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Abstract
Some evidence suggests that adolescents are more sensitive than adults to ethanol-induced
cognitive deficits and that these effects may be long-lasting. The purpose of Exp 1 was to
determine if early-mid adolescent [Postnatal day (P) 28-48] intermittent ethanol exposure would
affect later learning and memory in a Pavlovian fear conditioning paradigm differently than
comparable exposures in adulthood (P70-90). In Exp 2 animals were exposed to ethanol during
mid-late adolescence (P35-55) to assess whether age of initiation within the adolescent period
would influence learning and memory differentially. Male Sprague-Dawley rats were given 4 g/kg
i.g. ethanol (25%) or water every 48 hours for a total of 11 exposures. After a 22 day non-ethanol
period, animals were fear conditioned to a context (relatively hippocampal-dependent task) or tone
(amygdala-dependent task), followed by retention tests and extinction (mPFC-dependent) of this
conditioning. Despite similar acquisition, a deficit in context fear retention was evident in animals
exposed to ethanol in early adolescence, an effect not observed after a comparable ethanol
exposure in mid-late adolescence or adulthood. In contrast, animals that were exposed to ethanol
in mid-late adolescence or adulthood showed enhanced resistance to context extinction. Together
these findings suggest that repeated ethanol imparts long-lasting consequences on learning and
memory, with outcomes that differ depending on age of exposure. These results may reflect
differential influence of ethanol on the brain as it changes throughout ontogeny and may have
implications for alcohol use not only throughout the developmental period of adolescence, but also
in adulthood.
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Introduction
The adolescent brain is in a dynamic state of remodeling (see [1, 2] for review), which may
make adolescence an especially vulnerable period for exposure to negative environmental
agents [3, 4, 5, 6]. This is particularly concerning given that initiation of alcohol
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consumption is common during adolescence, and alcohol is often consumed by adolescents
in a binge-like fashion (i.e., 4-5 drinks within 2 hours, achieving BECs ≥ 80 mg/dl) [7].
Indeed, preclinical and clinical evidence is mounting to suggest that exposure to alcohol
during adolescence may be particularly detrimental. For instance, human adolescents that
met criteria for an alcohol use disorder (AUD) showed impairments in cognitive tasks such
as problem solving, verbal and nonverbal retrieval, visuospatial skills and working memory
along with significant brain alterations, such as reduced hippocampal volumes and white
matter abnormalities relative to their nonabusing agemates (see [8] for review). Causality
cannot be concluded from such investigations, but preclinical studies have also found
repeated alcohol (ethanol) exposure during adolescence results in greater impairment in
memory [9] as well as greater brain damage in certain brain regions [10] when compared
with adult exposed animals when all groups were tested shortly after exposure. An important
question is whether enhanced neurobehavioral deficits after adolescent ethanol exposure
would persist into adulthood.

Although only a limited number of studies to date have focused on long-term consequences
of adolescent alcohol use, these studies generally support the hypothesis that adolescent
ethanol exposure results in persistent behavioral and neural changes. For instance, Sircar &
Sircar [11] found learning deficits in a Morris water maze task 25 days after exposure in
animals exposed to ethanol during adolescence, but not adulthood. Pascual and colleagues
[12] reported deficits on both conditional discrimination and novel object recognition tasks
21 days after repeated ethanol exposure in adolescence. Other recent studies found reversal
learning deficits using the Barnes maze [13] and Morris water maze [14] tasks 15 and 35
days, respectively, after adolescent ethanol exposure. In conjunction with the behavioral
deficits observed in these studies, adolescent ethanol exposure also produced long-term
brain changes, with reports of upregulation of TLR4, TLR3 and HMGB1 expression in the
PFC [13] and decreased basal forebrain volume and numbers of cholinergic neurons [14].
These data support the hypothesis that ethanol exposure during adolescence, a period of time
during which the brain is still undergoing significant maturational changes, results in long-
lasting alterations in neurobehavioral development (see [4,6] for discussion).

Given that adolescent ethanol exposure previously has been found to influence learning in
adulthood on various cognitive tasks, the purpose of this series of experiments was to
determine if adolescent or adult ethanol exposure would affect later learning and memory
during contextual and auditory Pavlovian fear conditioning and extinction. Pavlovian fear
conditioning is an ideal model to assess consequences of adolescent ethanol exposure on
learning and memory because the neural mechanisms involved have been examined
extensively, with key brain regions that include the amygdala, hippocampus, and medial
prefrontal cortex (mPFC) playing a critical role in tone conditioning, context conditioning,
and extinction of these tasks, respectively (see [15, 16, 17, 18, 19] for reviews). These
structures and connectivity among these regions continue to develop during adolescence (see
[1,2] for review), and therefore may be particularly vulnerable to ethanol exposure at that
time, perhaps changing their developmental trajectory. Thus, Pavlovian fear conditioning
and extinction may provide useful tools to assess potential structure-relevant cognitive
alterations following adolescent ethanol exposure.

One study to date has examined long-term consequences of adolescent ethanol exposure on
fear conditioning in adulthood. Bergstrom et al. [20] found a deficit in tone fear conditioning
in adult Long Evans rats 30 days after repeated voluntary access to ethanol during
adolescence (P22-45), but not adulthood (P80-97). Interpretation of these results, however,
is complicated by the fact that adults consumed significantly less ethanol than the
adolescents, thereby confounding amount of ethanol exposure across age. Thus, although
that study suggests that adolescent ethanol exposure may result in long-term deficits in tone
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fear memory, it is unclear if comparable exposure in adults would produce similar deficits.
Furthermore, no studies to date have examined context conditioning or extinction after either
tone or context conditioning in adolescent ethanol-exposed animals. Given that context
conditioning is relatively hippocampal-reliant [21, 22, 23] and the medial prefrontal cortex
(mPFC) has been implicated in extinction learning (see [18,19] for review), assessing these
particular learning and memory processes after adolescent ethanol exposure may add
valuable information in terms of potential structure-specific changes after ethanol exposure.

Two experiments were conducted to assess tone and context fear acquisition, retention and
extinction 22 days after repeated intermittent ethanol exposure consisting of 4 g/kg
intragastric (i.g.) ethanol or water every 48 hrs for a total of 11 exposures. In the first
experiment, exposure started in early adolescence [Postnatal day (P) 28-48] or adulthood
(P70-90), with tone and context conditioning and extinction assessed 22 days later. In a
follow-up to the first experiment, a comparable study was conducted in a second adolescent
exposure group where the exposure began in mid-adolescence, continuing through late
adolescence (P35-55).

General Methods
Subjects

Male Sprague-Dawley rats bred and reared in our colony at Binghamton University were
used in this experiment. On the day after birth, postnatal day (P) 1, litters were culled to
8-10 pups, with a sex ratio of 6 males and 4 females retained whenever possible. Pups were
housed with their mother in a standard clear plastic tub with shavings until pair-housed with
same-sexed littermates at the time of weaning (P21). Animals were maintained in a
temperature-controlled vivarium on a 12:12-h light: dark cycle (lights on 0700) with ad
libitum access to food (Purina Rat Chow, Lowell, MA) and water. All animals were
maintained and treated in accordance with the Guide for the Care and Use of Laboratory
Animals established by the National Institutes of Health (8th Ed), using protocols approved
by the Binghamton University Institutional Animal Care and Use Committee.

Exposure
In order to reduce the impact of litter effects, no more than one animal from a given litter
was assigned to any experimental group [24]. Littermates housed as pairs were randomly
assigned to the same exposure group, with 1 animal of the pair assigned to tone conditioning
and the other assigned to context conditioning. Animals at each age were given 4 g/kg (25%
v/v) EtOH or an equivalent volume of tap water (H20) intragastrically (i.g.) every other day
throughout a 20 day exposure period for a total of 11intubations. All intubations were given
between 10 am and 12 pm. To assess tolerance development across the exposure period,
each animal was observed for 15 sec in their home cage for degree of impairment 15
minutes after each intubation and assigned a score using an intoxication scale. The
intoxication scale ranged from 1-5, with 1= normal (no sign of intoxication), 2= slightly
intoxicated (minimal signs of intoxication such as slight motor impairment when walking,
but otherwise appears normal), 3= moderately intoxicated (obvious signs of impaired motor
activity but can still walk on its own), 4= highly intoxicated (severe motor impairment: may
have trouble standing, may crawl instead of walking, dragging abdomen), and 5= extremely
intoxicated (unconscious and difficult to arouse, loss of righting reflex). A score of 5 was
never given to an animal in these experiments. After the exposure period, animals were not
disturbed aside from routine animal care (i.e., cage changing, etc.) for 22 days. In these
experiments, post-exposure period was held constant between the age groups rather than
testing age in adulthood, an approach often used when assessing long-lasting consequences
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of ethanol exposure, given that the length of the drug-free period following the exposure
period may impart the nature of the adaptations observed.

Fear Conditioning Methods
Apparatus—All behavioral assessments were conducted in 8 identical fear conditioning
chambers (32 × 25 × 25 cm, Med Associates). Each conditioning chamber was made of
clear polycarbonate (top, front walls), white acrylic (back wall), and stainless steel (sides,
shock grids, drop pan) material, and equipped with a speaker in the side wall. The grid floors
consisted of 19 parallel 4.8 mm diameter rods situated 1 cm apart. At the time of the test for
tone retention/extinction (Day 3), the context was modified by the addition of a smooth floor
covering made of white plastic and an A-frame made of black acrylic that fit tightly in the
chamber (height:17.5cm, side length: 23.5cm). Chambers and inserts were cleaned with 6%
hydrogen peroxide after each trial. Each chamber was located within a sound-attenuated
wood box (63.5 cm wide, 35.5 cm high, 76 cm deep) affixed with a ventilation exhaust fan
that provided background noise (65 dB) and an overhead LED-based light source (Med
Associates NIR-100). All behavioral sessions were video recorded by a camera in each
conditioning chamber that was connected to a computer in the room. Percent time spent
freezing was calculated at 30 frames per second by the Med Associates VideoFreeze system,
a validated method for automated assessment of Pavlovian conditioned freezing behavior
[25].

Procedure—All manipulations throughout the fear conditioning procedure took place
between the hours of 11 am and 2 pm. For 3 days prior to conditioning, animals were
transported to a room adjacent to the conditioning room to be weighed and handled once
daily.

Conditioning (DAY 1): Eight animals at a time were transported in their homecages to a
room adjacent to the conditioning room to be weighed. Animals were placed back in their
homecages after weighing and, after 10 minutes, were transported to the conditioning room.
The conditioning context was the same for both tone and context conditioning, and consisted
of a grid floor delivering footshock, and white light illuminating the chambers. All animals
were given a 2 minute habituation period in the conditioning chambers followed by a ~6
minute conditioning period, and a 2 minute interval following the final footshock. One
animal of the littermate pair received tone conditioning and the other received context
conditioning. Animals that were assigned to tone conditioning received 3 CS-US pairings of
a 10 second (s) tone (80 dB, 2000 Hz) coterminated with a 1 s footshock (0.5 mA) presented
on a 110 s variable ITI. Animals in the context conditioning group received 3 presentations
of 1s footshock (0.5mA) at the same time intervals as for tone conditioning, but without any
tone presentations. After conditioning, animals were immediately placed in their home cage
and returned to the colony room.

Context Fear Retention Test and/or Extinction (Day 2): Previous data from our lab
indicated that context extinction prior to tone testing was necessary to reduce pre-CS
freezing during the tone fear retention test [26]. Thus, approximately 24 hrs after tone and
context conditioning, all animals were placed in their original conditioning context for a 12
minute extinction session, with identical pre- and post-test procedures as on conditioning
day.

Tone Fear Retention Test /Extinction (Day 3): Following the identical pre-test procedures
as on Day 2, tone conditioned animals were placed in a novel context created by the addition
of a smooth floor and an A-frame to the original conditioning chamber. After a 2 min
acclimation period, 30 presentations of the 10s tone alone, with an ITI of 10s were delivered
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(total time= 12 min). Context conditioned animals went through a second context extinction
session identical to the previous day; these data are not shown since the results obtained
were similar to the first context extinction session. Similarly, data from a second tone
extinction session conducted on Day 4 are not shown since the results obtained were similar
to the first tone retention/extinction day.

Data Analysis
Statistics: The percentage of time spent freezing on the conditioning and two extinction
days were separated into time bins for each type of conditioning. For the tone conditioning
day, percent freezing was calculated for the 2 minutes prior to the first tone, the 9 second
duration of each of the three tones prior to footshock and the 2 minutes following the final
CS-US pairing (total of 5 bins). For context conditioning, percent freezing was calculated
for the 2 minutes prior to the first footshock, the two time periods between footshock
exposures (1st-2nd and 2nd-3rd), as well as the 2 minutes following the final footshock (total
of 4 bins). For analysis of data during tone extinction sessions, the 30 tone presentations
were divided into 5 bins, each consisting of 6 tones and their associated 10s interstimulus
intervals [ISI]. Context extinction sessions were separated into 2 minute time bins (total of 6
bins). The first bin from each extinction session was used to analyze fear retention. Factorial
ANOVAs with age and exposure solution (i.e., H20 or EtOH) included as independent
variables were used to analyze pre-CS baseline freezing and fear retention tests (bin 1) for
both context and tone conditioned animals, and Tukey’s HSD post hocs were used to assess
the locus of significant effects. Repeated measures ANOVAs were used to analyze
acquisition and extinction separately at each age with, with Fisher’s LSD planned
comparisons used to investigate significant effects involving time bin.

Exclusion Criteria: For tone conditioning, animals were excluded if they showed baseline
freezing of >50% during the 2 min period prior to CS presentation on the tone fear retention/
extinction session, given that high baseline freezing can make interpretation of CS freezing
difficult [27]. Percent freezing during the tone and context fear retention test was checked
for outliers at each age, with scores > 2 standard deviations from the mean of each
experimental condition excluded from analysis. Exclusion numbers and final group n’s are
indicated for each experiment.

Experiment 1
Subjects & Design

A total of 96 male Sprague-Dawley rats were used in this 2 exposure age (adolescent:
P28-48; adult: P70-90) × 2 exposure (H20; EtOH) × 2 conditioning stimulus (tone; context)
factorial study, with an n=12/group.

Animal Exclusion
A total of 2 adolescent and 3 adult EtOH-exposed, tone conditioned animals were excluded
due to elevated baseline (pre-CS) freezing on the tone test day. Also, 2 adolescent-exposed
animals from the H20-exposure, TONE conditioned group were excluded, with one
excluded as a statistical outlier during the retention test and the other excluded due to an
equipment problem during fear conditioning. Final n’s for the fear conditioning groups
ranged 9-12/group.
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Results
Tone Conditioning

No effects of prior ethanol exposure emerged during tone conditioning, retention or
extinction at either age (see Fig. 1a-1b and 1e-1f). Also, no effects of prior exposure
emerged during context extinction after tone conditioning (see Fig. 1c-1d). As detailed
below, significant effects of bin emerged in the analysis of freezing behavior during tone
conditioning and extinction, indicating acquisition and extinction of conditioned fear to the
tone CS, but again these effects did not differ as a function of prior exposure at either age.

Day 1
Conditioning: Separate 2 (exposure: H20; EtOH) × 5 (time bin) repeated measure
ANOVAs of the adolescent-exposed and adult-exposed tone acquisition data revealed only
significant main effects of bin [F(4,72)= 65.23, p<.05; F(4,76)= 84.60, p<.05, respectively].
As expected, freezing during tones 2 & 3 was significantly higher than pre-CS and tone 1
freezing, indicating acquisition of tone fear at both exposure ages (see Fig 1a and 1b). Adult
animals also showed a significant decline in freezing during the 2 min. post shock period
from freezing observed during the 2nd and 3rd tone (see Fig 1b).

Day 2
Context Extinction after tone conditioning: Separate 2 (exposure: H20; EtOH) × 6 (time
bin) repeated measure ANOVAs conducted on the context extinction data in animals that
were tone conditioned from each exposure age revealed only significant main effects of bin
[F(5,90)= 19.94, p<.05; F(5,95)= 9.78, p<.05, respectively], with both ages showing
extinction to the conditioning context (sees Fig 1c and 1d).

Day 3
Baseline (pre-CS) freezing: The 2 (exposure age: adolescent; adult) × 2 (exposure: H20;
EtOH) factorial ANOVA of the baseline (pre-CS) freezing data revealed no differences in
freezing at either age [F(1,37)= 0.01, p=.91], suggesting that freezing to the novel context
did not differ as a function of prior exposure or exposure age (see Table 1).

Tone fear retention test: The 2 (exposure age: adolescent; adult) × 2 (exposure: H20;
EtOH) factorial ANOVA examining tone fear retention revealed no effects of prior ethanol
exposure, regardless of exposure age [F(1,37)= 0.40, p=.53] (see bin 1 of Fig. 1e and 1f).

Tone Extinction: Separate 2 (exposure: H20; EtOH) × 5 (CS bin) repeated measure
ANOVAs of the tone extinction data from each exposure age only revealed significant main
effects of bin [F(4,72)= 17.77, p<.05; F(4,76)= 14.54, p<.05, respectively], reflecting a
significant decline in freezing across bin associated with the extinction of tone fear (see Fig.
1e and 1f).

Context Conditioning
Ethanol exposure during adolescence (but not adulthood) produced a deficit in context fear
retention (see Fig. 2c) whereas, ethanol exposure in adulthood resulted in impairment in
context extinction (see Fig. 2d). Like tone conditioning, significant bin effects emerged in
the analyses of context conditioning and extinction, indicating acquisition (see Fig 2a-2b)
and extinction (see Fig. 2c-2d) of conditioned fear to the training context. Acquisition of
context fear did not differ as a function of prior exposure at either age, and context
extinction was not influenced by ethanol exposure during adolescence.
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Day 1
Conditioning: Separate 2 (exposure: H20; EtOH) × 4 (time bin) repeated measure
ANOVAs conducted on the context acquisition data from each exposure age revealed only
significant main effects of bin [F(3,57)= 47.54, p<.05; F(3,66)= 55.51, p<.05, respectively].
Freezing significantly increased between the first and second shock and remained elevated,
indicating conditioning to the context (see Fig 2a and 2b).

Day 2
Context Retention Test: A 2 (exposure age: adolescent; adult) × 2 (exposure: H20; EtOH)
factorial ANOVA on the context fear retention data revealed only a significant exposure ×
age interaction [F(1,42)= 4.52, p<.05], with animals exposed to ethanol as adolescents
showing significantly less freezing to the context than their H20-exposed age-mates or than
animals exposed to ethanol in adulthood (see Fig 2c).

Context Extinction after context conditioning: The 2 (exposure: H20; EtOH) × 6 (time
bin) analysis of the context extinction data in context conditioned animals from the
adolescent exposure groups only revealed a main effect of bin [F(5,100)= 25.84, p<.05],
with a significant increase in freezing from bin 1 to bin 2 and a significant decline in
freezing by bin 4 relative to bin 2 (see Fig 2d), regardless of exposure condition.

In the analysis of the adult context extinction data in context conditioned animals,
significant main effects of exposure [F(1,22)= 4.52, p<.05] and bin[F(5,110)= 1.96, p<.05]
emerged. Overall, animals with a history of EtOH during adulthood showed significantly
more freezing than H20-exposed adults, although this effect tended to be more pronounced
towards the end of the extinction session (see Fig. 2d). Similar to the adolescent exposure
data, a significant increase in freezing was observed from bin 1 to bin 2 regardless of
exposure history, followed by a significant decline in freezing by bin 3 (see Fig 2d).
Increased freezing during bin 2 may be related to animals associating that time interval with
the footshock that occurred on conditioning day given that bin 2 during extinction occurred
at 2 minutes, the same time that the 1st footshock occurred on conditioning day.

Experiment 2
Introduction

Adolescence in the rat extends roughly from P28-55 in males [28, 29], thus the adolescent
exposure period used in the previous experiment started in early adolescence. An important
question is whether timing of exposure within the adolescent period would influence later
behavioral effects. Indeed, there is some evidence to suggest that there may be differences in
the lasting consequences of ethanol [30, 31], nicotine [32, 33, 34] and stress [35] exposure
between pre-pubertal (~P21-34) and mid-(~P35-42) adolescents. The purpose of this
experiment was to examine long-term effects of ethanol exposure starting in mid-
adolescence (P35-55) on fear conditioning in adulthood to compare to the results obtained
after early adolescent ethanol exposure in Exp 1.

Subjects & Design
A total of 48 male Sprague-Dawley rats were used in this 2 exposure (H20, EtOH) × 2
conditioning stimulus (tone or context) factorial study, with an n=12/group. Animals were
exposed, conditioned and tested identically as in Exp 1, with the same 22 day post-exposure
to test interval.
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Exclusion
A total of 2 tone conditioned, H20-exposed animals were excluded due to elevated baseline
(pre-CS) freezing during the tone retention test. 2 mid-adolescent exposed animals were
excluded as outliers during the fear retention test (1 H20-exposed, CXT conditioned and 1
EtOH-exposed, TONE conditioned). Also, 1 animal was excluded due to equipment errors
during fear conditioning (EtOH-exposed, CXT). Final n’s were 10-11/group.

Results
Significant bin effects were evident in the analyses of conditioning and extinction for both
tone and context conditioning, reflecting acquisition and extinction on both tasks as
expected from Exp 1 (data not shown). An effect of exposure emerged during context
extinction after tone conditioning, with animals exposed to EtOH as mid-late adolescents
showing significantly more freezing overall [F(1,21)= 4.53, p<.05] (see Fig. 3). This effect
is reminiscent of findings from the adult ethanol exposure group in Exp 1, although the
effect of prior ethanol exposure on context extinction was evident after context (not tone)
conditioning in adults. No other significant exposure effects emerged during tone or context
conditioning, retention or extinction. Thus, ethanol exposure starting in mid-adolescence did
not produce the later context retention deficits that were evident after early adolescent
ethanol exposure in Exp 1.

Experiment 1 & 2: Exploratory Analyses
Given that the impact of repeated ethanol on fear retention and extinction varied with
exposure age, potential age differences in the impact of ethanol on measures of body weight
and intoxication collected during the exposure periods were explored. As described below,
these exploratory analyses revealed that weight deficits emerging during the ethanol
exposure period were particularly marked in adults, though also evident to some extent in
animals exposed to ethanol in mid-late, but not early-mid adolescence. Intoxication ratings
revealed greater intoxication in adults than both adolescent groups, and among mid-late
adolescents than early adolescents early in the exposure period, with apparent tolerance to
these effects emerging at all ages across days.

Results
Body Weight

Given the obvious initial weight difference between the age groups, exposure effects on
body weight (g) across the 11 exposure days were analyzed using separate repeated
measures ANOVAs for the early-mid adolescent, mid-late adolescent and adult data. In both
the mid-late adolescent and adult analyses, significant main effects of exposure [F(1,46)=
5.11, p<.05; F(1,46)= 8.02, p<.05, respectively] and day [F(10,460)= 1127.62, p<.05;
F(10,460)= 593.36, p<.05], and their interaction [F(10,460)= 5.89, p<.05; F(10,460)= 24.66,
p<.05] emerged. EtOH-exposed animals weighed significantly less than H20 controls on
Days 6 and 8-11 in mid-late adolescent animals, and on Days 3-11 in adults. No significant
exposure effects emerged among the early-mid adolescent animals (see Fig. 4a-c).

Intoxication Rating
A 3 (age) × 11 (day) repeated measures ANOVA revealed a significant main effect of day
[F(10,670)= 81.21, p<.05] and a day × age interaction [F(20,670)= 5.61, p<.05]. Fifteen
minutes after the first ethanol exposure, adults showed significantly more signs of
intoxication than both adolescent groups, with the mid-late adolescent group also having
significantly higher intoxication scores than early-mid adolescents. On Days 2 & 3, adults
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continued to show more signs of intoxication than both adolescent groups. Age effects also
emerged at the end of the exposure, with the early-mid adolescents as well as adult animals
showing significantly more intoxication on Day 10 than the mid-late adolescent group and
the early adolescent group showing more intoxication signs than both mid-late adolescent
and adult animals on Day 11, a finding that could potentially reflect an increase in ethanol
sensitivity, perhaps related to emerging age and/or repeated ethanol exposure, by this day at
the youngest exposure age, (see Fig. 4d).

Discussion
The purpose of these experiments was to assess potential long-lasting consequences of
early-adolescent, mid-adolescent and adult ethanol exposure on tone and context fear
conditioning retention and extinction. Early adolescent animals were relatively less sensitive
than mid-adolescent and adult animals during the ethanol exposure period in terms of weight
deficits and signs of intoxication. These results add to an established literature that
adolescents are less sensitive than adults to the intoxicating effects of ethanol [36, 37, 38,
39, 40] and further suggests that age differences in ethanol sensitivity are evident across
adolescence, with the sensitivity of mid-late adolescents intermediate between early-mid
adolescents and adults. Despite the relative decreased ethanol sensitivity of the early-mid
adolescent exposure group, repeated intermittent ethanol exposure starting in early
adolescence attenuated context fear retention 22 days after the exposure period, an effect
that was not observed after mid-late adolescent or adult ethanol exposure. Given that context
fear retention is thought to be relatively hippocampal-dependent [21, 22, 23] these data
suggest that early adolescence may be a vulnerable period for long-lasting disruption of
hippocampal processing as a result of repeated EtOH exposure. Importantly, acquisition of
context fear (or tone fear for that matter) was not influenced by exposure history at any
exposure age, indicating that the context retention deficits observed after early adolescent
ethanol exposure were not due to learning impairments, but rather were related to a deficit in
memory retention of the context fear that was learned the prior day. The only exposure
effect that emerged during either tone or context extinction was evidence of delayed context
extinction in animals exposed repeatedly to ethanol in mid-adolescence and adulthood, but
not in early-adolescence.

Two important points emerged regarding the effects of prior history of ethanol exposure on
fear conditioning. First, the long-lasting effects of ethanol exposure were evident during
context fear retention and extinction, but did not influence behavior of animals that were
tone fear conditioned. These results are reminiscent of prior studies reporting that acute
ethanol disrupts context, but not tone conditioning [26, 41, 42, 43], and further suggests that
context fear is likewise vulnerable to long-lasting effects of repeated ethanol exposure.
Second, the effects of ethanol exposure on context conditioning differed depending on the
age of exposure, with early adolescent exposure resulting in deficits in context fear
retention, whereas delayed context extinction was observed in the two older age groups.
These results support the suggestion that the brain regions affected by ethanol exposure may
vary with the developmental stage of exposure, with early adolescent ethanol exposure
perhaps more likely to affect hippocampal processes [21, 22, 23], whereas ethanol exposure
later in ontogeny may potentially influence extinction processes that are thought to be
mediated by mPFC (see [18, 19] for review). Indeed, the mPFC is thought to be a late
maturing structure, with the mPFC undergoing maturational changes during the transition
from late adolescence into adulthood in terms of decreases in neuron numbers [44] and
increases in fiber density from the basolateral nucleus of the amygdala [45] within this
structure.
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It was somewhat surprising that no effects of adolescent ethanol exposure emerged with tone
conditioning, given that the only other study that assessed age differences in the long-term
effects of repeated ethanol exposures found a deficit in tone fear retention in animals
exposed to ethanol during early-mid adolescence (Bergstrom et al., 2006). Several
experimental differences may account for the incongruent findings obtained in that study
and the present study, such as differences in strain of rat (Long-Evans vs Sprague-Dawley),
exposure (voluntary intake vs i.g.), and dependent measure (latency to movement vs percent
freezing). Furthermore, it is not known whether context retention deficits analogous to those
seen in the current work would have been observed under the circumstances of Bergstrom et
al. [20] because that study did not examine context fear retention. However, another study
assessing long-term effects of nicotine exposure found similar age-related vulnerability to
drug-induced disruptions of context conditioning during adolescence as that seen in the
present study. Portugal et al. [34] found that repeated nicotine exposure starting in early or
mid-adolescence (but not adulthood) resulted in a deficit in context, but not tone fear
retention in adulthood, with the early adolescent exposure group being particularly
vulnerable, with these effects emerging at a lower exposure dose of nicotine in that group
than the other exposure groups. Given evidence for a particularly important role of the
hippocampus in context conditioning (as referenced above), these results suggest that early
adolescent exposure to drugs may result in long-lasting alterations in hippocampal
processes.

Previous studies examining the lasting consequences of adolescent ethanol exposure on
other cognitive tasks in adulthood also tended to find impairments on tasks that are
considered relatively hippocampal-dependent. For instance, the hippocampus has been
implicated in conditional discrimination (Murray & Ridley, 1999) and novel object
recognition (Ennaceur & Aggleton, 1997; Eichenbaum, 2000) tasks, both of which Pascual
et al. [12] found to be affected by adolescent (but not adult) ethanol exposure. Learning
deficits in the Morris water maze, a classic hippocampal-dependent task, were also found
immediately after adolescent ethanol exposure, and this effect persisted into adulthood [11].
Other studies reported deficits during reversal learning (but not acquisition) in the Morris
water maze[14] and Barnes maze [13] – two tasks thought to be hippocampally-dependent,
although other brain regions, like the OFC [46] and basal forebrain [47], are thought to
contribute to reversal learning per se. The results of this study contribute to the mounting
evidence that adolescent ethanol exposure may lead to long-lasting deficits in cognition,
particularly affecting tasks that are relatively hippocampal-dependent.

Ethanol exposure later in ontogeny, however, delayed extinction of context fear when
EtOH-exposed animals were compared with their H20-exposed counterparts. It is not
apparent why delayed context fear extinction after mid-adolescent ethanol exposure was
only evident in animals that were tone conditioned, whereas in adult exposed animals, the
effect emerged after context conditioning. While it is unknown whether processes differ
between context extinction that occurs after cued vs. non-cued conditioning (i.e., when
contextual cues are in the background versus foreground during conditioning), the results of
this study suggest that there may be somewhat of a divergence in neural mechanisms
underlying extinction after these two types of context conditioning, given that a delay in
context extinction was not evident after both types of conditioning following ethanol
exposure at the two older exposure ages. Indeed, Phillips & LeDoux [48] found that the
neural mechanisms differed between background and foreground conditioning in terms of
acquisition of context fear (although see [49]). However, given that the infralimbic (IL)
portion of the mPFC has been implicated in both tone and context extinction [50, 51, 52],
two types of conditioning that also differ in the neural mechanisms supporting acquisition,
the mPFC likely contributes to context extinction after both cued and non-cued conditioning.
Previous studies have reported that electrolytic lesions [53] and low frequency stimulation
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of the mPFC [54] delayed tone extinction and chemical inactivation of dopaminergic
neurons in mPFC resulted in resistance to tone [52] and context [50] extinction. Thus,
results of the current study suggest ethanol exposure at these later times results in delays in
extinction reminiscent of those associated with disruption of the mPFC, although it is
important to note that this impaired extinction was only evident in terms of extinction of
context fear. In line with different mechanisms underlying cued and non-cued context fear
extinction, it is also likely that the neural substrates critical for tone and context extinction
differ to some extent, given the different sensory inputs and levels of integration involved.
Indeed, some manipulations have been shown to dissociate these two forms of fear
extinction, with for instance anisomycin, a protein synthesis inhibitor, reported to produce a
deficit in tone fear extinction [55], while enhancing context extinction [56].

It is also possible that the specific disruption in extinction of context (but not tone) fear
extinction observed in the present study after mid-adolescent and adult ethanol exposure
could be related to alterations in anxiety levels in these animals. A dissociation of the
evoked emotional response between tone and context conditioning has been proposed, with
fear thought to be elicited by a discrete cue (e.g., tone), whereas anxiety is elicited by a more
diffuse threat such as in context conditioning [57]. Consistent with this general notion,
context fear conditioning has been proposed as a model for generalized anxiety disorder
(GAD), whereas tone fear has been suggested to better model phobias [58]. Indeed,
increased anxiety after protracted abstinence from repeated ethanol exposure has been
reported previously in adults [59, 60]. The present data, therefore, extend previous findings
to include resistance to context fear extinction, and suggest that repeated ethanol exposure
later in ontogeny (during mid-late adolescence or adulthood) may result in a persistent
anxiety-like profile.

It is important to note that the exposure-test interval of 22 days was held constant across
exposure age, rather than age at testing. We decided to take this approach to ensure that the
effects we observed were not due to potential differences in stage of withdrawal from
ethanol exposure across group. Indeed, previous studies have indicated that effects of
ethanol exposure on learning and memory, as well as associated neural changes, differ
depending on the time between exposure and testing [61]. Furthermore, given that animals
in this study were tested during protracted abstinence, the observed changes in behavior are
presumably relatively long-lasting effects as a consequence of prior ethanol exposure.

While the human implications of these basic research findings of course remain most
speculative, these data provide cues as to potential target outcomes that might be associated
with different developmental histories of alcohol use and abuse in humans. Interestingly,
human imaging studies have reported significantly smaller hippocampal volumes in
adolescents who met criteria for AUD relative to comparison subjects [62, 63], although
given the cross sectional nature of these data, it is not clear whether hippocampal volume
deficits preceded or were a consequence of adolescent alcohol use. In our preclinical study,
however, early adolescent ethanol exposure produced later attenuations in retention of
context fear, consistent with the idea that adolescent alcohol exposure may persistently
disrupt hippocampal processes. To the extent that the data collected using this animal model
serve as a useful model of human alcohol exposure, these findings raise the possibility that
later retention of memories, particularly those that are episodic in nature (i.e., the
recollection of the time, place, and emotion of a particular event [64]), could potentially be
affected in human adolescents who engage in alcohol use during early adolescence, even if
alcohol use does not extend beyond the adolescent years. Moreover, to the extent that it is
possible to extrapolate these findings to humans, it would additionally be expected that
repeated alcohol use/abuse beginning later in adolescence or adulthood might have different,
but also persisting consequences, with the resistance to context fear extinction in ethanol-
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exposed mid-adolescent and adult animals seen in the current study potentially implicating a
profile of heightened anxiety. The differing behavioral outcomes observed depending on age
of ethanol exposure are consistent with the speculation that the hippocampus may be
particularly susceptible to lasting perturbations by ethanol during early adolescence, with the
mPFC perhaps showing greater sensitivity beginning in mid-adolescence. Taken together,
these data also emphasize the critical importance of the timing of ethanol exposure within
the broad adolescent period. These results provide a basis for further investigation of age
specific neural changes induced by ethanol, and ultimately their relationship to potentially
persisting consequences of alcohol use and abuse that may vary with the timing of alcohol
exposure among early adolescent and older youth.
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Highlights

• Context fear retention was disrupted after early adolescent ethanol exposure

• Mid-adolescent and adult ethanol-exposed animals showed delayed context
extinction

• Thus, long-term effects of ethanol exposure differ depending on age of exposure
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Figure 1.
Tone conditioning (a-b), context extinction after tone conditioning (c-d) and tone extinction
(e-f) in adult animals that were exposed to H20 or EtOH as adolescents (left panel) or adults
(right panel). (a) Animals showed acquisition of tone fear during conditioning, but freezing
did not differ as a function of adolescent exposure. (b) The adult exposure groups showed
acquisition of tone fear, along with a significant decline in freezing during the post-shock
period compared to freezing during tones 2 and 3 (T2 and T3), regardless of prior exposure
(see +). (c d)Both exposure age groups showed a significant decline in context freezing,
indicating extinction, but no effects of prior exposure were detected at either age. (e-f)
Similarly, all animals showed tone extinction as indexed by a significant decline in freezing,
but no effects of exposure were evident at either age.
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Figure 2.
Context conditioning (a-b), context fear retention (c) and context extinction in adult animals
that were exposed to H20 or EtOH as adolescents or adults. (a-b) All animals showed
acquisition of context fear, but freezing did not differ as a function of prior exposure in
either exposure age group. (c) During the context retention test, adults that were exposed to
ETOH as adolescents showed significantly less freezing than adolescent H20-exposed
animals, indicating a deficit in context fear memory (see *). During extinction, freezing
significantly increased from bin 1 to bin 2 (see +), and then declined during context
extinction regardless of exposure group. (d) Exposure in adulthood did not influence context
fear retention. Adults with a history of EtOH exposure, however, showed significantly more
freezing overall than H20-exposed adults (see insert). Also, freezing significantly increased
from bin 1 to bin 2 regardless of exposure group (see +), with freezing declining thereafter,
indicating extinction.
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Figure 3.
Freezing to the context after tone conditioning in animals that were exposed to H20 or EtOH
starting in mid-adolescence (P35). Overall, significantly more freezing was observed in the
EtOH exposure group than H20 group (see insert). No other effects of mid-adolescent EtOH
exposure emerged during tone or context conditioning or extinction (data not shown).
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Figure 4.
Early-mid adolescent, mid-late adolescent, and adult body weight and intoxication rating
throughout the exposure period. (a) Weight deficits were not evident during the early
adolescent exposure period. (b) Mid-late adolescents exposed to EtOH weighed significantly
less than H20- exposed counterparts on exposure days 6 and 8-11 (see *’s). (c) EtOH-
exposed adults showed weight deficits compared to H20-exposed adults starting on exposure
day 3, which continued throughout the rest of the exposure period (see *’s). (d) During the
first 3 days of the exposure period, adults showed significantly more signs of intoxication
than both adolescent exposure groups (see ##) and mid-late adolescents showed significantly
more intoxication than the early-mid adolescent exposure group (see #) on the first exposure
day only. On exposure day 10, the mid-late adolescents showed significantly less signs of
intoxication than early-mid adolescent and adult groups (see # #). By day 11, the early-mid
adolescent exposure group had significantly higher intoxication scores than the mid-late
adolescent and adult groups (see ##).
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