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Stressful life events and chronic stressors have been associated with escalations in alcohol drinking.
Stress exposure leads to the secretion of glucocorticoids (cortisol in the human; corticosterone (CORT) in
the rodent). To model a period of heightened elevations in CORT, the present work assessed the effects of
chronic exposure to the stress hormone CORT on alcohol self-administration. Male Long Evans rats were
trained to self-administer a sweetened alcohol solution (2% sucrose/15% alcohol) resulting in moderate
levels of daily alcohol intake (0.5—0.7 g/kg). Following stable baseline operant self-administration, rats

?fr}; ‘;V:rdS: received CORT in the drinking water for 7 days. A transient increase in alcohol self-administration was
Drinking observed on the first self-administration session following CORT exposure, and behavior returned to
Alcoholism control levels by the second session. Control experiments determined that this increase in alcohol self-
Reinforcement administration was specific to alcohol, unrelated to general motor activation, and functionally dissociated
Reward from decreased CORT levels at the time of testing. These results indicate that repeated exposure to

heightened levels of stress hormone (e.g., as may be experienced during stressful episodes) has the
potential to lead to exacerbated alcohol intake in low to moderate drinkers. Given that maladaptive
drinking patterns, such as escalated alcohol drinking following stressful episodes, have the potential to
put an individual at risk for future drinking disorders, utilization of this model will be important for
examination of neuroadaptations that occur as a consequence of CORT exposure in order to better un-
derstand escalated drinking following stressful episodes in nondependent individuals.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Stressful or negative life events and chronic stressors have been
associated with increased/heavy drinking, increased drinking on
days when stressful events occurred, and greater odds of binge
drinking in nondependent, low to moderate drinking populations
(Armeli et al., 2000; Carney et al., 2000; Jose et al., 2000; Dawson
et al.,, 2005; Covault et al., 2007; Grzywacz and Almeida, 2008;
Kranzler et al., 2012). Maladaptive drinking patterns have the po-
tential to put an individual at risk for future alcohol use disorders
(O'Neill et al., 2001; Saha et al., 2006). Indeed, alcohol dependence
and problem drinking have been associated with stressful life
events in different populations (Johnson and Pandina, 1993; Welte
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and Mirand, 1995; Lloyd and Turner, 2008; Slopen et al., 2011).
Therefore, utilization of an animal model can allow for examination
of adaptations in neural systems that may occur as a consequence
of stress exposure which, in turn, can contribute to better under-
standing of escalated drinking following stressful episodes in
nondependent individuals.

In preclinical studies, stress exposure (e.g., restraint, social,
footshock) has been shown to increase (Nash and Maickel, 1985;
Rockman et al., 1987; Nash and Maickel, 1988; Volpicelli et al., 1990;
Lynch et al.,, 1999; Vengeliene et al., 2003; Funk et al., 2004; Chester
et al,, 2006; Lopez et al., 2011), decrease (Volpicelli et al., 1990; van
Erp and Miczek, 2001), or not alter alcohol consumption or pref-
erence (Myers and Holman, 1967; Fidler and LoLordo, 1996; Dayas
et al.,, 2004); for review see (Becker et al., 2011). Several factors
contribute to these diverse effects, such as strain, species, initial
alcohol preference, timing of stress exposure, and different drink-
ing protocols.

Stress exposure leads to the secretion of glucocorticoids (cortisol
in the human; corticosterone (CORT) in the rodent). Therefore, the


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:jbesheer@med.unc.edu
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.neuropharm.2013.04.036&domain=pdf
www.sciencedirect.com/science/journal/00283908
http://www.elsevier.com/locate/neuropharm
http://dx.doi.org/10.1016/j.neuropharm.2013.04.036
http://dx.doi.org/10.1016/j.neuropharm.2013.04.036
http://dx.doi.org/10.1016/j.neuropharm.2013.04.036

140 J. Besheer et al. / Neuropharmacology 72 (2013) 139—147

variation in the literature regarding the effects of stress on alcohol
consumption is also likely affected by intensity, duration and type
of stressor. In addition to stress exposure, elevations in glucocor-
ticoids can be induced directly by exogenous administration of
CORT. In the present work, CORT was administered in the drinking
water for 1 week as a method to induce an episode of repeated and
heightened elevations in glucocorticoids in intact (e.g., non-adre-
nalectomized) animals (Nacher et al., 2004; Gourley and Taylor,
2009; Karatsoreos et al., 2010; Besheer et al., 2012). This method
allows for the direct manipulation of CORT concentration and
evaluation of fluid consumption, such that daily CORT dose can be
determined. This is an added advantage of this model because of
the potential for comparisons and increased replicability between
laboratories in future work (e.g., the effects of restraint stress
exposure can differ dramatically between labs). We have previously
shown that this exposure to CORT in the drinking water results in
heightened plasma corticosterone levels while CORT rhythmicity is
apparently maintained, albeit exaggerated (i.e., heightened CORT
levels during the dark cycle and lowered CORT levels during the
light cycle when the behavioral experiments occur — see (Besheer
et al., 2012)). This is critical given that a potential consequence of
some chronic CORT exposure methods (e.g., implantation of CORT-
releasing pellets) is elimination of CORT rhythmicity (Leitch et al.,
2003), and disruptions in circadian rhythmicity can impact
alcohol drinking (Spanagel et al., 2005). Further, disrupted CORT
response to hypothalamic—pituitary—adrenal (HPA) axis challenge
is evident (Besheer et al., 2012), confirming that this passive
administration of CORT has similar physiological consequence as
chronic stress exposure (Mizoguchi et al., 2001, 2008; Raone et al.,
2007).

In addition to the aforementioned physiological consequences,
prolonged exposure to CORT in the drinking water results in
blunted sensitivity to the interoceptive (discriminative stimulus)
effects of moderate doses of alcohol (Besheer et al., 2012). This
behavioral change is functionally dissociated from low CORT levels
at the time of testing, and likely modulated by CORT-induced ad-
aptations in neurobiological systems that modulate sensitivity to
alcohol (Besheer et al., 2012). Interoceptive drug effects can influ-
ence drug seeking behavior (Stolerman, 1992; Wise et al., 2008),
therefore, we sought to examine the effects of repeated CORT
exposure on self-administration of moderate levels of alcohol. As
such, we examined operant self-administration in Long Evans rats
trained to lever press for a sweetened alcohol solution (2% sucrose
(w/v),15% alcohol (v/v)) or water. A sweetened alcohol solution was
used as we determined from pilot experiments that this concen-
tration resulted in stable operant responding over time and allowed
animals to achieve physiologically relevant and moderate alcohol
doses (e.g., 0.5—0.7 g/kg), such that the results would potentially be
relevant to understanding escalated alcohol drinking in low to
moderate drinking populations.

2. Methods
2.1. Animals

Male Long Evans rats (Harlan Sprague Dawley, Indianapolis, IN) weighing 150—
200 g upon arrival to the colony were individually housed in Plexiglas cages. Rats
had free access to food and water. The colony room was maintained on a 12-h light/
dark cycle (lights on at 7 am) and all experiments were conducted during the light
portion of the cycle (between 10 am and noon). Animals were under continuous care
and monitoring by veterinary staff from the Division of Laboratory Animal Medicine
(DLAM) at UNC-Chapel Hill. All procedures were also carried out in accordance with
the NIH Guide to Care and Use of Laboratory Animals and institutional guidelines.

2.2. Apparatus

Self-administration chambers (Med Associates, Georgia, VT) measuring
31 x 32 x 24 cm were located within sound-attenuating cubicles and equipped with

an exhaust fan that provided ventilation and masked external sounds. The left and
right wall of each chamber contained one liquid receptacle and a response lever.
Lever press responses activated a syringe pump (Med Associates) that delivered
0.1 ml of solution into the receptacle across a 1.66-s period. A stimulus light located
above each response lever was illuminated during pump activation. Lever presses
during reinforcer delivery were recorded, but produced no programmed conse-
quence. All chambers were interfaced (Med Associates) to a computer programmed
to control sessions and record data. The locomotor assessments were conducted in
clear Plexiglas chambers measuring 43.2 x 43.2 cm (Med Associates). Two sets of 16
pulse-modulated infrared photobeams were located on opposite walls of the
chambers to record ambulatory movements in the x—y (horizontal) plane. The
chambers were interfaced to a computer that was programmed to record the
number of horizontal photo-beam breaks to determine the distance traveled (cm) in
the open field. The percent of distance traveled (cm) and the percent of time (sec)
spent in the center in the center (21.6 x 21.6 cm) of the open field was also
calculated.

2.3. Alcohol and sucrose self-administration training procedures

Training procedures were similar to those described in Besheer et al. (2008a);
Besheer et al. (2008b); Besheer et al. (2010); Cannady et al. (2013). Rats received one
30-min self-administration session each day (M — F) and both levers were main-
tained on a fixed ratio 2 (FR2), such that every 2nd response on either lever resulted
in reinforcer delivery corresponding to that lever (i.e., alcohol, water). A sucrose-
fading procedure was used such that alcohol was gradually added to the 10% (w/
v) sucrose solution. The exact order of exposure was as follows: 10% sucrose (w/v)/
2% (v/v) alcohol (10S/2A), 10S/5A, 10S/10A, 5S/10A, 5S/15A, 2S/15A. There were 2
sessions at each concentration. After sucrose fading, self-administration sessions
with sweetened alcohol (2S/15A) and water as the reinforcers continued for the
remainder of the study.

Another group of rats was trained to self-administer sucrose (0.3% w/v) vs. water
using the same procedures with the exception that alcohol was not added to the
reinforcer. The order of sucrose fading exposure was as follows: 10S, 5S, 2S, 1S, 0.5S,
0.3S. There were 2 sessions at each concentration.

2.4. Experiments

2.4.1. Experiment 1. Effects of CORT exposure on alcohol self-administration

Rats received 20 days of baseline alcohol self-administration training at the 2S/
15A concentration. Immediately after the final baseline session, tail blood was
collected to determine baseline plasma CORT levels. After the blood collection, rats
were given one bottle (1-ml graduates) fitted with a ball bearing stopper (to limit
spillage) containing CORT (300 pg/ml; n = 12) or water (n = 10) as the sole available
fluid for 7 days (24 h daily access). The CORT concentration was selected based on
our previous work (Besheer et al., 2012). Rats were weighed daily and the fluid was
measured and changed daily. During the CORT exposure, two rats routinely had
empty CORT-filled bottles and as such, were excluded from the experiment. This
CORT exposure protocol and concentration were used in all the experiments. On Day
6 of CORT exposure, rats experienced a chamber re-exposure session, in which rats
were placed in the self-administration chambers for 10 min with only the fan on (the
levers were retracted and no fluid was available). This re-exposure was used to re-
habituate the rats to the transport from the colony to the testing room and to the
operant chamber, as a pilot experiment had shown a significant rise in plasma CORT
levels in controls after a self-administration session without this re-exposure ses-
sion. Immediately upon completion of Day 7, rats experienced a standard self-
administration session and tail blood was collected immediately after the conclu-
sion of this session for determination of plasma CORT and blood alcohol level. For
one rat in the CORT group, not enough blood was collected, and blood alcohol level
was not determined. Self-administration was evaluated on 3 additional days, but tail
blood was not collected after those sessions, given that we were concerned that the
frequent tail blood collection could disrupt self-administration behavior. After the
self-administration sessions, the liquid receptacles were inspected for residual fluid
and none was detected.

2.4.2. Experiment 2. Effects of CORT exposure on sucrose self-administration

To determine whether changes in self-administration performance were specific
to alcohol reinforcement, a behavior-matched sucrose self-administration group
was tested (n = 12). Procedures for this group were identical to the alcohol group
with the exception that the rats were trained to self-administer 0.3% sucrose (w/v)
vs. water (25 days of baseline training at the 0.3% sucrose concentration). This su-
crose concentration was selected because daily response levels were similar to those
observed in the alcohol self-administration group (Experiment 1). For this group, a
within subjects design was used (treatment order — CORT or Water was counter-
balanced) given that we did not observe any changes in behavior between the
groups (see Results) and as an effort to reduce the number of rats needed. Rats were
given 2 weeks of self-administration training between the first and second 7-day
Water/CORT exposure. After the self-administration sessions, the liquid re-
ceptacles were monitored for residual fluid and none was detected.
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2.4.3. Experiment 3. Effects of CORT exposure on blood alcohol clearance

To determine whether 7 days of CORT exposure alters the clearance of alcohol,
rats with a history of alcohol self-administration (greater than 40 baseline self-
administration sessions) were exposed to CORT in the drinking water or water-
only for 7 days (n = 8/group). At the completion of Day 7, rats were administered
alcohol (1 g/kg, IG) and tail blood was collected at 30, 60, 120 and 240 min later. This
alcohol dose was tested, as alcohol intake following CORT exposure in Experiment 1
were within this range (0.82—1.22 g/kg). In this experiment, blood was not collected
for plasma CORT determination.

2.4.4. Experiment 4. Effects of CORT synthesis inhibition on alcohol self-
administration

To assess whether reduced CORT level was directly related to increased alcohol
self-administration, rats were administered the CORT synthesis inhibitor metyr-
apone (0, 10, 30 mg/kg, SC; n = 9) 90 min before a self-administration session. Rats
had greater than 40 baseline self-administration sessions prior to testing. Tail blood
was collected immediately following the self-administration session for plasma
CORT determination. Further, the liquid receptacles were monitored after the test
session for residual fluid and none was detected. A within subjects counterbalanced
design was used with at least 1 week between tests. This experiment did not involve
home cage CORT exposure.

24.5. Experiment 5. Effects of CORT exposure on general motor activity and anxiety-
like behavior

To assess whether CORT treatment was related to nonspecific motor effects, a
group of alcohol self-administration trained rats were exposed to CORT or water-
only (n = 6/group) for 7 days and upon completion of CORT exposure, locomotor
behavior in an open field was assessed for 30 min as described above (Apparatus).
The distance traveled in the center of the open field served as an index of anxiety-
like behavior. The self-administration session was withheld on the locomotor test
day. These locomotor assessments were 30 min in duration to parallel the duration
of the self-administration sessions.

2.5. Plasma CORT and blood alcohol determination

All experiments occurred during 10 am—12 pm. For blood collection, rats were
briefly placed in a restrainer (1 min) and tail blood was collected. Blood samples were
centrifuged immediately (4 °C), plasma was isolated and immediately placed on dry
ice and stored at —80 °C until analysis. Plasma CORT was determined using a
commercially available radioimmunoassay kit, according to the manufacturer’s in-
structions (ICN Biochemicals, Costa Mesa, CA). Plasma alcohol was analyzed using an
Analox Alcohol Analyzer (Model AM1, Analox Instruments USA Inc., Lunenburg, MA).

2.6. Drugs

Alcohol (95% (w/v); Pharmco-AAPER, Shelbyville, KY) and sucrose were diluted
in distilled water for the self-administration studies. CORT hemisuccinate (4-
pregnen-11f, 21-DIOL-3, 20-DIONE 21-hemisuccinate; Steraloids, Inc., Newport,
RI) was dissolved in tap water (prepared daily) by the addition of NaOH. The solution
was then neutralized with HCl, to a final pH of 7.0—7.4 (Gourley and Taylor, 2009;
Besheer et al., 2012). Metyrapone (2-Methyl-1,2-di-3-pyridyl-1-propanone; Sigma—
Aldrich) dose was selected based on our previous work (Besheer et al., 2012) and
was suspended in a 0.5% carboxymethocellulose solution (vehicle) and injected
subcutaneously (SC) at a volume of 2 ml/kg.

2.7. Data analysis

Self-administration data and plasma CORT levels were analyzed using analysis
of variance (ANOVA), with repeated measures (RM) where appropriate. Alcohol
intake (g/kg) was estimated based on rat body weight and number of reinforcers
delivered. Based on the a priori hypothesis that group differences in self-
administration would be accompanied by changes in the pattern of alcohol-

Table 1

lever responding across time, planned comparisons (t-tests) were used to
explore significant main effects of time and group in the absence of a time by
group interaction. Blood alcohol clearance was analyzed using similar parameters
as described in Gorin-Meyer et al. (2007); Cannady et al. (2013). Linear regression
analysis was performed for each animal and derived parameters from the linear
portion of the clearance curve (10—240 min). Derived regression analysis pa-
rameters included: estimated blood alcohol concentration at 0 min (y-intercept),
estimated clearance rate (mg/dl/min; slope of the regression line), and estimated
clearance time (min; x-intercept of regression line). The area under the clearance
curve was also determined. Average fluid consumption and weight gain across the
7-day fluid exposure were analyzed using unpaired t-tests, with the exception of
Experiment 2 for which paired t-tests were used. Post-hoc analyses (Newman
Keuls) were used to explore significant main effects and interactions. Pearson
product moment correlations were used to confirm the relation between blood
alcohol concentration and alcohol intake. Statistical significance was declared at
p <0.05.

3. Results

3.1. Experiment 1. Effects of repeated CORT exposure on alcohol self-
administration

To assess whether repeated elevations in CORT induced an
alteration in alcohol self-administration, self-administration
trained rats were exposed to CORT for 7 days. Average fluid con-
sumption, weight change, and CORT dose consumed are shown in
Table 1. Importantly, similar total fluid intake and weight gain be-
tween the Water and CORT groups indicates that these factors likely
did not influence changes in self-administration.

A transient increase in alcohol self-administration was evident
upon alcohol re-exposure following CORT exposure (Fig. 1A). That
is, the two-way ANOVA (Session as repeated factor; Group as a
between factor), showed a significant main effect of Session
[F(4,72) = 6.79, p < 0.001], and a significant interaction
[F(4,72) = 3.19, p < 0.05]. Importantly, prior to CORT exposure
(baseline session), total alcohol lever responses were similar be-
tween the Water and CORT groups. However, a significant increase
in total alcohol lever responses in the CORT group was observed
on the first session following the CORT exposure relative to the
Water group (Post-CORT Session 1; p < 0.05) and relative to
baseline (p < 0.05). In the Water group a significant decrease in
alcohol-reinforced responding from baseline was observed on the
3rd session following water exposure (p < 0.05); however, the
reason for this decrease is not apparent, as behavior returned to
normal levels on the subsequent session. No changes in water
responses were observed (Table 1).

To further examine the increase in alcohol self-administration
on the first session following CORT exposure, the pattern of
alcohol lever responding on that session was examined (Fig. 1B).
A significant main effect of time [F(2,36) = 38.69, p < 0.001], and
a significant main effect of group [F(1,18) = 8.29, p < 0.05] were
observed. Planned comparisons showed a significant increase in
alcohol responses in the CORT group by 10 min and continuing
throughout the session relative to the Water group (p < 0.05),

Mean (+S.E.M.) baseline alcohol intake, fluid drinking parameters and weight gain during the 7-day Water/CORT exposure, and total water responses for experiments 1 and 2.

Baseline alcohol Fluid consumption Weight gain CORT dose consumed Total water lever responses (30-min)
intake (gfkg) (mls) © (ms/ke) Baseline Post-water/CORT session
1 2 3 4

Experiment 1
Water 0.71 £ 0.06 258 £ 1.2 52+14 n/a 15.7 + 4.7 140 + 54 12.0 + 3.2 8.8 £33 10.2 + 3.5
CORT 0.73 £ 0.07 290+ 14 1.1+28 18.1+ 09 11.2+19 129 £ 22 10.5 £ 2.7 8.8 +1.7 133 +£2.7
Experiment 2
Water n/a 268 £ 14 0.7 +1.1 n/a 108 £ 1.5 133 +24 94+ 1.7 109 + 2.8 143 + 2.6
CORT n/a 300+ 1.7 -2.8+ 1.0 200+ 1.1 189 + 89 11.5+22 113 +£30 108 £ 24 152 +£4.2

“Denotes significant difference from Water (p = 0.05).
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Fig. 1. Transient increase in alcohol self-administration following corticosterone
exposure (7 d in drinking water). a) Total responses on the alcohol-reinforced lever
were significantly increased on the first session following corticosterone exposure
(CORT; 300 pg/ml; 7 d; n = 10) relative to Water controls (n = 10) and relative to the
baseline (B). Self-administration returned to levels similar to the Water group on the
following sessions. b) On the first session following CORT exposure, cumulative alcohol
lever responses in the CORT group were increased throughout the self-administration
session, resulting in increased alcohol intake (inset). c) Plasma CORT levels after the
first self-administration session following Water/CORT exposure were significantly
decreased in the CORT group relative to the Water group and as compared to baseline
confirming efficacy of the CORT exposure protocol. *Signifies significant difference
from Water group (p < 0.05). + signifies significant difference from baseline. Values on
graphs represent mean + s.e.m.

resulting in a significant increase in alcohol intake (g/kg)
[t = 2.73, p < 0.01; Fig. 1B inset]. There was a trend for a signif-
icant increase in blood alcohol concentration during this session
(mean + S.E.M.: Water: 42.8 + 11.2 mg/dl, CORT: 69.5 + 8.5 mg/
dl; p < 0.07), which may be a reflection of the altered pattern
of alcohol intake in the CORT group. That is, given that self-
administration in the CORT group continued steadily
throughout the session, blood alcohol concentration as deter-
mined by blood collection immediately upon completion of the
session may not accurately reflect alcohol consumed during the
latter part of the self-administration session. Importantly, for
both groups, there was a significant positive correlation between
blood alcohol concentration and alcohol intake [Water: r = 0.92,
p < 0.001; CORT: r = 0.80, p < 0.01].

Analysis of plasma CORT levels showed a significant group by
session (Baseline or Post-Water/CORT Session 1) interaction
[F(1,16) = 7.4, p < 0.05; Fig. 1C]. Plasma CORT levels in the CORT
group were significantly lower than the Water group on the
post-CORT session (p < 0.007), and significantly lower than
baseline (p < 0.05). Importantly, CORT levels on the baseline
session (prior to CORT exposure) were similar between the
groups. This finding of reduced CORT levels following CORT
exposure is consistent with our previous work using the same
CORT exposure and is reflective of heightened elevations in
CORT levels during the dark cycle and lower CORT levels during
the light cycle corresponding to the time at which the behavioral
testing occurs (Besheer et al., 2012), and confirms efficacy of the
CORT exposure protocol.

3.2. Experiment 2. Effects of repeated CORT exposure on sucrose
self-administration

To determine whether changes in alcohol self-administration
following CORT exposure were specific to alcohol, sucrose self-
administration was assessed following CORT exposure. Because a
cross-over design was used in which the CORT exposure order was
counterbalanced, separate two-way RM ANOVAs with exposure
(CORT and Water) and testing order as factors were conducted to
ensure no significant order effects. No significant main effects or
interactions were observed on baseline sucrose lever responses or
baseline plasma CORT levels, or sucrose lever responses after the
assigned one week exposure. However, the analysis of plasma CORT
levels after the assigned one week exposure showed a significant
decrease in CORT levels as (main effect of exposure [F(1,10) = 13.04,
p < 0.01]), consistent with confirmation of the efficacy of the CORT
procedure. Given the lack of significant order effects, the two co-
horts were combined.

Average fluid consumption, weight change, and CORT dose
consumed are shown in Table 1. Total fluid intake was similar be-
tween the groups, but significantly less weight gain was observed
in the CORT group relative to the Water group [t = 2.2, p < 0.05].

The two-way RM ANOVA showed a significant main effect of
Session [F(4,44) = 8.40, P < 0.001], which was driven by lower
sucrose-reinforced lever responding on the first session as
compared to baseline (p < 0.01). There was no significant main
effect of group or interaction, indicating that CORT exposure did not
alter sucrose self-administration (Fig. 2). It is interesting that a
similar reduction from baseline was not observed in the Water
group of Experiment 1; however, it is not uncommon in our lab to
observe slight reductions in operant self-administration following
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Fig. 2. Corticosterone exposure (7 d) does not alter sucrose self-administration. a)
Total responses on the sucrose-reinforced lever were not altered following cortico-
sterone exposure (CORT; 300 pug/ml; 7 d; n = 12) relative to Water exposure. b) Cu-
mulative sucrose lever responses on the first session following Water/CORT exposure
did not differ between the groups throughout the self-administration session. c)
Plasma CORT levels after the first self-administration session following Water/CORT
exposure were significantly decreased in the CORT group relative to the Water group
and as compared to baseline confirming efficacy of the CORT exposure protocol. *
Signifies significant difference from Water group (p < 0.05). + signifies significant
difference from baseline. Values on graphs represent mean =+ s.e.m.
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Table 2

Mean (+S.E.M.) baseline self-administration measures, fluid drinking parameters and weight gain during the 7-day Water/CORT exposure for Experiment 3 and 5.

Baseline lever responses Baseline alcohol

Fluid consumption Weight gain (g) CORT dose consumed

intake (g/kg) (mls) (mg/kg)
Experiment 3 Alcohol Water
Water 721 +£9.2 124 +42 0.60 += 0.10 267 £ 1.1 3.0+22 n/a
CORT 82.8 +14.2 9.7 £ 2.1 0.54 +£0.17 316 +23 -25+42 173+ 1.0
Experiment 5 Alcohol Water
Water 532 +13.6 132 +£3.0 0.50 £+ 0.11 28.7 £ 0.9 50+35 n/a
CORT 653 £ 12.5 72+22 0.68 = 0.13 27.07 £ 1.2 23+32 15.0 + 0.5

absence from the procedure (unpublished observations). This
phenomenon has also been observed by others in relation to
alcohol self-administration (Oster et al.,, 2006). Total water re-
sponses across time or group did not differ (Table 1). Efficacy of the
CORT exposure was confirmed as analysis of plasma CORT levels
(two-way RM ANOVA) showed a significant main effect of group
[F(1,11) = 6.41, p < 0.05], and a significant interaction [F(1,11) = 7.37,
p < 0.05], with significantly lower CORT levels in the CORT group
following CORT exposure (p < 0.01) and as compared to baseline (p
< 0.05). These findings show that increases in alcohol self-
administration following CORT exposure are specific to alcohol
reinforcement and do not generalize to a non-drug reinforcer.

3.3. Experiment 3. Blood alcohol clearance

To determine whether CORT exposure altered alcohol clearance
in rats with a history of alcohol self-administration, blood alcohol
levels after administration of 1 g/kg (IG) were examined following
CORT exposure (7 d). Baseline self-administration data from the
session prior to this assessment and fluid consumption are shown
in Table 2. Blood alcohol levels were found to be unaltered by CORT
exposure (Fig. 3). A mixed two-way ANOVA (time as a repeated
measure) showed that blood alcohol decreased across time
[F(3,42) = 286.05, p < 0.001] as would be expected, and this pattern
was unaffected by CORT exposure (7 d), as no significant main effect
of group or significant interaction were observed. Further, com-
parisons of estimated clearance rates and area under the curve did
not differ (Table 3). Therefore, increased alcohol intake on the first
session following CORT exposure is likely not due to altered clear-
ance or blood levels of alcohol.

3.4. Experiment 4. Effects of CORT synthesis inhibition on alcohol
self-administration

Metyrapone the CORT synthesis inhibitor was tested to deter-
mine whether reduced CORT level at the time of testing was

120 1
— O~ cort
§ 100 1 -.-Water
— O
2E 80
S5
<= 60 1
38
8BS 40
m O
& 201
(@]
0 +—r—r—r :
10 60 240
Time (min)

Fig. 3. Blood alcohol concentration is not altered by CORT exposure (7 d). Blood
alcohol concentration following 1 g/kg (IG) is not altered following the end of CORT
exposure in rats with a history of alcohol self-administration (n = 8/grp). Values on
graphs represent mean + s.e.m.

functionally related to increased alcohol self-administration as
observed in Experiment 1 on the first session following CORT
exposure. As shown in Fig. 4, alcohol self-administration was not
altered by pretreatment with metyrapone. Total alcohol-reinforced
responding and alcohol intake (g/kg) were unaltered. Total water-
reinforced responding was also not altered by metyrapone pre-
treatment (mean + S.E.M.: Vehicle: 11.7 + 3.2; 10 mg/kg: 7.2 + 2.0;
30 mg/kg: 10.7 + 1.9). Consistent with its mechanism of action,
metyrapone (30 mg/kg) produced a significant reduction in plasma
CORT levels [RM ANOVA: F(8,16) = 5.10, p < 0.05]. These results
suggest that increased alcohol self-administration on the first ses-
sion following CORT exposure in Experiments 1 is likely not a direct
function of reduced CORT levels.

3.5. Experiment 5. Effects of CORT exposure on general motor
activity and anxiety-like behavior

To determine whether CORT exposure altered general motor
activity in rats with a history of alcohol self-administration, dis-
tance traveled was measured in an open field. Baseline self-
administration data from the session prior to this assessment and
fluid consumption data are shown in Table 2. CORT exposure did
not alter total distance traveled in the open field (mean + S.E.M.:
Water: 3902.4 + 463.0 cm; CORT: 4714.3 + 714.0 cm). Examination
of locomotor activity across the 30-min session showed similar
patterns of behavior as the mixed factor ANOVA showed no sig-
nificant group difference or interaction (Fig. 5). However, the main
effect of time was significant [F(29,290) = 8.89, p < 0.05], which is
indicative of habituation and suggests that both groups showed
similar habituation in the open field. Distance traveled in the center
of the open field was used as an index of anxiety-like behavior. The
percent of time spent in the center of the open field was similar
between the groups (mean + SEM.: Water:121 + 2.4%;
CORT:10.2 + 2.4%) and the distance traveled in the center of the
open field relative to the overall distance traveled was also similar
between the groups (mean + S.E.M.. Water:36.3 + 7.4%;
CORT:30.0 + 3.4%), suggesting that CORT exposure did not induce
an anxiety-like profile, and also that the majority of animals’ time
was spent in the perimeter of the open field (see later).

4. Discussion

The results of the present work show a transient increase in
alcohol self-administration following a period of repeated and
heightened elevations in CORT. This increase in self-administration

Table 3

Experiment 3: Mean (£S.E.M.) alcohol clearance measures after 1 g/kg (IG).
Clearance parameters Water CORT
BAC at 0 min (mg/dl) 112.57 + 6.62 98.46 + 13.05
Clearance rate (mg/ml/min) 0.42 + 0.03 0.42 + 0.01
Clearance time (min) 267.61 +4.35 263.24 + 3.88

Area Under Curve (AUC) 14396.38 + 621.71 13725.75 + 820.53
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Fig. 4. Inhibition of CORT synthesis by metyrapone does not alter alcohol self-
administration. a) Metyrapone pretreatment (10 or 30 mg/kg, SC; n = 9) did not
alter total alcohol-paired lever responses, b) cumulative responses or c) alcohol intake
relative to vehicle (0). d) Plasma CORT levels were significantly reduced by 30 mg/kg
metyrapone consistent with the compound’s mechanism of action. *Signifies signifi-
cant difference from vehicle group (p < 0.05). Values on graphs represent
mean + s.e.m.

behavior was specific to alcohol, as sucrose self-administration and
general locomotor behavior were unaltered at the same time period
following CORT exposure. Further, the increase in alcohol intake
was functionally dissociated from decreased CORT level at the time
of testing, as metyrapone treatment did not alter alcohol self-
administration behavior, suggesting that this behavioral change
may be modulated by a CORT-induced neuroadaptive change in
brain regions/circuits that modulate alcohol drinking. In addition to
the advantages of utilization of the CORT procedure introduced
above, similar fluid consumption between the Water and CORT
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Fig. 5. Corticosterone exposure (7 d) does not alter locomotor activity in an open field.
Distance traveled over time in the open field at the end of CORT exposure did not differ
between the CORT group and the Water control group (n = 6/group) in rats with a
history of alcohol self-administration. Values on graphs represent mean -+ s.e.m.

groups and similar CORT dose consumed during the 7-day home
cage exposure in each experiment that employed the CORT expo-
sure procedure emphasize the replicability and further support the
feasibility of utilization of this exposure method in future work.

Increased alcohol self-administration was evident on the first
self-administration session following CORT exposure and returned
to levels similar to the Water group on the subsequent sessions.
This transient increase in behavior could suggest that the CORT
exposure experience facilitated the emergence of an alcohol
deprivation effect (ADE). An ADE is commonly observed after a
period of alcohol abstinence and is characterized by a transient
increase in alcohol drinking (Sinclair and Senter, 1968). In addition
to the majority of the literature showing the ADE using two-bottle
choice alcohol drinking, the ADE has been demonstrated using
operant self-administration methods (Heyser et al., 1997; McKinzie
et al.,, 1998; Rodd et al., 2003; Schroeder et al., 2005; Oster et al.,
2006; Sparta et al., 2009). Interestingly, there is evidence for an
interaction between stress and the emergence of an ADE (evaluated
by two-bottle alcohol drinking), when stress exposure occurs
during the alcohol abstinence period (Overstreet et al., 2007;
Knapp et al.,, 2011), lending further support for the suggestion of a
facilitation of an ADE following CORT exposure in the present study.
While alcohol self-administration was assessed on a fixed ratio
schedule, it will be interesting to determine whether this increase
in self-administration following CORT exposure is accompanied by
increased motivational processes, as would be assessed under a
progressive ratio schedule of reinforcement (e.g., (Besheer et al.,
2008b)) and as has been demonstrated in operant procedures
evaluating the ADE (Rodd et al., 2003; Oster et al., 2006). Another
interesting future direction would be to examine whether a
potentiation of self-administration is evident after repeated cycles
of CORT exposure, similar to the potentiation of the ADE using
operant procedures after repeated cycles of abstinence and re-
exposure to alcohol (Rodd et al., 2003; Schroeder et al., 2005).

Importantly, the increase in alcohol self-administration imme-
diately following the end of the 7-day CORT exposure was rein-
forcer specific. That is, in a parallel experiment (Experiment 2)
sucrose self-administration was unaltered at the same time point
following CORT exposure. This latter finding is intriguing given the
literature showing that exogenous CORT administration or repeated
stress exposure can induce anhedonic-like behavior, as evidenced
by decreased sucrose consumption or impaired reward-related
learning (Gourley et al., 2008; Gourley and Taylor, 2009; Huang
et al,, 2011; Olausson et al., 2013); for review see (Willner, 2005;
Hill et al., 2012). However, it is possible that an anhedonic-like
behavioral profile, as evidenced by decreased sucrose self-
administration may emerge if self-administration was assessed at
a later time point (e.g., 1 week after the cessation of CORT expo-
sure), or in animals with less sucrose history, or perhaps at a higher
or lower sucrose concentration.

Another potential explanation for the increase in alcohol self-
administration immediately following CORT exposure is related to
the interoceptive/subjective effects of the consumed alcohol. Given
that drug taking behavior can be influenced by the interoceptive/
subjective effects of drugs (Stolerman, 1992; Wise et al., 2008), it is
possible that sensitivity to the interoceptive effects of the self-
administered/consumed alcohol were altered following CORT
exposure. Interestingly, we have previously shown decreased
sensitivity to the interoceptive effects of experimenter and self-
administered alcohol following the same CORT exposure using an
operant drug discrimination model (Besheer et al., 2012). In that
work, rats showed decreased sensitivity to alcohol within similar
dose ranges self-administered in the present work (i.e., 0.5-1.7 g/
kg). Therefore, decreased sensitivity to the interoceptive effects of
the consumed alcohol following CORT exposure may be a potential
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explanation for the increase in alcohol self-administration. Further,
this explanation may also be supported by the present finding that
sucrose self-administration was not altered following CORT expo-
sure. That is, the change in self-administration behavior was spe-
cific to alcohol (i.e., specific to a drug that has distinct interoceptive
effects).

Alternatively, the increase in alcohol-reinforced responding
following CORT exposure may have been a function of a general
nonspecific increase in locomotor activity. However, water lever
responses and sucrose self-administration were unaltered, making
these explanations less likely, and consistent with our previous
work in which CORT exposure had no effect on response rate in
another behavioral task (Besheer et al., 2012). Given preclinical data
to suggest a relation between anxiety and alcohol drinking (Stewart
et al., 1993; Spanagel et al., 1995; Overstreet et al., 1997), but see
(Moller et al., 1997; Henniger et al., 2002), this is an important
alternative explanation to assess. In an effort to evaluate the pos-
sibility of anxiety-like behavior, within the context of the locomotor
assessment, the relative amount of time spent in the center of the
open field was examined. The groups did not differ in this measure,
which may suggest the lack of anxiety-like behavior in the CORT
group relative to the Water group. However, a key limitation of the
present anxiety assessment is that the controls (i.e., Water group)
did not spend a substantial amount of time exploring the center of
the open field (i.e., 12% of the animals’ time was spent in the center).
Therefore, assessment of anxiety-like behavior in another task
more suitable for the assessment of anxiety-like behavior (e.g.,
elevated plus maze) would be necessary before concluding the
absence of anxiety-like behavior. Finally, alcohol clearance after
CORT exposure was unaltered. This finding is consistent with pre-
vious work using a similar assessment in alcohol-naive rats
(Besheer et al., 2012) and makes an interpretation based on altered
blood alcohol level or clearance of alcohol an unlikely explanation
for the increase in alcohol self-administration.

A feature of the CORT exposure procedure is decreased plasma
CORT levels during the time of day at which the behavioral ex-
periments are conducted (i.e., heightened elevations in plasma
CORT during the dark cycle when the fluid is consumed; (Besheer
et al., 2012). Therefore, it was critical to determine whether the
decreased CORT levels on the first self-administration session
following the conclusion of CORT exposure functionally contrib-
uted to the increase in alcohol self-administration on that session.
Indeed, CORT level has been shown to directly modulate alcohol
intake, as reductions in voluntary alcohol consumption are
evident after adrenalectomy and restored with CORT treatment
(Fahlke et al., 1994; Fahlke and Eriksson, 2000). Administration of
the CORT synthesis inhibitor metyrapone effectively decreased
CORT levels to levels similar to those after CORT exposure in the
drinking water; however, alcohol self-administration was not
altered, making such an explanation less tenable. This finding is
consistent with work showing that acute metyrapone pretreat-
ment does not alter alcohol drinking (O’Callaghan et al., 2005),
and another study showing that acute metyrapone reduced binge
alcohol intake, but only at doses that also reduced sucrose con-
sumption, suggesting a nonselective effect (Lowery et al., 2010).
Further, the moderate alcohol dose achieved daily by the rats in
the present study (approximately 0.7 g/kg) is likely not sufficient
to induce a significant rise in CORT levels (Apter and Eriksson,
2006), whereas in models of alcohol dependence, rats are
exposed to high alcohol doses that can induce high levels of CORT
and consequently lead to compromised HPA axis function
(Richardson et al., 2008). Further, recent work has demonstrated a
functional role for glucocorticoid receptors in alcohol dependent
animals (Vendruscolo et al., 2012). Therefore, dependence models
or drinking procedures in which high levels of alcohol are

consumed daily may be more sensitive to modulation/manipula-
tions directly targeted at altering CORT levels. For example,
adrenalectomy and CORT replacement has no effect on alcohol
consumption in alcohol-non-preferring rats that consume low
levels of alcohol (approximate median alcohol intake 0.2 g/kg),
but in alcohol-preferring rats the same procedures resulted in a
decrease and return to baseline drinking (approximate median
alcohol intake 8 g/kg in 24 h), respectively (Fahlke and Eriksson,
2000). Indeed, an interesting and highly relevant extension of
the present work would be to assess the effects of the same CORT
exposure procedure on alcohol drinking in alcohol dependent
animals or in models that induce high alcohol consumption (e.g.,
binge drinking).

Together, the findings of the present work suggest that the
increased alcohol drinking following CORT exposure is dissociated
from the decrease in CORT levels at the time of testing. A potential
limitation of the present study is that plasma CORT was not eval-
uated in parallel to self-administration on every self-administration
session following CORT exposure. Therefore, we do not know
whether plasma CORT levels returned to baseline or Water control
levels after that initial session. Regardless, the functional dissocia-
tion confirmed on the first self-administration session following
CORT exposure suggests that the increase in alcohol drinking may
be a consequence of underlying adaptations in neural systems that
modulate alcohol reinforcement processes induced by prolonged
CORT exposure. For example, the nucleus accumbens is a key brain
region involved in the modulation of alcohol reinforcement (Hodge
et al, 1994; June et al., 1998; Heyser et al., 1999; Hyytia and
Kiianmaa, 2001; Malinen and Hyytia, 2008; Besheer et al., 2010),
and there is a growing literature identifying neuroadaptations
within this brain region as a consequence of chronic CORT or
repeated stress exposure (Piazza et al., 1996; Tidey and Miczek,
1997; Piazza and Le Moal, 1998; Perrotti et al., 2004; Campioni
et al, 2009; Gourley and Taylor, 2009; Morales-Medina et al.,
2009; Shoji and Mizoguchi, 2010; Lemos et al., 2012). Therefore,
future work will investigate the potential for neuroadaptive
changes and their functional involvement in modulating escalated
alcohol intake following chronic CORT exposure.

In conclusion, we find that immediately following a period of
chronic CORT exposure there is a transient increase in alcohol self-
administration behavior. Alterations in alcohol drinking have
been shown to emerge over time after chronic stress exposure
(Lowery et al., 2008; Lopez et al., 2011; Logrip and Zorrilla, 2012),
and while the present data provide evidence for the emergence of
increased susceptibility to increased alcohol intake immediately
following a period of repeated and heightened elevations in CORT,
it will be interesting to determine whether repeated cycles of
CORT exposure (i.e., experiencing repeated episodes of height-
ened elevations in stress hormone) potentiate and lead to
persistence of these changes and whether re-acquisition of self-
administration following an extinction period (relapse-like
behavior) is potentiated by CORT exposure. Related to this latter
point is the finding that prior stress history has been shown to
potentiate relapse-like alcohol self-administration in low alcohol
drinking rats (Logrip and Zorrilla, 2012). In sum, the results of the
present work indicate that repeated exposure to heightened levels
of stress hormones (e.g., as may be experienced during stressful
episodes) has the potential to lead to exacerbated alcohol intake
in low to moderate drinkers.
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