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Abstract
Background Adolescent alcohol exposure may increase depression vulnerability in adulthood by increasing the anhedonic
response to stress.
Methods Male Wistar rats (postnatal days 28–53) were exposed to binge-like adolescent intermittent ethanol (AIE) or water. In
adulthood, rats were exposed to social defeat, consisting of daily confrontations with an aggressive conspecific, followed by
testing of brain reward function in a discrete-trial current-intensity intracranial self-stimulation procedure for 10 consecutive days.
Neurochemistry and corticotropin-releasing factor (CRF) and CRF receptor 1 (CRFR1) mRNA levels were assessed in
corticolimbic brain areas on day 11 of social defeat stress.
Results Social defeat elevated reward thresholds in both AIE- and water-exposed rats indicating stress-induced anhedonia.
However, AIE-exposed rats were more likely to show threshold elevations after repeated stress compared to water-exposed rats.
AIE exposure decreased CRF mRNA levels in the nucleus accumbens and increased CRFR1 mRNA levels in the prefrontal
cortex, while stress increased CRF mRNA levels in the central amygdala. In the caudate putamen, AIE exposure decreased
dopamine turnover, while stress increased glutamate and serotonin metabolism and turnover.
Conclusions These results demonstrate increased risk of repeated stress-induced anhedonia after AIE exposure, an effect that may
be due to alterations in brain CRF and dopamine systems. These results suggest that the increased rates of depression reported in
people with a history of adolescent alcohol exposure may be related to alterations in brain reward and stress systems that may
contribute to increased stress-induced anhedonia.
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Introduction

The high prevalence of alcohol binge drinking at very high
intoxication levels among adolescents is an important public
health concern (Johnston et al. 2014; Schuckit et al. 2014;
Windle et al. 2008). Ethanol consumption at neurotoxic doses
during adolescence causes damage to frontal cortical brain
areas undergoing maturation (Bava and Tapert 2010;
Jacobus and Tapert 2013; Squeglia et al. 2014). Considering
that corticolimbic brain areas mediate reward processing and
depression (Koob and Volkow 2010; Russo and Nestler
2013), underage drinking may lead to altered responses to
reward (Migliorini et al. 2013) and an increased risk of major
depression (Boden and Fergusson 2011; Briere et al. 2014)
later in life. A few longitudinal studies have found causal links
between heavy ethanol use during adolescence and the onset
of depressive symptoms (Fergusson et al. 2009), as well as
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increased frequency of depressive symptoms among adoles-
cents and young adults (Paschall et al. 2005). However, the
long-term effects of adolescent exposure to ethanol on suscep-
tibility to depression and the underlying neurobiological
mechanisms remain largely unknown.

Our previous work in rats demonstrated that adolescent
intermittent ethanol (AIE) exposure produced long-term alter-
ations in brain reward function manifested behaviorally as
diminished reward deficits or anhedonia, a core symptom of
depression (American Psychiatric Association, 2013), during
ethanol withdrawal in adult male rats (Boutros et al. 2014a). In
rodents, AIE-induced alterations in reward processes can be
attributed to dysregulated neurotransmission in corticolimbic
reward circuits. For example, levels of dopamine and norepi-
nephrine were decreased in cortical regions and increased in
subcortical brain structures following adolescent ethanol ex-
posure (Badanich et al. 2007; Boutros et al. 2014b; Pascual
et al. 2009; Philpot et al. 2009). Serotonin levels in the dorsal
raphe nucleus were increased (Evrard et al. 2006), and
glutamate/GABA transmission balance was altered after ex-
posure to ethanol during adolescence (Fleming et al. 2012;
Fleming et al. 2013; Gomez et al. 2012; Silveri et al. 2014).

Stress can precipitate the onset and increase the severity of
depression in humans (Kessler 1997). In rodents, AIE expo-
sure produced persistent adaptations in stress systems includ-
ing corticotropin-releasing factor (CRF), which plays a pivotal
role in the stress response, alcohol dependence, and depres-
sion (Binder and Nemeroff 2010; George et al. 2012a; Paez-
Pereda et al. 2011; Zorrilla et al. 2014). Specifically, AIE
exposure led to blunted basal CRF levels in the
hypothalamic-pituitary-adrenal (HPA) axis (Allen et al.
2011), reduced CRF cell counts in the central amygdala
(Gilpin et al. 2012), as well as a blunted CRF response fol-
lowing an acute physiological stressor (ethanol challenge)
(Logrip et al. 2013). Considering that CRF and dopaminergic
neurotransmission are interconnected in corticostriatal reward
pathways (George et al. 2012a; Wise and Morales 2010), we
hypothesized that AIE exposure may alter susceptibility to
stress-induced anhedonia during adulthood.

In the present studies, we investigated the long-term effects
of AIE exposure on brain reward function in response to acute
and repeated stress induced by social defeat in adult Wistar
male rats. There are two key alcohol use patterns among hu-
man adolescents: (1) early initiation of use during adolescence
and (2) high rates of binge drinking that are particularly prev-
alent late in adolescence. Recent work has begun to dissect
effects of AIE exposure that are specific to age of exposure
(e.g., early vs late adolescence; for review, see Spear 2015). In
the present studies, rats were exposed to AIE throughout ad-
olescence (postnatal day (PND) 28–53) starting at a particu-
larly young age to model extreme binge drinking in early
adolescence (e.g., > 20% of 12th graders report consumption
of 5+ drinks/occasion within the past 2 weeks, 10.5% report

consumption of 10+ drinks, and 5.6% report consuming 15+
drinks (Patrick et al. 2013)). The social defeat procedure has
been used as a stressor to produce depression-like behavior in
rodents. Social stress-induced reward deficits, as reflected by
elevated reward thresholds (Der-Avakian et al. 2014; Donahue
et al. 2014), can be reversed by administration of antidepres-
sant medications (Der-Avakian et al. 2014), suggesting that
the anhedonic state after social defeat may model key features
of stress-induced depression in humans. Considering that in-
teraction between stressful life events and the CRF gene pre-
dicted both adolescent heavy alcohol use (Blomeyer et al.
2008; Schmid et al. 2010) and major depression (Polanczyk
et al. 2009; Wasserman et al. 2008; Wasserman et al. 2009),
we assessed both CRF and CRF1 receptor (CRFR1) mRNA
levels in the nucleus accumbens (NAc), prefrontal cortex
(PFC), and central amygdala (CeA) after AIE exposure and
social defeat. To assess the broad effects of AIE exposure and
social defeat on brain neurochemistry, we measured mono-
amine, glutamate, and GABA levels in the caudate putamen
(CPu) using high-performance liquid chromatography
(HPLC) that allows for assessments of changes in multiple
neurotransmitter systems from the same sample.

Methods

Subjects

Wistar male rats (Charles River, Raleigh, NC) arrived in the
vivarium on PND 9 in groups of four males together with a
nursing female. Pups were weaned on PND 21 and assigned to
four experimental groups (water-no stress, water-stress, AIE-
no stress and AIE-stress) with one rat from each litter assigned
to each experimental group. The rats were pair-housed in a
humidity- and temperature-controlled vivarium on a 12 h/12 h
reverse light/dark cycle. Food and water were available ad
libitum. All of the procedures were conducted in accordance
with the guidelines of the American Association for the
Accreditation of Laboratory Animal Care and the National
Research Council’s Guide for Care and Use of Laboratory
Animals and were approved by the Institutional Animal
Care and Use Committee at the University of California, San
Diego.

AIE exposure

A timeline of the experimental events, including AIE expo-
sure, behavioral testing, repeated social defeat exposure and
brain sample collection, is presented in Fig. 1.

The AIE exposure regimen has been described in detail in
our previously published work (Boutros et al. 2014b). Briefly,
rats were administered either water (control rats) or 5 g/kg (v/
v) 25% ethanol intragastrically via oral gavage three times a
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day in a 2 days on, 2 days off exposure regimen throughout
adolescence (PND 28–53). During AIE exposure, rats were
observed for behavioral intoxication signs (BIS) before each
ethanol administration, and doses were adjusted according to
BIS as previously described (Boutros et al. 2014a;
Majchrowicz 1975; Mejia-Toiber et al. 2014). This AIE expo-
sure regimen resulted in high blood ethanol concentrations
(215.07 mg/dl) but low levels of behavioral intoxication
(See Supplementary Methods and Results).

ICSS procedure

A discrete-trial current-intensity ICSS procedure was used.
Details of the surgery, ICSS chambers, training and testing
procedures have been described elsewhere (Boutros et al.
2014a; Der-Avakian et al. 2014). Briefly, rats were prepared
with bilateral electrodes directed at the lateral hypothalamus
and trained to respond for rewarding electrical stimulation.
During each session, the electrical current was varied in de-
scending and ascending series to determine a minimal electri-
cal current that elicited a positive operant response, termed the
reward threshold. Elevations in reward thresholds are opera-
tionally defined as an anhedonic response.

Social defeat procedure

Details of the social defeat procedure have been described
elsewhere (Der-Avakian et al. 2014). Briefly, after stable re-
ward thresholds were established, both AIE-exposed and
water-exposed rats were subjected to either stress (11 days
of social defeat) or no stress. Using a resident/intruder proce-
dure, the stress-exposed rats (i.e., intruders) were housed in a
separate compartment within the cage of a reproductive pair of
rats and any pre-weanling pups (i.e., residents). Resident
Long-Evans male rats were previously selected for highly
aggressive behavior based on the presence of attacks against
a novel male conspecific during three prescreening tests (i.e.,
direct exposure to a new rat once a day for three consecutive
days). Each day, the female resident and pups were removed
from the cage and the barrier separating the intruder rat from
the male resident rat was removed. The interaction between
the rats lasted for 3 min, or until the intruder rat adopted a
supine defeat position. The rats were immediately tested in the
ICSS procedure after each of the first 10 daily social defeat

sessions and returned to the cage of another resident pair af-
terward. Resident/intruder pairings were alternated daily.
Non-stressed control rats were briefly handled daily before
ICSS testing.

Corticosterone levels

Plasma corticosterone levels were determined on day 1 (tail-
tip blood samples collected immediately after ICSS testing)
and day 11 (trunk blood samples) of stress exposure. Plasma
corticosterone levels were measured according to manufac-
turer’s instructions using a widely applied commercial double
antibody RIA kit for rat and mouse samples (MPBiomedicals,
Diagnostic Division, Orangeburg, NY, USA, catalog #
07120103).

Brain sample collection

On day 11, rats were exposed to social defeat only (i.e., with-
out ICSS testing). All rats (except resident males and females
which were maintained in the colony) were humanely eutha-
nized by decapitation without anesthesia, and brains were
snap frozen 150 min after stress exposure to avoid immediate
physiological effects of stress. Based on literature findings,
significant levels of CRF mRNA were reliably observed at
1 h (e.g., (Funk et al. 2006)) and 6 h (e.g., (Panksepp et al.
2007)) after exposure to social defeat. The PFC, NAc and
CeAwere dissected for analysis of CRF and CRFR1 mRNA
levels. The CPu was dissected for analysis of monoamines,
glutamate, and GABA. All brain areas were dissected with
Harris micro-punch (1 mm) from coronal cryostat sections
of 200-um slices for analysis.

Quantitative real-time PCR (qPCR)

DNase-treated RNA was isolated by BRNeasy Mini Kit^
(Qiagen, Hilden, Germany) from the dissected PFC, NAc,
and CeA regions. cDNA was synthesized using BHigh
Capacity cDNA Reverse Transcription^ kit (Life
Technologies, CA, USA). For this study, actb (ID:
Rn00667869_m1) was used as house-keeping gene (average
% control ΔΔct calculation for CRF and CRFR1 for each
treatment group). To examine the expression of CRF and
CRFR1 mRNA levels, TaqMan qPCR was performed

Fig. 1 Timeline of experimental design showing the sequence of AIE exposure, training and testing in the intracranial self-stimulation (ICSS) procedure,
exposure to social defeat and brain sample collection across the lifespan of the rats. See text for details
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(Applied Biosystems, CA, USA). The TaqMan probes and
primers used were actb (ID: Rn00667869_m1), crh (ID:
Rn01462137_m1), and crhr1 (ID: Rn00578611_m1).
Threshold cycle (Ct) values were measured for each primer
and were compared using statistical analysis.

HPLC and analysis

Catecholamines and amino acids from brain tissue were mea-
sured by HPLC with electrochemical detection for catechol-
amines and fluorescence detection for amino acids (Groves
et al. 2013; Kesby et al. 2016a; Kesby et al. 2016b; Kesby
et al. 2009). Brain tissues were homogenized in 0.1 M
perchloric acid with 50 ng/mL deoxyepinephrine (catechol-
amine internal standard) using probe sonication (Vibra-Cell,
Sonics & Materials, CT, USA) and centrifuged at 13,000 rpm
for 5 min. The supernatant was filtered by a 4-mm 0.22-μM
nylon syringe filter (MicroSolv Technology Corporation, NJ,
USA). For catecholamines, 10 μL of sample was injected into
the HPLC system, which consisted of an autosampler (Dionex
UltiMate 3000, Thermo Scientific, CA, USA), an isocratic
HPLC pump (Model 584, ESA Laboratories, MA, USA), a
Sunfire C18 column, (4.6 mm × 100 mm, 3 um; Waters
Corporation, MA, USA), and a Coulochem III (ESA
Laboratories) electrochemical detector. The mobile phase
consisted of a 12% acetonitrile/50 mM citric acid and
25 mM potassium dihydrogen phosphate buffer containing
1 mM EDTA and 1.4 mM octane sulfonic acid adjusted to
pH 4.3 with phosphoric acid. Flow rate was 0.5 ml/min. An
analytical cell (Model 5014B, ESA Laboratories) with the first
and second electrodes maintained at − 150 and + 300 mV,
respectively, was used for detection. Amino acids were ana-
lyzed by HPLC using pre-column derivatization at 4 °C and
fluorescence detection. The derivatization protocol was con-
ducted by the autosampler as follows: 10 μL of 1 nM/μL
homoserine (amino acid internal standard) was mixed with
10 μL of sample; then, 20 μL of borate buffer (0.4 M at
pH 10) was added and mixed; then, 5 μL of OPA reagent
(150 mg o-phthalaldehyde in 9 ml methanol with 1 ml borate
buffer and 100 μl mercaptoethanol) was added and mixed;
1 μl of the final solution was injected into the system after a
45 s wait. The system consisted of an isocratic pump and
autosampler (Dionex UltiMate 3000, Thermo Scientific),
and fluorescence detector (Model 2475, Waters Corporation)
equipped with a Phenomenex Gemini C18 column (4.6 mm×
150 mm, 3 um; Phenomenex, CA, USA). The mobile phase
consisted of 0.05 M sodium acetate, tetrahydrofuran, and ace-
tonitrile (74:1:25, v/v) adjusted to pH 4.0 using 100% acetic
acid. Flow rate was 1 ml/min, and the fluorescence detector
was set to an excitation wavelength of 337 nm and an emis-
sion wavelength of 454 nm. All data were stored and proc-
essed with Dionex Chromeleon software (version 7.2, Thermo
Scientific). Data were quantified by calculating peak-area

ratios of each compound compared to the relevant internal
standard.

Statistical methods

All data were subjected to analysis of variance (ANOVA)
using SPSS 18 (SPSS, Chicago, IL, USA). For ICSS data,
thresholds were expressed as a percent of the mean absolute
thresholds over the last 5 days of baseline testing to normalize
variability of absolute thresholds that is commonly due to
factors like electrode preparation and placement (Der-
Avakian and Markou 2010; Der-Avakian et al. 2014). Rats
were randomly assigned to stress and no stress groups such
that both groups had similar average absolute thresholds be-
fore initiation of social defeat (see Results). Behavioral data
were analyzed using three-way ANOVAs with AIE and Stress
as the between-subject factors and ICSS Session as a within-
subject factor. Due to large variability in the stress response,
we performed chi-square analyses on the number of rats from
each experimental group showing anhedonia, defined as
threshold elevations greater than two standard deviations
above pre-stress baseline thresholds averaged across all ani-
mals in both stress groups (i.e., AIE- and water-exposed)
(Der-Avakian et al. 2014). Neurochemical data were analyzed
using two-way ANOVAs with AIE and Stress as the between-
subject factors. Significant main and interaction effects were
followed by t tests using a Šidák adjustment for multiple com-
parisons. For repeated-measure analyses, Mauchly’s test of
sphericity of the covariance matrix was applied. When the
sphericity assumption was violated, the degrees of freedom
for any term that involved that factor were adjusted to more
conservative values by applying the Huynh-Feldt correction.
We report the uncorrected degrees of freedom. The level of
significance was set to 0.05.

For the neurochemical data, some brain samples were not
viable in some regions, leading to varying sample sizes across
the brain regions examined. In addition, outliers that differed
from the group mean by more than two standard deviations
were excluded from the neurochemical analyses (i.e., one out-
lier from each experimental group; total four outliers). Final
sample sizes for each analysis are presented in the figures.

Results

During AIE exposure, the average blood alcohol concentra-
tion, ethanol dose, and behavioral intoxication were
215.17 mg/dl, 14.5 g/kg/day and 0.25, respectively (see
Supplementary Results for details). There were no differences
in baseline reward thresholds between AIE-exposed (140.98
± 6.68 μA) and water-exposed (135.49 ± 6.45 μA) rats before
social defeat was initiated.
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Reward thresholds

Rats exposed to social defeat had elevated reward thresholds
compared to non-stressed rats (Fig. 2; main effect of Stress,
F1,40 = 16.87, p < .001; Stress × Session interaction, F9,360 =
2.69, p < .05), with no effect of AIE exposure and no AIE
exposure × Stress interaction.

After acute stress (Fig. 3a), the proportion of AIE-stress
rats with anhedonia (23%) did not differ from AIE-no stress
rats (23%).Threshold elevations in this small proportion of
non-stressed rats may have resulted from handling prior to
the ICSS session. Similarly, there was no significant differ-
ence in the proportion of water-stress rats with anhedonia
(67%) compared to water-no stress rats (22%). After 10 days
of social defeat (Fig. 3b), a significantly greater proportion of
AIE-stress rats exhibited anhedonia (85%) compared to AIE-
no stress rats (0%; χ2

3 = 28.02, p < .0001) and compared to
AIE-stress rats after 1 day of social defeat (23%, χ2 = 3.9,
p < .05). The proportion of water-stress rats with anhedonia
(67%) and water-no stress rats with anhedonia (22%) did not
differ significantly and were identical to the proportions of
water-exposed rats showing anhedonia after the first day of
social defeat.

CRF and CRFR1 analyses

Main effects of AIE exposure on CRF and CRFR1 mRNA
levels were revealed in the ANOVAs (Fig. 4). Compared to
water-exposed rats, AIE-exposed rats had significantly de-
creased levels of CRF mRNA in the NAc (Fig. 4a; F1,34 =
5.20, p < .05) and significantly higher CRFR1 mRNA levels
in the PFC (Fig. 4d; F1,36 = 10.41, p < .005). There was no
effect of AIE on CRF mRNA levels in the PFC (Fig. 4c) and
CeA (Fig. 3e) or CRFR1 mRNA levels in the NAc (Fig. 4b)
and CeA (Fig. 4f).

A main effect of Stresswas detected for CRFmRNA levels
in the CeA, with stress-exposed rats showing increased CRF
mRNA levels compared to no stress rats (Fig. 4e; F1,32 =

14.97, p < .001). There were no other significant effects of
Stress on CRFmRNA levels or CRFR1mRNA levels in other
brain areas (Fig. 4). There were no AIE × Stress interactions
detected in the ANOVAs.

Dopamine, norepinephrine, and serotonin
in the caudate putamen

There were no significant differences between groups on any
of the measures of norepinephrine, dopamine or their metab-
olites in the CPu (Table S2). However, independent of stress
exposure, AIE-exposed rats exhibited decreased dopamine
turnover, as demonstrated by a decreased DOPAC/DA ratio
(Fig. 5a; main effect of AIE, F1,35 = 4.31, p < .05) and a de-
creased DOPAC/HVA ratio (Fig. 5b; main effect of AIE,
F1,35 = 6.19, p < .05). Independent of AIE exposure, stress-
exposed rats showed strong trends for higher levels of
5HIAA (main effect of Stress, F1,35 = 3.73, p < .06;
Table S2) and higher serotonin turnover as demonstrated by
an increased 5HIAA/5HT ratio (main effect of Stress, F1,35 =
3.97, p < .054).

Glutamate and GABA in the caudate putamen

Independent of AIE exposure, stress-exposed rats had higher
levels of glutamate (main effect of Stress, F1,35 = 6.00, p < .05;
Fig. 5c) and decreased glutamate buffering as demonstrated
by a decreased glutamine/glutamate ratio (main effect of
Stress, F1,35 = 18.07, p < .001; Fig. 5d) in the CPu. There
was also a significant AIE × Stress interaction on the
glutamine/glutamate ratio (F1,35 = 6.61, p < .05), but no signif-
icant AIE × Stress interactions on the levels of glutamine,
glutamate or GABA in the CPu (Table S3).

Plasma corticosterone analyses

Exposure to social defeat increased plasma corticosterone
(Fig. S1) on day 1 (F1,40 = 4.11, p < .05) and on day 11
(F1,40 = 15.48, p < .001), with no differences between AIE-
exposed and water-exposed rats.

Discussion

Exposure to social defeat increased reward thresholds in both
AIE-exposed and water-exposed rats, indicating stress-
induced reward deficits or anhedonia. Repeated stress was
more likely to increase reward thresholds in AIE-exposed rats,
while in water-exposed rats, the number of rats showing an-
hedonia was similar after acute and repeated stress exposures.
Independent of stress exposure, AIE exposure decreased CRF
mRNA levels in the NAc, increased CRFR1 mRNA levels in
the PFC, and decreased dopamine turnover in the CPu.

Fig. 2 Intracranial self-stimulation reward thresholds (expressed as a per-
cent of baseline thresholds) during the 5 baseline days before social defeat
and throughout the 10-day stress exposure period for AIE- and water-
exposed rats. Data are presented as group mean ± SEM. Carat sign de-
notes a significant main effect of stress (^, p < .001). Asterisks denote a
significant Stress × Session interaction (*, p < .05). bl baseline, d day
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Independent of AIE exposure, repeated stress increased CRF
mRNA in the CeA, increased glutamate levels, decreased glu-
tamate buffering in the CPu and tended to increase serotonin
turnover in the CPu. Furthermore, the effects of stress on
glutamate function were more severe in water-exposed rats
compared with AIE-exposed rats.

Repeated social defeat elevated reward thresholds in all rats
indicating that stress-induced anhedonia was not more severe
in AIE-exposed than in water-exposed rats. Consistent with
these findings, plasma corticosterone levels were increased in
all stressed rats with no difference between AIE- and water-
exposed rats. Exposure to acute stress tended to increase the
proportion of water-exposed rats that showed anhedonia but

Fig. 4 CRF and CRFR1 mRNA
levels in the nucleus accumbens,
prefrontal cortex, and central
amygdala for each group. Data
are presented as percent of water-
no stress rats. a CRF in NAC. b
CRFR1 in NAC. cCRF in PFC. d
CRFR1 in PFC. e CRF in CeA. f
CRFR1 in CeA. Asterisks denote
significant main effects of AIE
exposure, and carat denotes a
significant main effect of stress

Fig. 3 Percent of rats in each
group showing anhedonia on the
first day (a) and on the 10th day of
social defeat stress (b). Carat sign
depicts a difference between
stress and non-stress groups based
on a chi-square test (^,
p < 0.0001)
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did not affect the proportion of AIE-exposed rats that showed
anhedonia. These findings suggest that AIE exposure pro-
duced a blunted response to acute stress in adulthood.
Repeated stress, however, significantly increased the propor-
tion of AIE-exposed rats that showed anhedonia, while the
proportion of water-exposed rats remained at the level ob-
served during exposure to acute stress. Similar to these find-
ings, rats that experienced maternal separation in the early
postnatal period did not show acute stress-induced reward
threshold elevations, but did show increased reward deficits
after chronic stress (Der-Avakian and Markou 2010).
Alternatively, AIE may have produced a late and persistent
anhedonic response to acute social defeat that emerged only
after several days of testing, suggesting that AIE may indeed
produce vulnerability to acute stress in adulthood. It is unlike-
ly that water-exposed rats would show such a protracted ICSS
response to acute social defeat; however, this hypothesis must
be tested in a separate cohort of rats exposed to AIE or water
and a single social defeat session during adulthood. In addi-
tion, it is also possible that prior early life stressors (e.g., ex-
posure to shipment/transport stress during the late first and
early second postnatal week) may produce greater (or mitigat-
ed) effects in animals subsequently exposed to AIE and/or
repeated social defeat. Together, these findings suggest that
early life events may be protective against acute stress-
induced anhedonia but may also increase vulnerability to
chronic/repeated stress-induced anhedonia in adulthood.
Thus, heavy alcohol use during adolescence in humans may

increase the likelihood that chronic/repeated social stress will
lead to anhedonia, a core feature of depression.

The PFC, which has been implicated in depression-like
behavior (Klein et al. 2010), contains reciprocal projections
with key reward and stress structures such as the extended
amygdala, ventral tegmental area, NAc, and HPA axis
(George et al. 2012a; Herman 2012). The role of CRF neurons
in the PFC is not well understood. In the present study, AIE
exposure increased levels of CRFR1 mRNA in the PFC.
CRFR1 gene upregulation in the PFC may be a persistent
result of elevated CRF levels experienced during repeated
exposure to ethanol intoxications and withdrawals throughout
adolescence. Consistent with this notion, CRF neurons in the
PFC were activated by ethanol withdrawal (George et al.
2012b), and CRFR1 gene expression in the PFC was in-
creased after in vitro incubation in CRF (Meng et al. 2011).
Further, AIE exposure decreased levels of CRF mRNA in the
NAc and had no long-term effects either on CRF mRNA or
CRFR1 mRNA levels in the CeA. The latter finding is in
contrast to published work showing increased CRF immuno-
reactivity in the CeA after AIE exposure (Allen et al. 2011;
Gilpin et al. 2012). The discrepancies between our and previ-
ously published findings may be attributed to different AIE
exposure regimens (ethanol vapor in the previously published
work vs intragastric gavage in the present study), as well as to
the fact that the present study examined CRFmRNA, whereas
other reports included CRF peptide immunoreactivity, which
could include fibers containing CRF that were synthesized

Fig. 5 Measures of dopamine
turnover (a, b), glutamate levels
(c), and glutamine/glutamate ratio
(d) in the caudate putamen for
each group of rats. All data are
presented as mean ± SEM. *
p < .05, ** p < .01, *** p < .001
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elsewhere and which may reflect differences in processes oth-
er than synthesis (e.g., storage, release, degradation).

Decreased dopamine turnover has been implicated in
alcohol-associated depression. That is, people with depression
and a history of alcoholism showed lower levels of HVA in
cerebrospinal fluid (indicating lower dopamine turnover) than
either depressed patients without a history of alcoholism (Sher
et al. 2003) or alcoholics with no diagnosis of depression (Roy
et al. 1991). In the present study, we demonstrated that AIE
exposure decreased the DOPAC/DA ratio and the DOPAC/
HVA ratio in the CPu, without altering levels of dopamine
or its metabolites. These findings support previous sugges-
tions that decreased dopamine turnover may contribute to
the expression of depression-like behavior (Kesby et al.
2009; Westerink 1985). Consistent with our findings, expo-
sure to ethanol during adolescence decreased dopamine D1
receptor expression in the PFC (Pascual et al. 2009) and do-
pamine D2 receptor expression in the CPu, NAc and hippo-
campus (Pascual et al. 2009), and decreased tyrosine-
hydroxylase immunoreactivity in the PFC (Boutros et al.
2014b). Furthermore, exposure to chronic social defeat stress
decreased dopamine transmission in the NAc (Miczek et al.
2011). Future work is warranted to determine whether AIE
exposure exacerbates the effects of chronic/repeated social
defeat on dopamine levels in the NAc.

CRF acts within key reward- and stress-related brain struc-
tures to increase dopamine levels (George et al. 2012a). In the
NAc, CRF and dopamine are co-localized on cell bodies and
terminals, and acute administration of CRF within the NAc
increased dopamine release (Lemos et al. 2012). Exposure to
2 days of swim stress abolished the dopamine-increasing ef-
fects of NAc CRF (Lemos et al. 2012). In the present study,
AIE-exposed rats showed decreased CRFmRNA levels in the
NAc along with decreased dopamine turnover in the CPu.
These results suggest that the fundamental relationships be-
tween NAc CRF, dopamine, and reward may have been com-
promised by AIE exposure in ways that may have contributed
to the increased likelihood of stress-induced anhedonia ob-
served in AIE-exposed rats.

Effects of social defeat that were independent of AIE-
exposure were also observed. CRF expression in the CeA is
required for activation of the HPA axis in response to stress
(Callahan et al. 2013) and subsequent stress-induced release
of glucocorticoids. In the present study, stress exposure in-
creased both CeA CRF mRNA levels and serum corticoste-
rone levels. However, the limitation of the present study is that
it does not allow to dissect the effects of repeated defeat from
the effects of the most recent acute defeat or the effects of
adaptation to the most recent acute defeat.

Neuronal circuits for chronic social defeat stress involve
glutamatergic projections from the PFC and limbic forebrain
that modulate ascending serotonin projections (Miczek et al.
2008). Stress increases glutamatergic outflow in several

depression-related brain areas, including the PFC and hippo-
campus, an effect that is mediated by glucocorticoids
(Moghaddam et al. 1994; Popoli et al. 2012). Similarly, in
our study, social defeat increased glutamate levels in the
CPu of water-exposed rats. However, in AIE-exposed rats,
the stress-induced increase in glutamate levels was partially
blunted, suggesting disruption of the glutamatergic adaption
to repeated stress in the CPu. Interestingly, chronic social de-
feat decreased glutamate levels in the ventral striatum, partic-
ularly in mice showing susceptibility to the stressor as deter-
mined by increased social avoidance (Bagot et al. 2015).
Moreover, optogenetic stimulation of PFC glutamatergic neu-
rons, which acts to increase glutamate release in the striatum,
prevented the consequences of social defeat in susceptible
mice (Covington et al. 2010), suggesting that decreased
striatal glutamate is critically involved inmediating the behav-
ioral consequences of social defeat. While the importance of
glutamatergic regulation of the CPu during stress is unclear, it
is possible that decreased glutamatergic outflow in this area
disrupts serotonergic processing. However, additional studies
are necessary to explore the functional implications of such
glutamatergic and serotonergic interactions in the CPu. Social
defeat is known to increase levels of serotonin, its metabolites,
and serotonin turnover in a number of brain regions
(Blanchard et al. 2001). In the present study, there was a ten-
dency for exposure to social defeat to increase levels of
5HIAA, the primary metabolite of serotonin, as well as sero-
tonin turnover in the CPu in both AIE- and water-exposed
rats.

Conclusions

In summary, our results indicate that AIE exposure may
increase the likelihood that exposure to chronic/repeated
stress in adulthood will result in anhedonia. Moreover, this
increased vulnerability to the anhedonia-producing effects
of chronic/repeated stress may be mediated by alterations to
parts of the brain involved in reward and stress reactivity, of
which glutamate, dopamine, and CRF are crucial compo-
nents. The response of serotonergic systems to social defeat
was not altered by AIE exposure. These results suggest that
AIE exposure may have effects on brain and behavior that
endure long after termination of ethanol exposure. Thus,
while individuals with a history of binge alcohol exposure
during adolescence may appear to have minimal deficits in
adulthood, problems may arise upon exposure to sustained
stressful situations that may more likely to produce anhedo-
nia. This increased risk of stress-induced anhedonia may
contribute to the high rates of depression reported in adults
with a history of heavy alcohol use during adolescence
(Briere et al. 2014; Edwards et al. 2014).
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