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Abstract
Chronic exposure to stress has many deleterious effects on behavior, which can often lead to self-
medication with anxiolytics, antidepressants, or alcohol. We determined the effects of alcohol
administration following a stressor on established behavioral, physiological, and neural responses
to stress. Male Sprague-Dawley rats received: No alcohol / No stress (CON), Alcohol alone
(ALC), Stress alone (STR), or Stress plus Alcohol (STR+ALC). For seven consecutive days, two
cohorts received an oral dose of 2 g/kg of either 20% ethanol or saline. In Cohort 1, behavioral
testing began after the final treatment (day-8). Memory was tested using the object recognition
(OR) and Y-maze, anxiety on the plus maze, and depression on the forced swim task. Memory on
OR and Y-maze tasks was impaired in the ALC and STR groups. This deficit was reversed in the
STR+ALC group, which performed not differently from the CON group. Stress alone was
associated with increased anxiety, which was alleviated with alcohol treatment. No treatment
effects were found in the forced swim task. In Cohort 2, hippocampal GABAα4 was upregulated
in the STR+ALC group and GluN2B was upregulated in the ALC and STR+ALC groups. The
STR+ALC group in Cohort 1 showed enhanced corticosterone levels after forced swim. The STR
+ALC group in Cohort 2 showed increased corticosterone levels on day-1 of treatment and a
habituation by day-7. In conclusion, this study found a reversal of stress-induced deficits in
cognition and anxiety when alcohol was given post-stress, and changes in neurotransmitter
receptor expression may contribute to these behavioral effects.
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Introduction
Alcohol consumption is believed to be a common way of coping with stressful life events.
Alcohol abuse is often a response to fear, anxiety, and depression as a means of coping with
the stress of these life events (review, Sinha, 2008). Thus, research has focused mainly on
the relationship between alcohol consumption and states of anxiety or depression in order to
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understand coping mechanisms (Kushner et al., 2000; Sullivan et al., 2005). Despite the
robust stress effect on cognition (Lupien et al., 2009) and the relationship to alcohol
consumption (Barr et al., 2009), few studies have examined the effects of alcohol
consumption after a stressor on cognition. After 21-days of stress, male rats show
impairments in tasks assessing learning and memory such as object recognition, Y-maze,
water maze, and radial arm maze (review Luine et al., 2007). Altering the stress response via
enriched housing or drug treatment can mitigate the deleterious effects of chronic stress on
memory (Wright and Conrad, 2008; Scullion et al., 2009). Therefore, there may be a link
between stress management and memory function that may lead to excess alcohol intake
during times of stress.

Changes in anxiety or depression are often associated with increased or prolonged stress and
alcohol consumption. The link between stress and drug use has shown that initiation or
continuance of psychoactive substance use is often attributed to an attempted reduction of
negative affect (Koob and LeMoal, 2008). However, with prolonged use of alcohol, levels of
anxiety and depression rise. Thus, in alcoholics it is difficult to determine if dependence is
due to self-medication of a pre-existing mood disorder or if excessive drinking is maintained
by negative reinforcement of alcohol-induced changes in mood (Allan, 1995). Studies using
animal models have found a range of effects of restraint stress on alcohol consumption,
demonstrating decreased (Sprague and Maickel, 1994), increased (Lynch et al., 1999), or no
change (Roman et al., 2004) in voluntary alcohol intake following stress treatment. We
recently reported that 1-hour of restraint stress followed by 1-hour access to alcohol
increased consumption as compared to that of non-stressed rats. In addition, deficits in
spatial memory associated with either alcohol or stress treatment alone were alleviated in
rats with access to alcohol after the stressor (Gomez et al., 2012).

Alcohol can block stress-induced impairments in memory by altering the stress response
system (Thatcher-Britton and Koob, 1986; Liu and Weiss, 2003; Scullion et al., 2009).
Possible neurochemical mechanisms that may play a role in these alcohol effects on stress
are the GABAergic and glutamatergic systems where alcohol is an indirect agonist of the
former and antagonist of the latter (Crabbe et al., 2011; Orchinik et al., 1995; Martin and
Wellman, 2011). Alterations of these two neurochemical systems may also underlie the
interactive effects of alcohol and stress on memory. Both GABA and glutamate systems are
important in learning and memory processes. Chronic abuse causes changes in receptor
expression in order to compensate for the consistent activation or suppression of these
neurotransmitters (Grant et al., 1990; Trevisan et al., 1994). Current research indicates that
the GABAα4 subunit plays a significant role in alcohol anxiolytic effects (Gulinello et al.
2001). Moreover, the glutamatergic system plays a significant role in alcohol effects on
memory and withdrawal. The GluN2B receptor function is altered by alcohol and may
mediate some aspects of alcohol withdrawal symptomology (Follesa and Ticku, 1995; Hu et
al., 1996).

Stress alters metabolism (Mezey et al., 1979; Ryabinin et al., 1995) and can affect the blood
alcohol curve (Breslin et al., 1994). Moreover, intoxicating doses of alcohol increase stress
hormone levels in human and animal models (Sinha, 2001; Patterson-Buckendahl et al.,
2005). The rise of corticosterone by alcohol intake is sometimes enhanced when combined
with a stressor (Trudeau et al., 1990; 1991). However, the enhancement or reduction is
dependent on the type of stressor experienced and alcohol dose. Brick and Pohorecky (1982)
found that ethanol treatment (0.5 g/kg) before foot-shock stress reduces corticosterone
release but does not alter the response to restraint stress. Much like psychological stressors,
chronic alcohol exposure leads to tolerance, both in stress hormone response and in
behavioral effects (Spencer and McEwen, 1990; Boulouard et al., 2002).
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The focus of the present study was to determine the behavioral, physiological, and
neurochemical effects of alcohol exposure after a stressor. In these experiments we
employed gastric gavage instead of voluntary consumption as in Gomez et al. (2012). This
permitted control over the dosages on alcohol and the ability to more directly evaluate the
effects of alcohol after the stress procedures. A dose of 2 g/kg produces blood alcohol levels
which would be equivalent to human consuming 3-5 standard drinks dependent on weight
and sex. Rats received 7-days of treatments followed by 3-days of behavioral testing or
treatments alone and were sacrificed for measurement of hippocampal neurotransmitter
receptor expression. Tissue was collected before and after behavioral testing because recent
studies have shown changes in hippocampal morphology in rats exposed to such testing
versus naive rats (Conrad et al., 2012, Eilam-Stock et al., 2012).

Methods and Materials
Subjects

Male Sprague-Dawley rats (Weight ≈ 220 g, Age ≈ 3 months, N = 64) obtained from Harlan
Sprague-Dawely, Inc. (USA) were pair-housed and kept on a 12hr light cycle with lights on
at 09:00. Standard rat chow and water was available ad libitum. Rats were randomly
assigned to one of four conditions (n=8 per group); No Stress / No Alcohol Control (CON),
Alcohol alone (ALC), Stress alone (STR), or combination of Stress and Alcohol (STR
+ALC). Two cohorts were utilized, group assignments for Cohort 1 and Cohort 2 were
identical. All procedures were approved by the Hunter College Institutional Animal Care
and Use Committee.

Procedure
Cohort 1: After acclimation to the environment, habituation for object recognition (OR) was
conducted for 5-days. On day-1, rats were exposed to the open field for 5-minutes (no
objects). From day-2 through day-5 the OR task was run with various objects with
increasing inter-trial delays each day (1m, 40m, 1h, and 4h). The object during testing were
different than any used during habituation. At two points during OR habituation, all rats
were administered 1.0 cc of saline via gastric gavage to reduce stress associated with the
procedure. Alcohol and stress treatment started after the last OR habituation trial. For seven
consecutive days, rats in the stress groups were restrained for 6-hours each day from
10:00-16:00. Each day, post-stress, alcohol (ALC and STR+ALC) or saline (CON and STR)
was administered via gastric gavage at a dose of 2 g/kg. Following treatments, rats were put
through a battery of behavioral tests with lights on for all tests. Rats were tested on the
elevated plus maze (EMP) for anxiety and OR task for visual memory on day-8, the Y-maze
for spatial memory on day-9, and the forced swim task (FST) for depression on day-10.
Following the completion of the FST (30-min. post-swim) brain and blood samples were
collected for analysis (Figure 1). The order of behavioral testing was deemed to provide
optimal information regarding the interactive effects of stress and alcohol. Thus, the EPM
was conducted on day-8 not only to test for anxiety, but also test for any possible withdrawal
effects of alcohol. It was expected that conducting the OR task immediately after the EPM
would have no effect on performance. To confirm, correlation analyses were run and no
significant correlation was found between activity on the EPM and performance on the OP
task (data not shown). The Y-maze was done alone on day-9, as it was the task that took the
longest (~6-hours). To test for depression and limit any possible confounding effects of
stress-induced changes in memory, the FST was run last. Additionally, the FST provided a
novel stressor to assess hormone release.

Cohort 2: Rats were allowed 1-week to acclimate before stress and/or alcohol treatment
began. Blood samples were taken for BAC and CORT assays 30-minutes after gavage
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following restraint stress on day-1. Brain tissue and blood was collected on day-7 to assess
effects of treatment on alcohol content, hormone adaptation, and neurotransmitter
expression. Stress and alcohol exposure was identical to Cohort 1, but no behavioral testing
was conducted (Figure 1). Behavioral testing has been shown to effect neuronal structures
(Conrad et al., 2012; Eilam-Stock et al., 2012), thus Cohort 2 was designed to control for
this possible change.

Stress and Alcohol Administration
Rats were restrained, not immobilized, for 6hr/day/7days (10:00-16:00) in a Plexiglas
restrainer measuring 21.5cm long × 6.3cm internal diameter (Harvard Apparatus). Pure
ethanol (200 proof, Sigma-Aldrich) was diluted in saline (0.9% NaCl, Fisher Scientific) to
produce a concentration of 20% v/v ethanol. Gavage was performed using a feeding needle
(18G × 2”) affixed to a 10 cc syringe (VWR). All rats were gavaged with a dose of 2 g/kg of
alcohol or saline in a counterbalanced fashion at the same time every day (~16:15). Blood
alcohol concentration (BAC) were determined 30-minutes after the first and final alcohol
administration; blood samples were taken via tail-nick and BAC was analyzed using 5μl of
sera in an Analox GM7 micro-stat machine.

Memory Tasks
The OR task is a pre-frontal cortex/hippocampal dependent working memory task comprised
of a sample trial (T1) and a retention trial (T2). During T1, two identical objects were placed
in corners of an open field (Plexiglas: 70 × 70 × 30 cm) and rats were allowed to explore for
3-minutes. Exploring was determined as touching, whisking, or sniffing the objects from no
more than 2cm away. Following a 4-hour intertrial delay, one of the objects was replaced
with a new object and rats were reintroduced and allowed to explore for 3-minutes.
Increased exploration/preference for the new object is indicative of intact recognition
memory (Ennaceur et al., 1997). Placement and new/old objects were presented in a
counterbalanced fashion to reduce possible confounding effects of place or object
preference.

The Y-maze is a hippocampal dependent spatial memory task that requires rats to use
external maze cues to navigate the identical internal arms. The maze was placed in a room
with high-contrast external cues (bullseyes, checkerboards). The arms were 56 × 19 × 36 cm
and connected to create an equilateral triangle at the center with 60° angles (outer angels
were 120°). The floor was covered with cage bedding that was thoroughly mixed before
every trial to eliminate any odor cues (Conrad et al., 2003). During the training trial, one
arm was blocked and rats were allowed to freely explore the start and other arm for 15-
minutes. During the 4-hour intertrial delay, the Y-maze was rotated 120° clockwise, to
reduce any possible marking effects (Conrad et al., 1996), and the previously blocked arm
was open. Rotating the maze controls for marking confounds by presuming the rat is
exploring the arm due to its novel location not any previously marked internal cues. Memory
was assessed during a 5-minute probe trial as entries into the novel (new region) versus the
other arm. An entry was designated as the rat crossing the threshold of the arm with both
forepaws and half its torso. The novel, other, and start arms were counterbalanced to reduce
any confounding place preference. All behavior was videotaped and analyzed off-line by an
experimenter blind to the conditions.

Anxiety and Depression
The EPM was designed to test general anxiety levels in animal models (Pellow et al., 1985).
The EPM consists of two open (50 × 12 cm) and two closed arms (50 × 12 × 40 cm). An
entry was designated as the rat crossing the threshold of an arm with both forepaws and half
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its torso. Rats were allowed 5-minutes to explore the arms and behavior was videotaped and
scored off-line.

The modified FST was designed to measure general depression in rat models. Originally
developed by Prosolt et al. (1977), the FST measures swimming and immobile behaviors
with increases in immobility associated with depression. Rats were placed in a Plexiglas
cylinder (30 cm diameter) filled with 30 cm of water (~25°C). Rats were tested for 5-
minutes and behavior was videotaped and scored off-line. Behaviors consist of swimming
(horizontal movement), climbing (upward thrashing), and immobility (erect floating).
Behaviors were counted at 5-second intervals over the 5-minutes and scores were converted
into percentages and analyzed within groups.

Western Blots
After the final gavage (day-7) or FST (day-10), rats were rapidly decapitated. Brains were
removed, split down the mid-sagittal line, and one hemisphere was fast frozen on dry ice.
Hippocampal tissue was later dissected, homogenized, and separated into membrane and
post-synaptic density fractions (as detailed in Sacktor et al., 1993). Total protein for each
sample was determined by BCA assay (Pierce Rockford, IL) and protein concentrations
were standardized to load 10μg total protein for each sample prior to SDS-PAGE. Gels were
run with an Invitrogen XCell Mini Electrophoresis system using 4-20% Tris-Glycine gels
(Life Technologies, Grand Island, NY). Samples were then transferred to nitrocellulose
membranes, incubated in hemoglobin-based blocker for 30-minutes and then incubated
overnight at 4°C in primary anti-bodies to detect GABAα4 (Anti-GABA A Receptor alpha
4 antibody, 66 kD – no. ab4120, Abcam Inc., Cambridge, MA), GluN2B (Anti-NMDAR2B
antibody, 148 kD – no. ab81271, Abcam Inc., Cambridge, MA), and GAPDH (Anti-
Glyceraldehyde-3-Phosphate Dehydrogenase Antibody, 38 kD – no. MAB374, Millipore
Co., Temecula, CA). GABAα4 and GluN2B primaries were diluted to 1:500 and GAPDH
was diluted to 1:2000 using a hemoglobin-based blocker. Membranes were incubated in
alkaline phosphatase-conjugated secondary anti-bodies for 2-hours at room temperature
(Rabbit for GABA and NMDA – no. A3687 and Mouse for GAPDH – no. A9316; Sigma-
Aldrich Co., St. Louis, MO). After secondary incubation, membranes where developed
using BCIP/NBT phosphatase substrate for colorimetric detection (KPL Inc., Gaithersburg,
MD). Developed blots were scanned and analyzed using Image-J software provided by the
NIH.

Corticosterone
For Cohort 1, blood samples were collected from truck blood 30-minutes after the FST on
day-10. For Cohort 2, samples were collected from the tail vein 30-minutes after gavage on
day-1 and day-7. Samples were centrifuged at 3000g in 4°C for 5-minutes and sera was
collected. Using a corticosterone ELISA kit (Neogen Corp., Lexington, KY), 100μL of
plasma was dissolved in ethyl ether and allowed to evaporate for 48-hours. Extraction with
ethyl ether allows for measurement of bound corticosterone. The ELIZA kit used polyclonal
rabbit antibodies, had a sensitivity range from 0.05-5.0 ng/ml, and had an inter-assay and
intra-assay validation of ≤10%. Samples went through a series of washes and incubations as
directed by the kit instructions. Samples and standards (50μL) were assayed in a kit-
provided 96-well plate and read in a microplate reader at 650nm. Output was converted into
corticosterone levels at ng/ml via equations provided by Neogen Corp.

Statistics
An independent samples t-test was used to test differences of BAC in Cohort 1. Repeated
measures ANOVAs were used to analyze BAC and corticosterone in Cohort 2, body
weights, object recognition, Y-maze, and the forced swim task. Univariate 2×2 ANOVAs
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were used to analyze corticosterone in Cohort 1, the elevated plus maze, and
neurotransmitter expression. All statistical analyses were run on PASWStatistics v.18 (SPSS
IBM, USA).

Results
Physiology Effects

In Cohort 1, BAC was measured from blood sampled 30-minutes after the last alcohol
administration on day-7. No difference was found between the ALC and STR+ALC groups
[t(13)=0.82, p=0.43] (Figure 2A). In Cohort 2, BAC was measured on day-1 and day-7 and
was not altered by treatment at either time. A 2-way repeated-measures ANOVA found no
significant main effects of group [F(1,26)=1.10, p=0.30], day [F(1,26)=0.26, p=0.61], or group
by day interaction [F(1,26)=0.18, p=0.68], suggesting no stress-induced change in
metabolism (Figure 2B).

In Cohort 1, corticosterone (CORT) levels were analyzed 30-minutes post-forced swim. All
rats mounted a CORT response, but a 2×2 ANOVA found effects of alcohol [F(1,28)=4.69,
p=0.04] and stress [F(1,28)=10.28, p=0.003], whereby the STR+ALC group mounted the
greatest CORT release [LSD, p<0.02] (Figure 2C). In Cohort 2, the stress response to
restraint and alcohol exposure was measured 30-minutes after gavage on day-1 and day-7.
Repeated-measures ANOVA (2×2×2, day × drug × stress) showed significant effects of day
[F(1,27)=12.86, p=0.001], day by alcohol [F(1,27)=25.72, p=0.0001], day by stress
[F(1,27)=12.33, p=0.002], and day by alcohol by stress [F(1,27)=7.06, p=0.013] interactions
(Figure 2D). On day-1, the STR+ALC group had a higher CORT level compared to the
other groups and the ALC group was greater than the CON and STR groups [F(3,27)=15.79,
p=0.0001]. On day-7, the STR and STR+ALC group had lower CORT levels than the CON
group (p<0.02). Within groups, only the STR+ALC group showed a difference in CORT
levels between day-1 and day-7 (p<0.002), all other groups had similar CORT levels
between days (Figure 2D).

Rats in Cohort 1 that were exposed to stress showed a reduction in weight gain over the 7-
day stress period. Repeated measures ANOVA (7×2×2, day × drug × stress) showed effects
of day [F(6,168)=37.91, p=0.0001], day by stress [F(6,168)=23.90, p=0.0001], and day by
alcohol by stress [F(6,168)=6.17, p=0.0001] interactions. Post-hoc analysis revealed that by
day-4, rats in the CON and ALC groups weighed more than rats in the STR and STR+ALC
groups [F(3,28)=4.28, p=0.01]. The difference in weight continued until the final day of stress
(Figure 2E). In Cohort 2, repeated-measures ANOVA (7×2×2, day × drug × stress) showed
effects of day [F(6,168)=32.51, p=0.0001], day by alcohol [F(6,168)=3.64, p=0.02], and day by
stress [F(6,168)=8.40, p=0.0001] interactions. There was no difference between groups on
day-1, but from day-2 to day-4 the CON and ALC groups outweighed the STR and STR
+ALC groups [F(3,28)=15.97, p=0.0001]. From day-5 to day-7 the CON group weighed more
than all other groups, but the ALC group was still greater than the STR and STR+ALC
groups [F(3,28)=25.80, p=0.0001 (Figure 2F).

Working Memory Using Object Recognition
During the initial sample trial (T1) of the object recognition memory test, there was no
difference in exploration times between groups [F(3,28)=0.23, p=0.88] (Figure 3A). For the
retention trial (T2), exploration time with each object was analyzed with a repeated
measures ANOVA (2×2×2, object × drug × stress). There was an effect of object
[F(1,28)=14.32, p=0.001] and an object by drug by stress [F(1,28)=26.82, p=0.0001] (Figure
3B). Post hoc paired t-test showed that the CON and STR+ALC groups spent more time
exploring the new object compared to the old [t(7)=3.97, p=0.005 and t(7)=3.47, p=0.01,
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respectively]. The ALC and STR groups spent equal time exploring each object [t(7)=0.30,
p=0.76 and t(7)=1.90, p=0.09, respectively]. Thus, in comparison to controls, exposure to
alcohol after a stressor blocks recognition memory impairments attributed to alcohol or
stress alone.

Spatial Memory Using the Y-maze
The Y-maze showed the same pattern of results as the OR task. Total entries were analyzed
and no significant differences were found [F(3,28)=0.55, p=0.65] (Figure 3C). During the
probe trial, entries into each individual arm were analyzed with a multifactorial ANOVA
(3×2×2, arm × drug × stress). The analysis found an effect of arm [F(2,56)=23.02, p=0.0001]
and an arm by drug by stress [F(2,56)=3.65, p=0.03] interaction. The difference in
exploration of each arm was determined within groups, showing the CON and STR+ALC
explored the novel arm more than the others [F(2,21)=7.55, p=0.003 and F(2,21)=3.90,
p=0.03, respectively] (Figure 3D). There was no difference between arm exploration within
the ALC or STR groups [F(2,21)=2.24, p=0.13 and F(2,21)=1.84, p=0.18, respectively].
Therefore showing an interactive effect between stress and alcohol that spares spatial
memory impairments caused by each treatment alone.

Anxiety and Depression Measures
On the elevated plus maze, the number of entries and amount of time spent in the open arms
were converted into open arm percentages and analyzed. A 2×2 ANOVA found a between
groups interaction effect of alcohol by stress on percentage of open arm entries
[F(1,27)=5.75, p=0.02] (Figure 4A). Additionally, there was an effect of stress [F(1,27)=6.82,
p=0.015] and an alcohol by stress interaction [F(1,27)=6.85, p=0.014] on percentage of time
spent in the open arms. Post-hoc LSDs found the STR group made less entries into the open
arms compared to the ALC and STR+ALC groups and spent less time in the open arms
compared to all other groups (p<0.03), an indication of increased anxiety (Figure 4B).

The forced swim task assessed swimming, climbing, and immobile behaviors at 5-second
intervals for 5-minutes. The behavioral counts collected were analyzed with a repeated
measures ANOVA (3×2×2, behavior × drug × stress). A significant effect of behavior was
found showing climbing behavior was greater than immobile and swim behaviors and
swimming behavior was greater than immobility [F(2,93)=64.23, p=0.0001, LSD p<0.0001]
(Figure 4C). However, no difference in immobility, swimming, or climbing behavior was
found between groups [F(3,28)=1.41, p=0.25, F(3,28)=0.95, p=0.42, and F(3,28)=1.19, p=0.33,
respectively]. Treatment with alcohol, stress, or both had no effect on depressive-like
behaviors as compared to controls.

Neuronal Effects
In Cohort 1, samples collected post-FST (day-10) showed no significant between group
differences in expression of GABAα4 (M = 24.98 ± 2.52 |AU|) or GluN2B (M = 111.40 ±
12.87 |AU|) [F3,27=0.50, p=0.68; F3,28=0.49, p=0.69, respectively] (data not shown). In
Cohort 2, on the final day of treatment (day-7), a significant stress effect on receptor
expression of GABAα4 was found between groups [F(1,22)=4.74, p=0.04] and post-hoc LSD
showed the STR+ALC group had an upregulation of GABAα4 compared to the other
groups (p<0.02) (Figure 5A). For GluN2B, a significant alcohol effect was found between
groups [F(1,24)=10.85, p=0.003]. The two groups treated with alcohol (ALC and STR+ALC)
had upregulation of the glutamate receptor protein compared to the CON and STR groups
(p<0.03) (Figure 5B).
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Discussion
The results show that alcohol administration after stress exposure altered behavioral
responses compared to each treatment alone. Memory function was impaired by both stress
and alcohol alone; however, performance of rats receiving both treatments was at control
levels. This finding supports our previous work showing that alcohol consumption after a
stressor alleviates spatial memory impairments (Gomez et al., 2012). Alcohol also reversed
the stress-induced increase in anxiety shown on the plus maze. In the forced swim task,
depressive-like behavior was unaltered by the treatments, either alone or in combination.
Thus, as is predicted by the self-medication hypothesis, alcohol consumption may increase
during times of anxiety as a means of reducing effects of stress during this state.
Physiologically, corticosterone levels and body weights were altered by treatment. Western
blot analysis revealed, on day-7, a significant upregulation of GABAα4 and GluN2B in rats
exposed to the combination treatment.

Previous work by our lab has shown that chronic stress impairs non-spatial working memory
on the object recognition task in male rats (Bowman et al., 2003). Other forms of stress (foot
shock/novel cage exposure) and stress duration (7-days vs. 21-days) also produce memory
impairments on object recognition tasks (Baker and Kim, 2002; Bowman et al., 2009;
Scullion et al., 2009). Chronic ethanol administration shows similar impairments on non-
spatial memory as chronic stress (Ryabinin et al., 2002). The Y-maze is a low-stress task
measuring memory without stressors such as, food deprivation or forced swim (Conrad el
al., 1996). Chronic stress impairs spatial memory on the Y-maze by reducing exploration of
the novel arm (Conrad et al., 1996). Chronic alcohol (injection, voluntary, chronic
intermittent exposure, liquid diet) studies have also shown a significant impairment of
spatial memory (review, Matthews and Morrow, 2000). To our knowledge, few have
evaluated cognitive effects when stress and alcohol are combined. Indirect evidence
supports our data and may elucidate our findings. Ryabinin et al. (1995) found a significant
decrease of hippocampal c-fos expression when rats were given alcohol after a stressor,
suggesting an alcohol-induced amelioration in hippocampal activity. Moreover, knockout
models of rats with defective CRH receptor systems show increases in alcohol sensitivity
and reinstatement of alcohol seeking behavior caused by stress (Hansson et al., 2006). Our
data show that alcohol administration after a stressor alleviated impairments caused by
alcohol or stress alone. Others have found similar effects with other drugs of abuse. Nicotine
and opioid antagonists (naloxone) administered during periods of stress, block impairments
on memory tasks and have been shown to reestablish normal LTP function (Alkadhi et al.,
2011; Schneider et al., 2009). We believe the results on memory function may be due to an
altered stress response attributed to alcohol consumption, which was also seen in our
physiological and neurochemical measures.

Alcohol intake is generally associated with decreases in anxiety (review Lewis, 1996). We
found fewer entries and less time spent in the open arms of the EPM only with the STR
group, suggesting a stress-induced increase in anxiety. Alcohol treatment after a stressor
increased the entries made and time spent in the open arms of the maze. The anxiolytic
properties of alcohol are usually found when low to moderate doses are given (Lister, 1987).
Long-term alcohol intake of moderate to high doses, however, shows increases in anxiety
during alcohol withdrawal (Rasmussen et al., 2001). Stress hormone levels may reflect the
increase in anxiety produced by chronic alcohol consumption, whereby, after chronic
alcohol intake, increases in anxiety can be blocked by treatment with CRH antagonists
(Valdez et al., 2003). Congruently, the NMDA antagonist AP7 administered during a
stressor, reduced time spent in the closed arms of the EMP (Padovan et al., 2000). Alcohol is
an NMDA antagonist, which may help explain the results obtained in the present study.
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Thus, our results show that stress-induced increases in anxiety can be mitigated by alcohol
exposure following a stressor.

The FST is a rodent model of depressive-like behaviors and measures the escape directed
behaviors such as swimming and climbing in comparison to helplessness behaviors such as
immobility (Porsolt et al, 1977). The behaviors observed in the FST were analyzed similarly
to that seen in Cryan and Lucki (2000). Swimming, climbing, and immobility behaviors
were compared between groups to determine if treatment altered depressive-like symptoms.
Between groups, there was no difference for each behavior observed, however, all rats did
show greater climbing behavior compared to swimming and immobility and more
swimming than immobility. Others have found different compounds affect the frequency of
behaviors observed and show increased climbing is associated with changes in to
norepinephrine, while swimming is moderated by serotonin (Page et al., 1999). Given that
we did not find any changes between groups, it is difficult to determine the cause of
increased climbing and swimming behavior. Further research is needed to determine if the
delay between the final alcohol/stress treatment and testing for depressive-like behaviors
may have influenced the current results.

In Cohort 1, corticosterone was measured only after the forced swim task. Based on other
work showing that non-stressed male rats have a mean daily CORT level of 60 ng/ml
(Girotti et al., 2007), the results showed a sensitized response in the STR+ALC group,
suggesting an interactive effect in the combination group. This result supports others who
have also shown sensitized stress responses to a novel stressor (Nisenbaum et al., 1991;
Weinberg et al., 2009). In Cohort 2, rats treated with alcohol showed an increase in plasma
CORT 30-minutes after intake. CORT levels were further elevated if rats were exposed to 6-
hours of restraint stress prior to alcohol intake. On day-7, there were no differences in
CORT levels between groups and only the STR+ALC group showed an HPA-adaptation
between the first and final day of treatment. Studies have shown HPA adaptation in response
to chronic stress or alcohol, which supports the finding for the STR+ALC group, however
these studies used 21-days of treatment, which may explain the lack of effect in the current
ALC and STR groups (Spencer and McEwen, 1990; Dhabhar et al., 1997). Galea et al.
(1997) has shown that CORT levels peak around 30-minutes of restraint, but return to
normal after 6-hours of restraint. This finding supports our current results, which show that
STR rats have low levels of CORT after 6-hours of restraint. Thus, alcohol consumption
after a stressor may lead to a switch from drinking for its positive reinforcing effects to
drinking for negative reinforcing effects (Koob and LeMoal, 2008) and may be a process
linked to stress sensitization.

Rats exposed to a stressor after alcohol injection display lower peak blood alcohol
concentrations, suggesting that stress increases alcohol metabolism (Mezey et al., 1979;
Ryabinin et al., 1995). We did not find any change in blood alcohol between the stress and
non-stress groups. However, unlike studies that have found a difference, we administered
alcohol after the stressor. Perhaps the increase in alcohol metabolism was present only when
animals were exposed to a stressor after consumption, reported in humans as a “sobering”
effect (Breslin et al., 1994). The stress-induced increase in alcohol metabolism may explain
the stress-induced increase in alcohol consumption, as a lower BAC may drive an individual
to drink more to attain a regular BAC obtained when not stressed (Sommer et al. 2008).

Neurotransmitter receptor levels may have normalized in Cohort 1 following 3-days of
behavioral testing without stress or alcohol treatment, thus, in Cohort 2, tissue was collected
on the final day of treatment to determine GABAα4 and GluN2B levels before the rats
experienced behavioral testing or possible recovery. We found that GABAα4 was elevated
in the STR+ALC group. The alpha-4 subunit was chosen due to its association with the
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anxiolytic effects produced by alcohol or benzodiazepines (Gulinello et al. 2001). The
upregulation of alpha-4 may have contributed to the difference in anxiety found between the
STR and STR+ALC groups. Upregulation of GABAα4 may indicate that rats in the STR
+ALC group had greater anxiolytic effects than those in the ALC alone group. Further
testing is necessary to explore this possibility. GluN2B was elevated in the groups exposed
to alcohol, perhaps indicating a non-specific action of alcohol on receptor expression. The
GluN2B receptor is associated with tolerance, and perhaps in compensation for constant
NMDA antagonism by alcohol, the GluN2B receptor is upregulated (Follesa and Ticku,
1995; Hu et al., 1996). The increase in receptor expression appears transient and others have
found an upregulation of GluN2B immediately after 5- or 6-days of alcohol treatment and a
return to control levels 48-hours post-treatment (Kalluri et al., 1998; Narita et al., 2000).
Thus, the differences in receptor expression found in Cohort 2 may account for the
behavioral effects seen in Cohort 1.

In conclusion, although alcohol exposure generally adversely affects memory, anxiety, and
depression, we found that it also mitigates some behavioral effects of stress. These data may
have implications for alcohol use and abuse during times of stress, and may provide an
intermediate time point and behavioral component of focus that may be of value in
understanding the interactive effect of alcohol consumption after a stressor. Additionally, the
use of restraint stress provides a different form of stress (psychological) which is not often
used in alcohol research. Restraint stress along with other psychological stressors (social
defeat/isolation), may provide a more direct comparison to stressors experienced by humans
than physical stressors such as foot/tail shock and cold water swims. Further research is
necessary to determine the relationship between current and other possible neural changes
that may underlie the effects of alcohol or stress and their combination on behavior.
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Highlights

• Memory was impaired by stress or alcohol, but alleviated when combined.

• Stress-induced anxiety was blocked by alcohol.

• Corticosterone response to stress was altered by alcohol.

• Neurotransmitter receptor expression was upregulated by stress and alcohol.
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Figure 1.
Time-line for Cohort 1 and Cohort 2. Each tick mark represents one day.
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Figure 2.
Physiological Effects: (A,B) Comparison of blood alcohol concentration, presented as
means±SEM. (C) Corticosterone levels presented as means±SEM. Asterisk |*| p<0.05. (D) |
a| indicates the STR+ALC group had the highest level of CORT on day-1 compared to all
other groups (p<0.05). |b| indicates the CON group had a greater release of CORT on day-7
compared to the STR and STR+ALC groups. Asterisk |*| shows only the STR+ALC group
had a significant within group difference in CORT levels from day-1 to day-7. (E) Body
weights over days of stress treatment displayed in means±SEM, asterisk |*| p<0.05 over day
range. (F) Asterisk |*| significant difference between the CON/ALC groups and the STR/
STR+ALC groups over day range. Double Asterisk |**| significant difference between CON
andALC and STR/STR+ALC groups over day range (p<0.05).
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Figure 3.
Memory Effects: Object Recognition - (A) Exploration time (means±SEM) of identical
objects during the sample trial (T1). (B) Exploration time (means±SEM) of new and old
objects during retention trail (T2). Asterisk |*| p<0.05, CON/STR+ALC spent more time
exploring new object, while ALC/STR showed no difference. Y-Maze - (C) Total entries
into the Start, Other, and Novel arms (means±SEM). (D) Entries into each arm during the
probe trial. CON and STR+ALC groups explored the novel arm at a greater rate, while
ALC/STR groups showed no difference. Asterisk |*| p<0.01.
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Figure 4.
Mood Effects: (A) Elevated Plus Maze – Percent of entries into the open arms (means
±SEM). The STR group made fewer entries into the open arms compared to the ALC and
STR+ALC groups, asterisk |*| p<0.05. (B) Percent of time spent in the open arms (means
±SEM). The STR group spent significantly less time in the open arms, asterisk |*| p<0.05.
(C) Forced Swim Task – Swimming, immobile, and climbing behavior as mean±SEM. No
difference between groups for each behavior was found. Climbing behavior was greater than
both Swim and Immobile, asterisk |*| p<0.0001. Swim behavior was greater than Immobile
behavior, double asterisk |**| p<0.0001.
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Figure 5.
Neurotransmitter receptor protein expression in hippocampus (Arbitrary Units, mean±SEM).
All bands were not analyzable, thus, group sizes differ (GABAα4: CON, STR, STR+ALC –
n=7, ALC – n=5; GluN2B: CON – n=6, ALC and STR – n=7, STR+ALC – n=8). (A)
GABAα4 analysis shows a significant difference STR+ALC > CON/ALC/STR groups,
asterisk |*| p<0.05. (B) GluN2B analysis shows a significant difference, ALC/STR+ALC >
CON/STR, asterisk |*| p<0.05.
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