANOVA for each behavior: motor activity (chamber crosses); overall
social activity; social motivation. Analysis of the number of crosses between chambers
during the 5-min test revealed only a main effect of age [F (1,54) = 14.55, p<.05], with
adolescents showing more chamber crosses in the social context than adults. A similar
analysis of overall social activity (sum of social investigation, contact behavior, and play)
revealed only a significant sex X age interaction [F (1,54) = 5.32, p<.05], with adolescent
males being more socially active than adult males and no other group differences. The
analysis of social motivation, as indexed by social preference/avoidance coefficients,
revealed a significant sex X pre-exposure interaction [F (1,54) = 4.21, p<.05], although post-
hoc analyses of this interaction on data collapsed across age revealed no significant
differences. None of these behavioral assessments of animals challenged with saline on test
day revealed evidence of pre-exposure effects, thus there was no indication that chronic
EtOH exposed animals were displaying signs of withdrawal in this test at either age.

Brain Ethanol Concentration (BrEC)
Correlations conducted relating BEC and BrEC levels at each age revealed positive
correlations for adults as well as adolescents, r=0.76 and 0.84, respectively. Therefore,
analyses focused on BrECs (see table 2 for BrEC and BEC values).

Analyses of BrECs were conducted separately at each age due to the different EtOH
challenge doses administered to animals at each age. The 2 (sex) X 2 (pre-exposure) X 2
(injection-test interval) ANOVA of BrECs at each age revealed a significant main effect of
injection-test interval in adolescents [F (1,55) = 16.36, p<.001], as well as in adults [F (1,51)
= 25.80, p<.001], with significantly higher BrECs at 5 min post-injection than 25 min at
both ages. A main effect of pre-exposure in adolescents [F (1,55) = 4.19, p<.05)] revealed
that EtOH pre-exposed adolescents had higher BrECs on test day than chronic Sal pre-
exposed adolescents, an effect seemingly driven by the 5 min data (table 2), although the
pre-exposure X time interaction did not reach significance. In contrast, the main effect of
pre-exposure [F (1,51) = 6.02, p<.01] in adults revealed that adults with a history of chronic
EtOH had significantly lower BrECs than those of chronic Sal adults (table 2). A main effect
of sex was only evident in adult animals [F (1,51) = 9.01, p<.01], with adult females
exhibiting overall lower BrECs (83.35 ± 2.18) than males (90.49 ± 2.17).

Chronic Tolerance (Impairment/BrEC Ratios)
The 2 (age) X 2 (sex) X 2 (pre-exposure) X 2 (injection-test interval) ANOVA of the social
impairment/BrEC ratios revealed main effects of age [F (1,106) = 9.79, p<.01], pre-exposure
[F (1,106) = 18.23, p<.001], and injection-test interval [F (1,106) = 12.92, p<.001].
Additionally, interactions of age X injection-test interval [F (1,106) = 4.67, p<.05], age X
sex X injection-test interval [F (1,106) = 5.51, p<.05], as well as age X pre-exposure X
injection-test interval [F (1,106) = 4.17, p<.05] emerged. Due to these interactions, to further
explore pre-exposure (CT) effects, separate ANOVAs were run for each age and time
interval. The 2 (sex) X 2 (pre-exposure) X 2 (injection-test interval) ANOVA of the social
impairment/BrEC ratios of adolescents at 5 min post-EtOH administration, revealed no
evidence of CT in adolescents, whereas evidence of CT was seen among adolescents at the
25-min injection-test interval [main effect of pre-exposure: F (1,27) = 17.71, p<.001] (see #
in left side of Fig. 2). Conversely, among adults, evidence for CT was seen only at the 5-min
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injection-test interval (main effect of pre-exposure: [F (1,25) = 12.89, p<.01]) (see # in the
right side of Fig. 2).

When chronic tolerance to the motor impairing effects of EtOH on test day was similarly
analyzed, no evidence for the expression of CT to the motor impairing effects was evident
among adolescents at either injection-test interval, whereas evidence for CT again emerged
in adults only at the 5-min injection-test interval (see table 4).

Acute Tolerance
Radlow’s approach of assessing AT as an output function over time revealed that
adolescents chronically exposed to EtOH expressed AT, whereas AT was evident only
among adults with a history of chronic Sal injections (see table 5).

When acute tolerance was assessed using social impairment/BrEC ratios via a 2 (age) X 2
(sex) X 2 (pre-exposure) X 2 (injection-test interval) ANOVA, the same main effects and
interactions as in the assessment of CT emerged; therefore, ANOVAs were run separately at
each age yielding significant main effects of pre-exposure at both ages (adolescents: [F
(1,55) = 13.47, p<.001]; adults: [F (1,51) = 6.13, p<.05]). When these effects were explored
in adolescents using separate 2 (sex) X 2 (injection-test interval) factorial ANOVAs for each
pre-exposure condition, only adolescents with a history of chronic EtOH exposure were
found to demonstrate AT as evidenced by a significant main effect of injection-test interval
[F (1, 27) = 6.51, p< .05], reflecting significantly smaller impairment ratios 25 min than 5
min post-injection (see * on left side of Fig. 2). Adult data demonstrated an opposite pattern
to that seen among adolescents, with evidence for AT emerging only in Sal pre-exposed
adults, but not adults chronically exposed to EtOH [F (1,26) = 10.99, p<.01] (denoted by *
on right side of Fig. 2).

Discussion
The results of the present study demonstrate that adaptations to chronic ethanol exposure are
different in adolescents and adults. In adults, males and females expressed CT to the social
and motor impairing effects of EtOH, with ethanol-exposed adults being less impaired than
saline-exposed adults when tested shortly following administration on test day. Adolescents
chronically exposed to EtOH, on the other hand, demonstrated less ethanol-induced social
impairment relative to chronically saline-exposed adolescents only at the 25 min injection-
test interval, suggesting that chronic tolerance at this age could be related, at least in part, to
the enhancement of acute, within-session tolerance. Indeed, AT was evident in adolescents
with a history of chronic EtOH, whereas adolescents with a history of chronic Sal showed
no evidence of AT. In contrast, only Sal-exposed, but not EtOH-exposed adults displayed
AT to the social impairing effects of EtOH. Despite these age differences in the impact of
chronic EtOH exposure on later sensitivity to EtOH, at both ages daily treatment with EtOH
for 10 days was sufficient to suppress body weight gain in males and females, and to reduce
baseline locomotor activity during the habituation session, hypoactivity that may be
indicative of ethanol withdrawal.

Chronic tolerance, in the classical definition (Lê and Mayer, 1996), essentially eliminates
post-EtOH administration-to-test interval as a factor. However, research has shown initial
sensitivity to be positively correlated with the development of chronic functional tolerance
(Crabbe et al., 1982; Kalant et al., 1971; Khanna et al., 1985; San-Marina et al., 1989;
Tabakoff et al., 1980). In the present study, initial sensitivity to EtOH-induced social
suppression, at least when indexed via the response to EtOH seen at the 5 min injection-test
interval, differed notably as a function of age, to the extent that adolescents required a higher
(1.25 g/kg) dose to display significant social suppression that was seen at 1.0 g/kg in adults.
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Similar results have previously been demonstrated in our lab, with adults showing greater
EtOH-induced impairment than adolescents at the same dose (Varlinskaya and Spear, 2009).
To the extent that initial sensitivity to EtOH is related to development of CT, it should
perhaps not be surprising that adults, being initially more sensitive to ethanol-induced social
impairment, showed CT when tested 5 min following EtOH administration, whereas
adolescents did not at this early period post-administration.

BrECs were also lower following repeated EtOH in adults, suggesting they had developed
some degree of metabolic tolerance, consistent with other research findings in the literature
(Khanna et al., 1982; Varlinskaya and Spear, 2007). Although the emergence of metabolic
tolerance may contribute to a reduced sensitivity to EtOH challenge in this group, this alone
cannot explain the decrease in their impairment, given that CT was assessed via relating
impairments to BrECs using impairment/BrEC ratios. The results using these impairment
ratios are consistent with other common findings for the emergence of chronic functional
tolerance after repeated exposure to EtOH in adult rodents (LeBlanc et al., 1969; Pohorecky
et al., 1986). Reminiscent of other research from our lab (Varlinskaya and Spear, 2006;
2007), no sex differences emerged at either age in the expression of acute or chronic
tolerance to EtOH in the present study. This lack of sex differences in alcohol adaptations
were seen despite the adult females having lower BrECs following EtOH challenge than
adult males, regardless of pre-exposure condition. The lack of sex differences in acute or
chronic tolerance development in adults in the present study despite sex differences in their
BrECs may be related, at least in part, to the use of impairment ratios indexing EtOH
sensitivity relative to corresponding BrECs.

In contrast to the expression of CT shortly after EtOH challenge on test day among adults,
expression of CT was seen among adolescents at only the 25-min injection-to-test interval.
These results lend support to the fact that adolescents, too, can express chronic tolerance to
EtOH, and is a finding reminiscent of the human survey data where human adolescents often
report development of tolerance to alcohol (see Chung et al., 2001, for references and
review). And, although few studies have examined CT in developing animals and available
results are complex, there are reports that adolescents and even younger animals
(preweanlings) as well can express CT to EtOH under some conditions (Hunt et al., 1993;
Varlinskaya and Spear, 2007). In the present study, CT was evident only at the later
injection-test interval among adolescents, a time when significant AT was evident in these
animals. Hence, it is possible that this CT expression may reflect enhancement of AT in
these adolescents, with expression of AT building over repeated drug exposures (Kalant et
al., 1971).

Acute tolerance to EtOH in the present study was expressed in both adolescent and adult
rats, but was dependent on pre-exposure condition. Adolescents with a history of chronic
EtOH expressed AT, whereas only saline pre-exposed adults did so. Research supports that
AT develops early in life and often declines during ontogeny, with adults frequently
expressing little to no AT under conditions supporting robust AT in adolescents and even
younger rats (Draski et al., 2001; Grive and Littleton, 1979; Silveri and Spear, 1998; 2001;
Varlinskaya and Spear, 2006). Yet, there is ample evidence that under some test conditions
adult rats can demonstrate AT to EtOH (see Lê and Mayer, 1996, for references and review;
LeBlanc et al., 1974; Silveri and Spear, 2004). Although a previous study from our lab did
not see AT to the social impairing effects of EtOH in adult rats (Varlinskaya and Spear,
2006), a major difference between that study and the present one was that animals in the
earlier study were not manipulated prior to pre-test habituation to the test apparatus, whereas
rats in the present study had been injected daily for 10 days. Pre-test perturbation has been
suggested to enhance expression of AT in adults (Silveri and Spear, 2004). A potentially
even more important difference is the drug challenge dose, with adult and adolescent rats in
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our experiment receiving different challenge doses on test day (1.0 and 1.25 g/kg EtOH,
respectively), in contrast to use of the same challenge dose in the Varlinskaya and Spear
(2006) study. Previous work from our lab has shown that when dose was varied with age to
equate across-age levels of motor impairment in a swim task, AT was expressed in both
adolescents and adults, with adults perhaps expressing even stronger AT than adolescents
(Silveri and Spear, 2001). Additionally, age differences in rapid and chronic tolerance were
not present. By adjusting the challenge dose to induce similar levels of social impairment on
test day at each age, it is possible that we may have minimized possible age-related
differences in the emergence of AT. In contrast, because of age-related differences in EtOH
sensitivities (e.g. Varlinskaya and Spear, 2002), by administering the same absolute EtOH
dose across age during the pre-exposure period, it is possible that adolescents and adults
may have developed different neuroadaptations to the repeated exposures. Indeed there is
evidence to suggest that the same amount of chronic EtOH exposure can produce age-
dependent neuroadaptations (Pian et al., 2010). For example, Pian and colleagues (2010)
found that following 2 weeks of EtOH vapor, adolescents showed a reduction in NR2A
subunits in the hippocampus, with the opposite finding observed in adults. The results of
these studies demonstrate the importance of considering whether to maintain equal EtOH
doses across age or equate for impairment (e.g. by varying dose) when designing
ontogenetic experiments.

The question of whether or not acute and chronic tolerance represent the same or different
mechanisms remains unanswered. The results of the present study partially lend support for
Kalant and colleagues’ notion that development of acute and chronic tolerance are
functionally related (Kalant et al., 1971), given that adolescents chronically exposed to
EtOH developed both acute and chronic tolerance (with the latter expressed at the later
injection interval). Work relating history of chronic EtOH to facilitation of AT expression
has been reported in adult humans (Bennett et al., 1993) and rodents (Hiltunen and Jarbe,
1992; Kalant et al., 1978), with some evidence in both species for similar relationships
developmentally (Beirness and Vogel-Sprott, 1984; García-Moreno et al., 2004). This
suggests that, at least early in life, expression of CT may be related to an enhancement of
AT, as Kalant and colleagues have postulated (Kalant et al., 1971).

This does not appear to be the case with adults in the current study, given that only Sal-
exposed adults showed AT. Therefore, CT in these adult rats does not seem to reflect
accelerated development of AT due to chronic EtOH exposure but rather changes in EtOH
sensitivity based on almost immediate adaptation of neurons. These adult data are more
consistent with the idea that acute and chronic tolerance may be mediated by different
processes (Khanna et al., 1992; Pohorecky and Roberts, 1992). Indeed, it is important to
consider the dynamics of expression of CT within an alcohol exposure session, and how that
may bidirectionally relate to expression of AT (Pohorecky and Roberts, 1992). These results
provide additional support for the necessity of carefully selecting post-EtOH administration
interval testing. CT should be assessed at different time points in order to separate CT based
on changes in constitutive sensitivity of the CNS to ethanol (perhaps driven almost
immediate adaptations of neurons) from that related to the enhancement of AT that builds
over time during the EtOH intoxication period.

Although genetic factors were not tested in the present experiment, there is evidence to
suggest that genetics can influence the development of tolerance to EtOH. Research has
shown that inbred strains of mice and lines of rats demonstrate differences in the expression
of alcohol tolerance that are line and strain dependent (Crabbe et al., 1982; Reed et al., 2001;
Waller et al., 1983; Tampier and Quintanilla, 2002; Kurtz et al., 1996). For example,
C57BL/6 mice develop greater tolerance to EtOH while DBA mice do not (Grieve and
Littleton, 1979; Tabakoff and Ritzmann, 1979), differences that are likely related at least in
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part to strain differences in neural systems critical for expression of EtOH tolerance.
Included among critical EtOH-sensitive neural systems undergoing tolerance-related
changes are NMDAR systems, with rats given EtOH in a 2 week liquid diet showing
tolerance to EtOH-induced sedation and having NMDARs that were resistant to inhibition
following an acute EtOH challenge when compared to EtOH-naïve rats (Wu et al., 2010).
Ontogenetic studies have also been conducted to examine the effects of NMDA system
blockade on the expression of tolerance (Silveri and Spear, 2004; Ramirez et al., in press).
Thus, although we found age, EtOH-exposure, and injection-to test interval to be important
factors in mediating the expression of tolerance to EtOH, research examining genetic factors
and neural systems clearly has revealed the importance of these levels of analysis as well as
for understanding contributors to ethanol tolerance.

Regardless of age or sex, animals in the present study that were chronically exposed to
EtOH exhibited significantly lower levels of motor activity than animals exposed
chronically to Sal, when motor activity was indexed via crosses during the 30-min
habituation session. Since animals in this study were given this habituation session 22 hr
after their last injection, this motor suppression likely reflects withdrawal-induced
hypomotility, which has been observed in rats up to 48 hr since their last EtOH
administration (Macey et al., 1996). Decreases in motor activity join other measures,
including convulsions, hypothermia, increased anxiety, hyperactivity, and rebound
hyperthermia as being indicative of the withdrawal that occurs when chronic exposure to
EtOH is terminated (Finn and Crabbe, 1997; Sinclair and Taira, 1988; Rasmussen et al.,
2001; see Kliethermes, for review, 2005). There is ample evidence that adult rats show
notable withdrawal after chronic EtOH exposure (File, 1991; 1993; 1994); however,
withdrawal following chronic EtOH exposure during adolescence has been little
investigated. Slawecki and Roth (2004) reported age differences in hypoactivity following
chronic EtOH, with adolescents showing enhanced withdrawal hypoactivity when assessed
via activity chamber monitors, but not when examined in the open field. These results
demonstrate that the expression of hypoactivity observed during withdrawal may express
itself differently developmentally depending on the task.

Whereas adults in the present study demonstrated evidence for metabolic tolerance, a
common finding in the literature, (e.g. see Miceli and Le Magnen, 1979), an opposite pattern
was seen in adolescent animals, with adolescent male and female rats with a history of EtOH
having significantly higher BrECs than Sal pre-exposed adolescents. Although this was an
unexpected finding, some researchers have found higher BrECs in rats after chronic EtOH
exposure compared with Sal pre-exposed rats (Silveri and Spear, 2001). Given that repeated
stress has been shown to result in higher BECs after an EtOH challenge (Parker et al., 2008),
the higher BrECs seen in these adolescents could potentially be due to differential stress
effects across age. This possibility seems unlikely, though, given that weight gain was
similarly suppressed at both ages by chronic EtOH, as has been commonly reported in the
literature (Slawecki et al., 2005). The emergence of EtOH-induced liver damage following
chronic adolescent EtOH exposure is also a possibility, since the liver contains the largest
proportion of enzymes used to metabolize EtOH (Pawan, 1972). There is evidence for
human adolescents who alcohol dependent to have higher serum liver enzyme levels, which
are indicative of liver damage than adolescents who have not consumed alcohol (Clark et al.,
2001; Zeigler et al., 2005).

Taken together, the results of this study continue to demonstrate the complexity in the
relationship between acute and chronic tolerance to EtOH, as reported by other laboratories
(Pohorecky and Roberts, 1992; for review, Lê and Mayer, 1996). Our results show that
tolerance is dependent on injection-test interval, pre-exposure history, and importantly, age.
It appears that in adolescence, repeated EtOH exposure resulted in the expression of CT to
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ethanol-induced social impairment that appears based, in part, on the enhancement of AT. In
adults, CT was presumably based on neuroadaptations separable from the expression of AT,
as AT was only expressed following the repeated Sal exposure period in adults. These
results demonstrate possible ontogenetic differences in the underlying neuroadaptations
evoked in response to acute and chronic EtOH, and illustrate the utility of ontogenetic
assessments when further exploring the dynamic relationships between these two
adaptations and their underlying neural substrates (Kalant, 1993).
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Figure 1. Total number of crosses during habituation
Locomotor activity (total number of crossovers) (± SEM) during the 30 min habituation
session in adolescent (left) and adult (right) rats (collapsed across sex). Top insert: * denotes
a significant sex effect. Bottom insert: * denotes a significant age effect.
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Figure 2. Social Impairment/Brain EtOH concentration ratios
Social impairment/BrEC ratios at 5 and 25 min post-injection in adolescent (left) and adult
(right) rats with data collapsed across sex. * denotes a significant injection-test interval
effect (acute tolerance); # denotes a significant pre-exposure effect (chronic tolerance).
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