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Escalations in alcohol drinking associated with experiencing stressful life events and chronic life stressors may be related to altered

sensitivity to the interoceptive/subjective effects of alcohol. Indeed, through the use of drug discrimination methods, rats show decreased

sensitivity to the discriminative stimulus (interoceptive) effects of alcohol following exposure to the stress hormone corticosterone

(CORT). This exposure produces heightened elevations in plasma CORT levels (eg, as may be experienced by an individual during

stressful episodes). We hypothesized that decreased sensitivity to alcohol may be related, in part, to changes in metabotropic glutamate

receptors-subtype 5 (mGluR5) in the nucleus accumbens, as these receptors in this brain region are known to regulate the discriminative

stimulus effects of alcohol. In the accumbens, we found reduced mGluR5 expression (immunohistochemistry and Western blot) and

decreased neural activation (as measured by c-Fos immunohistochemistry) in response to a moderate alcohol dose (1 g/kg) following

CORT exposure (7 days). The functional role of these CORT-induced adaptations in relation to the discriminative stimulus effects of

alcohol was confirmed, as both the systemic administration of 3-Cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) an

mGluR5 positive allosteric modulator and the intra-accumbens administration of (R,S)-2-Amino-2-(2-chloro-5-hydroxyphenyl)acetic acid

sodium salt (CHPG) an mGluR5 agonist restored sensitivity to alcohol in discrimination-trained rats. These results suggest that activation

of mGluR5 may alleviate the functional impact of the CORT-induced downregulation of mGluR5 in relation to sensitivity to alcohol.

Understanding the contribution of such neuroadaptations to the interoceptive effects of alcohol may enrich our understanding of

potential changes in subjective sensitivity to alcohol during stressful episodes.
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INTRODUCTION

Exposure to stressors, both physical/emotional (eg, re-
straint/social stress) and physiological (glucocorticoid
exposure), can impact several neurobiological systems
including glutamatergic signaling pathways. The presence
of dysregulated glutamatergic systems is indicated by
adaptations in glutamate levels and/or targets following
stress or exogenous corticosterone (CORT) exposure (see
Popoli et al, 2012). Much of the existing literature
examining stressor-induced alterations of glutamate signal-
ing has focused on adaptations in ionotropic glutamate
receptors (AMPA and NMDA). However, the impact of
stress on adaptations in metabotropic glutamate receptors
(mGluRs) has not been studied as extensively.

mGluRs are G-protein-coupled receptors and are well
characterized for their relatively modest modulatory role in
glutamate neurotransmission (Niswender and Conn, 2010);
a feature that makes them attractive therapeutic targets for
treating neuropsychiatric disorders (Krystal et al, 2010).
In addition to other mGluR subtypes, preclinical studies
support a role for the Group I subtype, mGluR5, in
modulating drug- and alcohol-related behaviors (Olive,
2009). Further, mGluR5 activity in the nucleus accumbens
has a critical role in drug- and alcohol-seeking behaviors,
reinforcement processes, and synaptic plasticity (Besheer
et al, 2010; Cozzoli et al, 2012; D’Ascenzo et al, 2009;
D’Souza and Markou, 2011; Huang and Hsu, 2012;
Moussawi et al, 2009; Schotanus and Chergui, 2008;
Sinclair et al, 2012). While exposure to stressors can
contribute to alcohol-drinking and -seeking behaviors
(Becker et al, 2011), it is not known whether mGluR5
systems are impacted by this exposure and consequently
whether the ability of mGluR5 to functionally modulate
alcohol-related behaviors is affected. Therefore, examina-
tion of stressor-induced adaptations in accumbens mGluR5
systems and behavioral mechanisms that have potential to
influence drug-taking and -seeking behaviors is critical.
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One such behavioral mechanism relates to interoceptive/
subjective drug effects. In preclinical models, interoceptive
drug cues can serve as potent modulators of drug-taking,
seeking, and relapse (Banks et al, 2007; Mihindou et al,
2011; Schenk and Partridge, 1999; Stolerman, 1992; Wise
et al, 2008). Drug discrimination procedures are commonly
used in both humans and animals as an index of
interoceptive (discriminative stimulus) effects of drugs.
Using these procedures, preclinical studies have determined
that sensitivity to the interoceptive effects of alcohol
requires, in part, mGluR5 activity in the nucleus accum-
bens. This has been determined from studies in which
pharmacological antagonism of mGluR5 results in de-
creased sensitivity to the interoceptive effects of alcohol
(Besheer et al, 2009; Besheer and Hodge, 2005; Besheer et al,
2006). Interestingly, exposure (7-day) to the stress hormone
corticosterone (CORT) results in decreased sensitivity to the
interoceptive effects of alcohol in rats (Besheer et al, 2012b),
a similar behavioral pattern to that observed following
mGluR5 antagonism. At present, there is rich literature
showing stress-induced neuroadaptations in the hippocam-
pus or prefrontal cortex (see for example, Popoli et al,
2012). These regions highly express glucocorticoid and
mineralocorticoid receptors (Herman, 1993; McEwen et al,
1986) and have dense glutamatergic projections to the
nucleus accumbens (Friedman et al, 2002; Phillipson and
Griffiths, 1985). Consequently, the presence of mGluR5-
related adaptations in the nucleus accumbens is highly
probable. Accordingly, we hypothesized that decreased
sensitivity to alcohol following CORT exposure may be
related to a downregulation of mGluR5 in the nucleus
accumbens.

To test this hypothesis, we first sought to determine the
effects of stress hormone exposure (7-day CORT) on
mGluR5 expression in the nucleus accumbens. Next, in
order to determine whether CORT exposure alters neuronal
response to a moderate alcohol dose (1 g/kg, IG) in the
striatum, c-Fos immunohistochemistry was examined.
Finally, drug discrimination procedures were used to
establish whether systemic and site-specific intra-accum-
bens pharmacological activation of mGluR5 could function-
ally restore sensitivity to alcohol following CORT exposure.
Overall, these studies aim to better understand the
functional adaptations in accumbal mGluR5 as a conse-
quence of prolonged and heightened elevations in CORT in
relation to sensitivity to alcohol interoceptive cues.

MATERIALS AND METHODS

Please refer to Supplementary Methods for additional
procedural details.

Animals

Individually housed male Long–Evans rats (Harlan
Sprague–Dawley, Indianapolis, IN) were used in these
studies. All rats were weighed and handled daily for at
least 1 week before testing. To match the alcohol discri-
mination experiments, food intake was restricted to B16 g
of food/day to maintain body weight (325–340 g) for all
experiments. Water was available ad libitum in the home

cage unless noted. Experiments were conducted during the
light cycle, and the colony room was maintained on a 12-h
light/dark cycle. Animals were under continuous care and
monitoring by veterinary staff from the Division of
Laboratory Animal Medicine at UNC-Chapel Hill. All
procedures were conducted in accordance with the NIH
Guide to Care and Use of Laboratory Animals and
institutional guidelines.

Homecage CORT in the Drinking Water

Rats were given one bottle (1-ml graduates) fitted with a ball
bearing stopper (to limit spillage) containing CORT (300mg/ml)
or water as the sole available fluid for 7 days (24 h daily access).
CORT concentration was selected based on our previous
work (Besheer et al, 2012b; Besheer et al, 2013). Rats
were weighed daily and the fluid was measured and changed
daily. In our laboratory, this method of CORT expo-
sure results in heightened plasma corticosterone levels
(B400 ng/ml during the dark cycle; almost a twofold
increase relative to controls). Importantly, CORT rhythmi-
city is maintained, albeit exaggerated (ie, heightened CORT
levels during the dark cycle and lowered CORT levels during
the light cycle— B30% lower than Water controls—see
(Besheer et al, 2012b). Given that we have previously
characterized CORT levels using this method (Besheer et al,
2012b; Besheer et al, 2013), plasma CORT analyses were not
conducted in this work.

Immunohistochemistry Procedure and Quantification

Immunohistochemistry (IHC) staining and quantification
procedures were similar to those we have previously
described (Besheer et al, 2012a; Besheer et al, 2009;
Cannady et al, 2011). Free-floating coronal sections were
incubated in a rabbit anti-c-Fos antibody (1:20 000 dilution,
Oncogene Research Products/Calbiochem) for 48 h or in a
rabbit anti-mGluR5 antibody (1:1000 dilution, Millipore)
for 16 h at 4 1C with agitation. Data (mGluR5 positive pixels/
mm2 or c-Fos positive cells/mm2) were acquired from a
minimum of three sections/brain region/animal, and the
data were averaged to obtain a single value per subject. The
brain regions examined were the nucleus accumbens (shell
and core) and the dorsomedial caudate putamen all at AP
1.7–1.0 mm.

Western Blot Procedure and Quantification

Procedures were similar to those described in (Besheer et al,
2009). Brain tissue punches (1.2 mm; UniCore, Sigma) of the
nucleus accumbens were taken from coronal sliced sections
(1 mm thickness). Tissue was incubated overnight at 41C in
a polyclonal rabbit anti-mGluR5 (Millipore; 1:1000) and
monoclonal mouse actin (Millipore; 1:5000) in blocking
solution. Protein expression was visualized using a chemi-
luminescent substrate (ECL; Pierce Biotechnology, Rock-
ford, IL) before quantification using optical density
measurements (Scion Image). Data were converted to
percent actin for each blot and expressed as percent control
(Water group).
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Alcohol Discrimination Training and Testing
Procedures

Discrimination training and testing procedures were
identical to those described in detail (Besheer et al, 2012b;
Besheer et al, 2009; Cannady et al, 2011). Rats were trained
to discriminate a moderate dose of alcohol (1 g/kg, IG) from
water using standard two-lever operant procedures. Testing
began when the accuracy criteria were met: the percentage
of appropriate lever responses before the first reinforcer
and during the entire session was 480% for at least 8 out
of 10 consecutive days. For testing, cumulative dosing
(Besheer et al, 2012b; Besheer et al, 2009; Cannady et al,
2011) or single alcohol dose (1 g/kg) procedures were used
as indicated in the Experiments. For the studies in
Experiment 4 and 5, a baseline cumulative alcohol session
was conducted before the initiation of the 7-day CORT or
Water procedure (Supplementary Tables 2 and 3; Supple-
mentary Figures 1 and 2).

Cannulae Implantation Surgery, Microinjection
Procedures, and Verification

Surgical and microinjection procedures were identical to
those described previously (Besheer et al, 2012a; Besheer
et al, 2009; Cannady et al, 2011). Rats received bilateral
implantation of 26-gauge guide cannulae (Plastics One,
Roanoke, VA) aimed to terminate 2 mm above the nucleus
accumbens core (coordinates: AP þ 1.7, ML þ 1.5 mm,
DV� 5.5 mm) as described in Paxinos and Watson (1998).
Only data from rats with cannulae determined to be in the
target brain regions were used in the analyses, and the
sample sizes reported in the experiments are in accordance
with the analyses.

Experimental Procedures

Experiment 1: Effect of CORT exposure on mGluR5
expression in the nucleus accumbens. Experimentally
naive rats received CORT or water in the homecage for
7 days. Upon completion of the seventh day of CORT
exposure, brain tissue was collected for the IHC (n¼ 8/
group) or western blot analysis (n¼ 8–9/group).

Experiment 2: Effect of CORT exposure on c-Fos expres-
sion in the striatum in response to alcohol (1 g/kg).
Experimentally naive rats received CORT or water in
the homecage for 7 days. Upon completion of the seventh
day of exposure, rats were administered alcohol (0 (water)
or 1 g/kg, IG; n¼ 6–8/group/alcohol dose). Approximately
90 min after the injection, brain tissue was collected for
c-Fos IHC.

Experiment 3: Effect of mGluR5 positive allosteric
modulator on alcohol sensitivity. The effects of positive
modulation of mGluR5 following systemic injection of the
positive allosteric modulator 3-Cyano-N-(1,3-diphenyl-1H-
pyrazol-5-yl)benzamide (CDPPB) on the discriminative
stimulus effects of alcohol have not been previously
determined. Therefore, the first priority was to determine
whether CDPPB alone would alter the interoceptive effects
of alcohol in discrimination-trained rats and which dose

should be selected for Experiment 4. CDPPB (0–40 mg/kg,
IP) was administered 15 min before the first alcohol dose of
the cumulative alcohol (0.1–1.7 g/kg, IG) substitution test.
Two groups of discrimination-trained rats were used for
this assessment to facilitate the testing of a broad CDPPB
dose range. In one group of rats (n¼ 13) a lower dose range
was tested (0, 1, 10 mg/kg, IP), and in the other group
(n¼ 7) a higher dose range was tested (0, 20, 40 mg/kg, IP).
In each group a within subject design was used and CDPPB
dose order testing was randomized. One rat in the High
group died during the course of the experiment (unrelated
to CDPPB injection) and was not tested on the 40 mg/kg
dose.

Experiment 4: Effect of mGluR5-positive allosteric
modulator on alcohol sensitivity following CORT expo-
sure. Next, we sought to determine whether positive
modulation of mGluR5 could restore sensitivity to alcohol
following CORT exposure. In a separate group of discrimi-
nation-trained rats, after a baseline cumulative alcohol
substitution curve (0.1, 0.5, 1.0, 1.7 g/kg, IG) was determined,
homecage CORT or Water exposure (n¼ 30–34/group)
began for 7 days. Discrimination training was withheld
during this time and rats remained in the homecage for the
7-day duration as we describe in Besheer et al (2012b). Upon
completion of Day 7, rats received injection of CDPPB (0, 10,
or 20 mg/kg, IP; n¼ 7–12/group/CDPPB dose) 20 min before
administration of alcohol (1 g/kg, IG). Rats were then placed
in the chamber for a test session.

Experiment 5: Effect of intra-accumbens mGluR5 agonist
on alcohol sensitivity following CORT exposure. The
goal of this experiment was to determine whether intra-
accumbens mGluR5 activation could restore sensitivity to
alcohol. Discrimination-trained rats were implanted with
bilateral cannulae aimed at the nucleus accumbens core.
After a baseline cumulative alcohol substitution curve (0.1,
0.5, 1.0, 1.7 g/kg, IG) was determined, homecage CORT or
Water exposure (n¼ 23–24/group) began for 7 days (as
described in Experiment 4). Upon completion of Day 7, the
mGluR5 agonist CHPG was microinfused into the nucleus
accumbens (0, 5, or 10 mg/0.5 ml per side; n¼ 7–11/group/
CHPG dose). After the 1.5 min CHPG diffusion period, rats
received an alcohol injection (1 g/kg, IG) and were placed in
the chamber for a test session. The selection of CHPG arose
out of necessity due to technical (solubility) issues. That is,
we were unable to utilize the positive allosteric modulator
CDPPB for brain injections and as such the orthosteric
agonist for mGluR5 CHPG was used (also see Supple-
mentary Discussion).

Next, we sought to determine whether CHPG would
potentiate the interoceptive effects of a low dose of alcohol
(no CORT or Water exposure in this assessment).
Rats received an intra-accumbens infusion of CHPG (0, 5,
or 10 mg/0.5 ml per side; n¼ 7–8/group) before alcohol
(0.3 g/kg, IG). This alcohol dose was selected as it induced
alcohol-appropriate responding at similar levels to that
observed following CORT exposure (o40%). Some of the
rats in this assessment were from the Water groups in the
previous assessment and others had been used in an
unrelated experiment.
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Drugs

Alcohol (95%) was diluted in distilled water to a concentra-
tion of 20% (v/v) and administered IG, with volumes varied
by weight to obtain the desired dose. Corticosterone
hemisuccinate (4-pregnen-11b, 21-DIOL-3, 20-DIONE 21-
hemisuccinate; Steraloids, Newport, RI) was dissolved in tap
water by addition of NaOH and neutralized with HCl, to a
final pH of 7.0–7.4 (Besheer et al, 2012b; Besheer et al, 2013;
Gourley and Taylor, 2009). 3-Cyano-N-(1,3-diphenyl-1H-
pyrazol-5-yl)benzamide (CDPPB; Tocris) dose and
pretreatment interval were chosen based on the literature
(Clifton et al, 2013; Fowler et al, 2011; Gass and Olive, 2009;
Stefani and Moghaddam, 2010). The half-life of the drug is
4.4 h (Kinney et al, 2005), and therefore suitable for the
cumulative alcohol testing procedure (B48 min). CDPPB
was suspended in 0.5% carboxymethylcellulose and injected
intraperitoneally at a volume of 2 ml/kg. (R,S)-2-Amino-2-
(2-chloro-5-hydroxyphenyl)acetic acid sodium salt (CHPG;
Abcam) was dissolved in artificial CSF (aCSF), and the
selected doses were based on our previous work (Besheer
et al, 2009).

Data Analysis

Group differences in mGluR5 IR and protein expression
were determined by t-test. For the c-Fos studies, each brain
region was examined separately by two-way ANOVA. For
the discrimination experiments, response accuracy was
expressed as the percentage of alcohol-appropriate lever
presses upon delivery of the first reinforcer. Response rate
(responses/min) was analyzed for the entire session and
served as an index of motor activity. Complete expression of
the discriminative stimulus effects of alcohol (ie, full
substitution) was defined as 480% choice of the alcohol
lever upon completion of the first FR10 during test sessions.
If an animal did not complete an FR10 during these test
sessions, then data from that animal were not included in
the response accuracy analysis, but were included in the
response rate analysis. One or two-way repeated measures
analysis of variance (RM ANOVA) was used to analyze
response accuracy and response rate data. Tukey post hoc
analyses were used to explore significant interactions.
Significance was declared at Pp0.05.

RESULTS

For Experiments 1 and 2, average daily fluid consumption
and CORT dose consumed are shown in Supplementary
Table 1. For Experiments 4 and 5, baseline discrimination
performance and average daily fluid consumption and
CORT dose consumed are shown in Supplementary
Tables 2–3 and Supplementary Figures 1–2.

Experiment 1: Effect of CORT Exposure on mGluR5
Expression in the Nucleus Accumbens

Following 7 days of CORT exposure, there was a significant
(twofold) reduction in mGluR5 IR in the nucleus accum-
bens core (Figure 1a–c; t¼ 2.78, p¼ 0.02), but no change in
the shell. No CORT-induced change was observed in the
dorsomedial striatum (caudate putamen), which served as a

control region given that this region has been shown to have
similar mGluR5 expression as the nucleus accumbens
(Besheer et al, 2009).

mGluR5 protein expression in the nucleus accumbens was
also significantly reduced following CORT exposure
(Figure 1d and e). In brain tissue, mGluR5 is present as
monomer and dimer forms and a significant reduction in
mGluR5 protein expression was observed in the dimer form
(B250 kDa; t¼ 2.11, p¼ 0.05), but not the monomer form
(B130 kDa). This is important given that the dimer form is
the active form of mGluR5 (Pin et al, 2003).

Experiment 2: Effect of CORT Exposure on c-Fos
Expression in the Striatum in Response to Alcohol
(1 g/kg)

Following CORT exposure, an alcohol (1 g/kg)-induced
increase in c-Fos IR was prevented in the nucleus
accumbens core (Figure 2a and b) as confirmed by a
significant main effect of alcohol treatment (F(1,28)¼ 4.62,
p¼ 0.04) and a significant alcohol dose by CORT exposure
interaction (F(1,28)¼ 5.13, p¼ 0.03). In the Water group,
alcohol (1 g/kg, IG) significantly increased c-Fos IR as
compared with vehicle (po0.05). This alcohol-induced
increase in c-Fos IR was not evident in the CORT group.
No CORT- or alcohol-induced changes in c-Fos IR were
observed in the nucleus accumbens shell (Figure 2c and d)
as determined from the lack of any significant main effects
or interaction. Interestingly, under vehicle conditions visual
inspection of Figure 2c appears to show a trend for
increased c-Fos IR in the CORT group; however, post hoc
comparisons were not prompted given the lack of any
significant main effects or interaction. No CORT- or
alcohol-induced changes were observed in the dorsomedial
striatum (mean±SEM c-Fos positive cells/mm2—Water/
Vehicle: 8.53±2.06; CORT/Vehicle: 11.68±2.21; Water/
Alcohol: 10.03±2.06; CORT/Alcohol: 10.38±2.06). To-
gether these data show that a period of repeated and
heightened elevations in the stress hormone CORT prevents
an increase in neural activity in the nucleus accumbens core
in response to a moderate alcohol dose (1 g/kg, IG).

Experiment 3: Effect of mGluR5-Positive Allosteric
Modulator on Alcohol Sensitivity

CDPPB did not potentiate or blunt the discriminative
stimulus effects of alcohol under ‘normal’ conditions (eg, no
CORT exposure in this experiment). The two different
groups of rats used for this assessment did not differ under
vehicle conditions (see Supplementary Results), and, for
ease of presentation, they are graphically presented together
(Figure 3). In the Low and High groups, alcohol-appropriate
responding increased with alcohol dose (Low
(F(3,36)¼ 36.22, po0.001; High (F(3,15)¼ 72.32, po0.001)),
with no significant main effects of CDPPB dose or
interactions observed, indicating that CDPPB did not alter
the discriminative stimulus effects of alcohol (Figure 3a). In
both the Low and High groups, response rate decreased
with increasing alcohol doses (Low (F(3,36)¼ 6.76, po0.001;
High F(3,15)¼ 5.94, p¼ 0.007); Figure 3b). In the High group,
a significant main effect of CDPPB dose was observed
(F(2,10)¼ 9.58, p¼ 0.005), with a significant reduction in
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response rate after pretreatment with the highest dose
(40 mg/kg) relative to the vehicle (po0.05). Given the
overall lack of CDPPB effect on modulating the discrimi-
native stimulus effects of alcohol, the two highest doses that
did not alter response rate (10 and 20 mg/kg) were selected
for testing in Experiment 4.

Experiment 4: Effect of mGluR5-Positive Allosteric
Modulator on Alcohol Sensitivity Following CORT
Exposure

The goal of this assessment was to determine whether
pretreatment with CDPBB before the alcohol training dose
(1 g/kg, IG) would restore a CORT exposure-induced
reduction in sensitivity to alcohol. Following CORT
exposure, a significant overall reduction in alcohol-appro-
priate responses was observed (F(1,58)¼ 8.95, p¼ 0.004;
Figure 4a). There was a trend for a significant main effect
of CDPPB dose (F(2,58)¼ 2.90, p¼ 0.06). The exposure by
CDPPB dose interaction was significant (F(2,58)¼ 5.32,
p¼ 0.008), and post hoc comparisons showed a significant
reduction in alcohol-appropriate responding following
vehicle pretreatment in the CORT group relative to the
Water group (po0.001). This data pattern is evidence of
decreased sensitivity to the interoceptive effects of alcohol
following CORT exposure, consistent with previous work
(Besheer et al, 2012b). Importantly, CDPPB increased
sensitivity to alcohol in the CORT group, with significantly
greater alcohol-appropriate responding with both doses of
CDPPB relative to vehicle (p’so0.01), with the highest
CDPPB dose (20 mg/kg) fully restoring sensitivity to the
alcohol training dose (1 g/kg). Response rate was not altered
by CORT exposure or CDPPB pretreatment (Figure 4b).
Importantly, restored sensitivity to alcohol in the CORT
group occurred at CDPPB doses that did not potentiate the
discriminative stimulus effects of alcohol when tested under
‘normal’/control conditions as determined in Experiment 3.

Experiment 5: Effect of Intra-Accumbens mGluR5
Agonist on Alcohol Sensitivity Following CORT
Exposure

To determine the functional involvement of intra-accum-
bens mGluR5 and whether activation of these receptors
would restore sensitivity to alcohol following CORT
exposure, rats received intra-accumbens injection of CHPG
before the alcohol training dose (1 g/kg, IG). There was a
significant main effect of group (F(1,41)¼ 6.11, p¼ 0.02), a
significant main effect of pretreatment injection (aCSF or
CHPG; F(2,41)¼ 7.11, p¼ 0.002), and a significant interaction
(F(2,41)¼ 7.27, p¼ 0.002; Figure 5a), with a significant
decrease in alcohol-appropriate responding in the CORT
group relative to the Water control group following intra-
accumbens aCSF injection (po0.001). This data pattern
confirms decreased sensitivity to the interoceptive effects of
alcohol following CORT exposure consistent with vehicle
administration in Experiment 4 and Besheer et al, 2012b.
Further, sensitivity to alcohol was restored by intra-
accumbens pretreatment of both CHPG doses (po0.001).
Analysis of response rate showed a significant main effect of
group (F(1,41)¼ 5.75, p¼ 0.02), with the CORT group
showing slightly lower response rates than the Water group
overall (p¼ 0.02; Figure 5b).

In a follow-up experiment, we determined that intra-
accumbens administration of CHPG at the doses found to
restore sensitivity to alcohol did not potentiate the
discriminative stimulus effects of a low alcohol dose
(0.3 g/kg, IG) under ‘normal’ conditions (ie, absence
of CORT; see Supplementary Results). Therefore, the
lack of potentiation of this dose of alcohol suggests that at
these CHPG doses (1) CHPG is not pharmacologically
potentiating the effects of a low alcohol dose, and (2)
CHPG alone is likely not having alcohol-like effects.
Therefore, we conclude that sensitivity to alcohol following
CORT exposure was restored at CHPG doses that did
not potentiate the interoceptive effects of a low dose of
alcohol.
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DISCUSSION

The results of the present study show neuroadaptations in
the ventral striatum as a consequence of a period of
exposure to the stress hormone CORT. Decreased mGluR5
expression in the hippocampus has been observed following
chronic CORT injections (Iyo et al, 2010) and following
chronic mild stress exposure (Wieronska et al, 2001).
However, this is the first study to show decreased mGluR5

expression in the nucleus accumbens following CORT
exposure, and this finding adds to the growing literature
identifying neuroadaptations within this brain region as a
consequence of CORT or repeated stressor exposure
(Campioni et al, 2009; Gourley and Taylor, 2009; Lemos
et al, 2012; Morales-Medina et al, 2009; Perrotti et al, 2004;
Shoji and Mizoguchi, 2010; Tidey and Miczek, 1997).
Importantly, the presence of CORT-induced neuroadapta-
tions in mGluR5, as we show here, potentially has broad
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implications and may be relevant to better understanding
some mental health disorders (ie, depression, post-trau-
matic stress disorder), specifically as chronic CORT
exposure is commonly used to induce various behavioral
aspects of these disorders (Ardayfio and Kim, 2006; Gourley
and Taylor, 2009; Hache et al, 2012; Rainer et al, 2011).
Further, this is especially relevant given that pharmacolo-
gical manipulation of mGluR5 and other mGluRs is of
interest as potential therapeutics for the treatment of
neuropsychiatric disorders (Krystal et al, 2010; Witkin
et al, 2007).

The findings of decreased accumbal mGluR5 expression
following CORT exposure is consistent with other work
showing decreased mGluR5 expression in the hippocampus
following 21 days of CORT injections (Iyo et al, 2010).
Given the absence of evidence, to date, to suggest that
glucocorticoids directly regulate mGluR5, one explanation
for the decrease in mGluR5 expression may be related to a
compensatory neuroadaptation as a consequence of in-
creased glutamate levels (ie, chronic receptor activation by
the endogenous ligand;Iyo et al, 2010; Shaffer et al, 2010).
Indeed, enhanced extracellular glutamate levels have been
reported in the striatum following acute stressor exposure
(Moghaddam, 1993; Sequeira-Cordero et al, 2014), and
elevations in basal extracellular glutamate levels in the
nucleus accumbens core, but not shell, have been reported
21 days after a stressor exposure (Garcia-Keller et al, 2013).
Further, a hyperglutamatergic state in the nucleus accum-
bens is also suggested from electrophysiological assess-
ments following CORT administration (2 day) or chronic
unpredictable stress (Campioni et al, 2009; Wang et al,
2010). While the focus of the present work is on mGluR5 in
the nucleus accumbens, it is important to consider that
exposure to heightened CORT levels undoubtedly has
widespread consequences throughout the brain (Herman
et al, 2005; McEwen, 2007). Therefore, another possibility
for the decrease in accumbal mGluR5 may be related to
adaptations in neurocircuitry that involve and impact the
nucleus accumbens. In support of this explanation is the
finding that the IHC analysis showed a core-specific
reduction in mGluR5 IR. The core and shell of the nucleus
accumbens receive anatomically distinct inputs, including
dense glutamatergic projections from the hippocampus and
the prefrontal cortex (Basar et al, 2010; Britt et al, 2012;
Cotman and Monaghan, 1986; Groenewegen and Trimble,
2007). Interestingly, glucocorticoid-induced adaptations in
glutamatergic neurotransmission have been well documen-
ted in these brain regions (Chaouloff and Groc, 2011; Joca
et al, 2007; Popoli et al, 2012). For example, exposure to
chronic stress or systemic CORT can enhance glutamate
release from the hippocampus (Bagley and Moghaddam,
1997; Skorzewska et al, 2007; Venero and Borrell, 1999). As
a consequence, it is possible that such presynaptic changes
could impact excitatory drive into the nucleus accumbens,
perhaps leading to differential core vs shell neuroadapta-
tions. While the goal of the present work was to assess the
functional role of the CORT-induced change in accumbal
mGluR5 on interoceptive sensitivity to alcohol, clearly, it
will be necessary for future studies to delineate the cause(s)
for the decrease in mGluR5 following CORT exposure. In
addition, it will be of interest to examine whether Homer, a
scaffold protein for mGluR5 (Brakeman et al, 1997), is also

altered, given that this family of proteins regulates signal
transduction and trafficking of mGluR5 (Xiao et al, 2000).
Examination of Homer 1 and 2 isoforms, which are highly
expressed in corticolimbic circuits and implicated in
modulating drug-induced neuroplasticity and possibly
some neuropsychiatric disorders (Szumlinski et al, 2008),
may be of particular interest to inform the functional
implications of the reduction in mGluR5 expression
reported in the present work.

Neural response to alcohol was also altered in the nucleus
accumbens as a consequence of CORT exposure. That is,
in response to alcohol (1 g/kg, IG) a threefold increase in
c-Fos IR was observed in the nucleus accumbens core. This
subregional dissociation (core vs shell) in response to
alcohol is consistent with previous findings (Bachtell et al,
1999; Besheer et al, 2008); however, this is the first study to
show blunted accumbal response to alcohol as a conse-
quence of stress hormone exposure. Interestingly, based on
our previous characterization of this CORT exposure
procedure, circulating plasma CORT levels in the CORT
group are predicted to be lower than the Water group at the
time of alcohol injection (Besheer et al, 2012b; Besheer et al,
2013). Previous work argues against a direct relation
between reduced circulating plasma CORT levels at time
of testing and sensitivity to the interoceptive effects of
alcohol (Besheer et al, 2012b); however, it is possible that
the blunted accumbal (core) c-Fos response to alcohol in
the CORT group may be directly related to decreased
plasma CORT level. Indeed, there is support for a positive
association between plasma CORT levels and c-Fos expres-
sion in the nucleus accumbens in response to drug
administration (Badiani et al, 1998; Tomita et al, 2013).
Interestingly, under control conditions (ie, after water
administration) c-Fos IR in the core does not differ between
the CORT and Water groups; however, we cannot discount
the possibility that following alcohol administration a
relation between plasma CORT levels and c-Fos expression
may emerge. Nonetheless, given the known role of the
nucleus accumbens in modulating the interoceptive effects
of alcohol, these findings suggest that decreased sensitivity
to the interoceptive effects of alcohol following CORT
exposure may be functionally related to this blunted
brain regional response to alcohol. Moreover, while we
cannot conclude that the blunted c-Fos response to alcohol
is related to the change in mGluR5 expression, it is
interesting to note the similarity in subregional specificity
(ie, core vs shell).

To address the functional implications of the CORT-
induced change in mGluR5 in relation to the interoceptive
effects of alcohol, the effects of pharmacological positive
modulation (CDPPB) and activation (CHPG) of mGluR5
were assessed. Pretreatment with systemically administered
CDPPB dose-dependently restored sensitivity to alcohol
(1 g/kg, IG) following CORT exposure. This was likely due,
in part, to the contribution of intra-accumbens mGluR5 as
site-specific pretreatment with CHPG restored sensitivity to
alcohol under the same conditions. Interestingly, restored
sensitivity to alcohol occurred at CDPPB and CHPG doses
that did not potentiate the interoceptive effects of alcohol
under ‘normal’/control conditions. Previous work has
shown that activity at intra-accumbens mGluR5 is necessary
and sufficient for the expression of the interoceptive effects
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of alcohol (Besheer et al, 2009). Therefore, a possible
interpretation of the present findings is that animals show
increased sensitivity to mGluR5 activation following CORT
exposure. Alternatively, pretreatment with the mGluR5
compounds may pharmacologically compensate for the
functional downregulation of mGluR5. Lastly, positive
allosteric modulators of mGluR5 are emerging as pharma-
cological tools to enhance cognitive function and reverse
memory impairments (Fowler et al, 2013; Gass and Olive,
2009; Liu et al, 2008; Reichel et al, 2011; Stefani and
Moghaddam, 2010; Vales et al, 2010). However, a memory
enhancement explanation may be less tenable given that we
have previously confirmed that the reduction in alcohol-
appropriate responding following CORT exposure is
unrelated to a memory or performance deficit (Besheer
et al, 2012b). In summary, these data suggest that activation
of mGluR5 may have alleviated the functional impact of the
CORT-induced downregulation of mGluR5 in relation to
sensitivity to alcohol.

An unexpected finding from the present work was that
systemic CDPPB pretreatment did not alter the discrimina-
tive stimulus effects of alcohol under ‘normal’ conditions
(Experiment 3). In light of our previous findings in which
an mGluR5 agonist injected into the nucleus accumbens
potentiated the interoceptive effects of a low alcohol dose
(0.5 g/kg) under control conditions (Besheer et al, 2009), we
hypothesized that systemically administered CDPPB would
potentiate the discriminative stimulus effects of alcohol
under ‘normal’ conditions. The CDPPB dose range tested
is considered to be moderate (see Stauffer, 2011) and was
selected based on pilot experiments in our lab and
previously published work (Clifton et al, 2013; Fowler
et al, 2011; Gass and Olive, 2009; Stefani and Moghaddam,
2010). Therefore, there is strong possibility that a higher
dose range may have potentiated the interoceptive effects of
alcohol, and this would need to be examined before
concluding that positive allosteric modulation of mGluR5
does not potentiate the interoceptive effects of alcohol
under basal conditions.

In conclusion, decreased sensitivity to the interoceptive
effects of alcohol following prolonged stress hormone
exposure is linked to neuroadaptations in the ventral
striatum, including decreased mGluR5 expression and
blunted neuronal response to alcohol. Further, sensitivity
to a moderate alcohol dose (1 g/kg) can be restored by
pharmacological activation of mGluR5, perhaps suggesting
alleviation, in part, of the functional consequence of
downregulated mGluR5. Importantly, alcohol is a complex
stimulus cue and different receptor systems modulate
sensitivity to different alcohol doses (eg, high vs low; cf,
Grant, 1999; Stolerman et al, 2011). Therefore, it will be
important to extend the present findings to higher alcohol
training doses. While it is difficult to determine the direct
contribution of the interoceptive effects of alcohol to
alcohol drinking, altered sensitivity to the subjective/
interoceptive effects of alcohol has been presented as a
possible behavioral mechanism for escalated alcohol drink-
ing during episodes of heightened elevations in glucocorti-
coid levels, such as stress (Besheer et al, 2012b; Besheer
et al, 2013; Childs et al, 2011; Soderpalm and de Wit, 2002).
That is, during these episodes, an individual may consume
more alcohol to achieve the desired interoceptive effects.

Therefore, understanding the functional impact of neuroa-
daptations that occur as a consequence of episodes of
chronic elevations in glucocorticoid levels may enrich our
understanding of altered subjective sensitivity to alcohol
during stressful episodes.
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