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Abstract

The nucleus accumbens core (AcbC) is a key brain region known to regulate the discriminative
stimulus/interoceptive effects of alcohol. As such, the goal of the present work was to identify
AcbhC projection regions that may also modulate sensitivity to alcohol. Accordingly, AcbC afferent
projections were identified in behaviorally naive rats using a retrograde tracer which led to the
focus on the medial prefrontal cortex (mPFC), insular cortex (IC) and rhomboid thalamic nucleus
(Rh). Next, to examine the possible role of these brain regions in modulating sensitivity to alcohol,
neuronal response to alcohol in rats trained to discriminate alcohol (1 g/kg, intragastric [IG]) vs.
water was examined using a two-lever drug discrimination task. As such, rats were administered
water or alcohol (1g/kg, IG) and brain tissue was processed for c-Fos immunoreactivity (IR), a
marker of neuronal activity. Alcohol decreased c-Fos IR in the mPFC, IC, Rh, and AcbC. Lastly,
site-specific pharmacological inactivation with muscimol+baclofen (GABAp agonist+GABAg
agonist) was used to determine the functional role of the mPFC, IC and Rh in modulating the
interoceptive effects of alcohol in rats trained to discriminate alcohol (1 g/kg, 1G) vs. water. mPFC
inactivation resulted in full substitution for the alcohol training dose, and I1C and Rh inactivation
produced partial alcohol-like effects, demonstrating the importance of these regions, with known
projections to the AcbC, in modulating sensitivity to alcohol. Together, these data demonstrate a
site of action of alcohol and the recruitment of cortical/thalamic regions in modulating sensitivity
to the interoceptive effects of alcohol.

Introduction

Despite the well-known deleterious effects of alcohol, its consumption among the general
population remains high, with approximately 2 billion people worldwide consuming alcohol
(WHO, 2004) and 57% of Americans consuming at least one alcoholic beverage within the
past month (SAMHSA, 2014). Thus, understanding the neurobiological mechanisms that
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modulate sensitivity to alcohol, especially the subjective/interoceptive (discriminative
stimulus) effects of alcohoal, is important given that interoceptive drug cues can impact drug-
related behaviors from onset of drug use and throughout dependence (Koob & Volkow,
2010; Verdejo-Garcia et al., 2012; Bevins & Besheer, 2014; Paulus & Stewart, 2014).

Drug discrimination procedures are commonly used to assess the interoceptive/
discriminative stimulus effects of drugs of abuse in animal models (Solinas et a/., 2006) and
these procedures have identified several receptor systems that modulate the interoceptive
effects of alcohol ([gamma]-aminobutyric acid type A [GABAA], N-methyl-D-aspartate
[NMDA], serotonin, metabotropic glutamate, opioid; Grant & Barrett, 1991; Grant &
Colombo, 1993; Grant et al., 1997; Hodge & Cox, 1998; Maurel ef a/., 1998; Kostowski &
Bienkowski, 1999; Shelton & Grant, 2002; Vivian et al., 2002; Besheer & Hodge, 2005;
Helms et al., 2009; Besheer et al., 2010; Platt & Bano, 2011; Jaramillo et a/., 2015).
Additionally, the existing literature heavily implicates the nucleus accumbens core (AcbC;
and possible projections to the AcbC) as a central region in modulating sensitivity to the
interoceptive effects of alcohol (Hodge & Alken, 1996; Hodge & Cox, 1998; Besheer et al.,
2003; Besheer et al., 2010).

The goal of the present work was to broaden understanding of potential AcbC-related neural
circuitry modulating the interoceptive effects of alcohol by identifying brain regions with
projections to the AcbC and whether these regions may regulate sensitivity to alcohol. Thus,
in behaviorally naive male Long-Evans rats, projections to the AcbC were identified using a
neuronal retrograde tracer. Second, neuronal response to alcohol was examined in alcohol
discrimination-trained rats based on the selected brain regions that were identified to have
projections to the AcbC. Lastly, to determine the functional role of these brain regions in
modulating sensitivity to alcohol pharmacological inactivation was used (intra-brain regional
administration of GABAa+GABAg agonists - muscimol+baclofen; Lasseter et al., 2011;
Chaudhri et al.,, 2013; Willcocks & McNally, 2013). The present retrograde tracing study
identified and led to the focus of three regions of interest with projections to the AcbC: the
prelimbic subdivision of the prefrontal cortex (mPFC); the anterior insular cortex (IC), and
the rhomboid thalamic nucleus (Rh). These regions were selected for the following reasons.
1) Previous work has determined that activation of GABA receptors within the mPFC
elicits partial substitution for the discriminative stimulus effects of alcohol (Hodge & Cox,
1998), suggesting that neural inhibition in this region produces some effects that are similar
to alcohol. Therefore, we hypothesized that pharmacological inactivation of the mPFC
would result in full substitution for alcohol. 2) The IC is proposed to integrate internal and
external stimuli into interoceptive states to drive motivated behavior, which has extensive
implications for drug addiction (Craig, 2009; Paulus & Stewart, 2014) and various
preclinical studies have determined a functional role for the IC in modulating self-
administration of several drugs of abuse (Di Pietro et a/., 2008; Hollander et al., 2008;
Pushparaj & Le Foll, 2015). Thus, we hypothesized that the IC is involved in modulating
sensitivity to alcohol and that pharmacological inactivation would disrupt expression of the
discriminative stimulus effect of alcohol. 3) The Rh is implicated in modulating behavioral
inhibition and motivation (Cassel et a/., 2013; Cholvin et al., 2013; Prasad et al., 2013;
Prasad ef al., 2016), and has been proposed to integrate and modulate arousal and attention
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(Cassel et al,, 2013), all of which are key behavioral components in drug use and may have
implications for modulating sensitivity to the interoceptive effects of alcohol. Accordingly,
we hypothesized, that similar to the IC, pharmacological inactivation of the Rh would
disrupt expression of the discriminative stimulus effects of alcohol.

Materials and methods

Animals

Apparatus

This study used single-housed male Long-Evans rats (Harlan Sprague—Dawley, Indianapolis,
IN). All rats were weighed and handled daily for at least 1 week before the start of training.
Food intake was restricted to maintain body weight (325-340 g) for all experiments. Water
was available ad libitum in the home cage unless noted. The colony room was maintained on
a 12-h light/dark cycle and experiments were conducted during the light 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.

All behavioral experiments occurred in chambers (Med Associates, Georgia, VT) measuring
31 x 32 x 24 cm. The right wall of the chamber contained a liquid dipper receptacle, two
retractable response levers, and stimulus lights (mounted above each lever). Lever press
responses activated a dipper mechanism that presented 0.1 mL of a 10% (w/v) sucrose
solution for 4 seconds. All chambers were equipped with infrared beams that divided the
chamber into 4 parallel zones to measure general locomotor data during the sessions. Each
chamber was located in a sound-attenuating cubicle equipped with an exhaust fan that
provided both ventilation and masking of external sounds. Additionally, chambers were
interfaced (Med Associates) to a computer programmed to control sessions and record lever
responses and locomotor data.

Discrimination training

Daily training sessions (Monday—Friday) were identical to those previously described
(Besheer et al., 2015; Jaramillo et al., 2015; Randall et al., 2015). Briefly, following
administration of water or alcohol (1 g/kg) by intragastric gavage (I1G), rats were placed in
the chambers for a 10-min timeout period. Next, both levers were introduced into the
chamber and the house light was illuminated signaling commencement of the 15-min
session. During an alcohol session, completion of a fixed ratio 10 (FR10) on the alcohol-
appropriate lever (e.g., left lever) resulted in sucrose delivery. Alternatively, during a water
session, completion of an FR10 on the water-appropriate lever (e.g., right lever) resulted in
the delivery of sucrose reinforcer. During both alcohol and water sessions, responding on the
inappropriate lever was recorded but had no programmed consequence. Alcohol- and water-
associated levers were counterbalanced across animals and training days varied on a double
alternation schedule (alcohol, alcohol, water, water,..). Testing began once the following
criteria were met: the percentage of appropriate lever responses before the first reinforcer,
and during the entire session was >80% for at least 8 out of the 10 consecutive days.
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Discrimination Testing

Test sessions began following a 10-min delay and were similar to training sessions except
they were 2-min in duration. Additionally, an FR10 on either lever resulted in sucrose
delivery, thus sucrose reinforcement was delivered independent of lever-appropriate
responding so as not to bias lever selection and to allow for the analysis of the effects of
treatments on overall response rates (internal measure of nonspecific motor effects). Prior to
the start of testing in all rats, a cumulative alcohol curve (0.1, 0.3, 1.0, and 1.7 g/kg) was
generated to confirm discriminative stimulus control by alcohol (Schechter, 1997) as
described in detail (Besheer et al., 2012b; Besheer et al., 2014). Briefly, rats initially
received 0.1 g/kg alcohol and were placed in the chamber for the test session (i.e., 10-min
pre-session delay and 2 min test session). At the conclusion of the session, rats received a
subsequent alcohol administration of 0.2 g/kg and immediately began another test session.
This procedure was repeated with two subsequent administrations of 0.7 g/kg alcohol, thus
administration of alcohol was additive to produce the stated dose range (0.1, 0.3, 1.0, and 1.7
g/kg). Once discriminative stimulus control by alcohol was confirmed experimental testing
began. In Experiment 3, testing was interspersed with training sessions and only occurred
when accuracy criteria was met during 3 of 4 previous training sessions. No more than two
test sessions were conducted per week.

Cannulae Implantation Surgery and Microinjection Procedures, and Verification

Site-specific microinjections were delivered by a microinfusion pump (Harvard Apparatus,
MA) through 1.0 ul Hamilton syringes connected to 33-gauge injectors (Plastics One, VA).
For Experiment 1, anesthetized rats received a unilateral microinjection of FG into the AcbC
(AP +1.7, ML +1.5, DV -6.8 from skull) at a volume of 0.5 pl across 8-min. The injector
remained in place for an additional 4-min to allow for diffusion. For Experiment 3,
anesthetized rats received implantation of 26-gauge guide cannulae (Plastics One, Roanoke,
VA) aimed to terminate 2 mm above the prelimbic region of the PFC (mPFC; bilateral
coordinates: AP +3.2, ML £0.6 mm, DV -2.0 mm), the anterior IC (bilateral coordinates:
AP +3.2, ML £4.0 mm, DV —4.0 mm) or Rh (unilateral coordinates: AP -2.3, ML —1.7 mm
(15° angle), DV -5.2 mm). Coordinates were based on (Paxinos & Watson, 2007).
Muscimol+baclofen microinjections were delivered through injectors extending 2 mm below
the guide cannulae at a volume of 0.5 pl/side across 1 min. The injector(s) remained in place
for an additional 2 -min after the infusion to allow for diffusion. Additional microinjection
procedures are described in detail in (Cannady et al., 2011; Besheer et al., 2014). At the end
of Experiment 3, brain tissue was stained with cresyl violet to verify cannulae placement.
Only data from rats with cannulae/injector tracts determined to be in the target brain regions
were used in the analyses. For bilateral cannulae (mPFC and IC), both cannulae had to be in
the target region. As such, for the IC, three rats had a confirmed cannula on one side
(depicted as solid circles on Figure 4A), but the cannula for the opposite side was outside of
the target region or we were unable to visibly confirm the injector tract and thus, were
considered misses (depicted as solid triangles on Figure 4A). Data from these rats and others
with cannulae determined to be out of the other target brain regions were combined and
analyzed to serve as anatomical controls.
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Immunohistochemistry Procedure and Quantification

To obtain brain tissue for Experiment 2, rats were deeply anesthetized with pentobarbital and
perfused with 0.1 M PBS, followed by 4% paraformaldehyde, 4°C; pH=7.4. The brains were
removed from the skull and placed in the same fixative solution for approximately 24 h.
Next, they were transferred to 30% (w/v) sucrose in a 0.1 M PBS solution, and subsequently
sliced on a freezing microtome into 40 um coronal sections. Tissue was then stored in
cryoprotectant (—20°C) until immunohistochemistry (IHC) processing. IHC staining and
quantification procedures were similar to those we have previously described (Cannady et
al., 2011; Besheer et al., 2012a; Besheer et al., 2014). Free-floating coronal sections were
incubated in rabbit anti-Fluorogold antibody (1:8,000; Millipore) for 24 h or rabbit anti-c-
Fos antibody (1:20,000; Millipore) for 48 h at 4 °C with agitation. The brain regions
examined were the prelimbic region of the medial prefrontal cortex (mPFC; AP +4.2 to +3.2
mm), anterior insular cortex (IC; +2.8 to +1.9 mm), and nucleus accumbens core (AcbC; AP
-2.3 to —1.3) and rhomboid thalamic nucleus (Rh; AP —1.8 to —3.2 mm), according to
(Paxinos & Watson, 2007). Images were acquired utilizing Olympus CX41 light microscope
(Olympus America) and analyzed utilizing Image-Pro Premier image analysis software
(Media Cybernetics, MD). IR data (c-Fos positive pixelss/mm?2) were acquired from a
minimum of three sections/brain region/animal, and the data were averaged to obtain a
single value per subject.

Experimental Procedures

Experiment 1: Confirmation of incoming AcbC projections utilizing a neuronal
retrograde tracer—To confirm afferent neuronal projections to the AcbC, a region known
to modulate the discriminative stimulus effects of alcohol, and to determine anatomical

coordinates for those brain sites of interest for the discrimination studies (i.e., the c-Fos

analyses and the inactivation studies, Experiments 2 and 3, respectively), behaviorally naive
rats (n=6) received a unilateral microinjection of the neuronal retrograde tracer Fluoro-Gold
(2%; FG) aimed at the AcbC. One week following injection, allowing time for recovery and
diffusion of the tracer, brain tissue was collected and analyzed for FG expression using IHC.

Experiment 2: Alcohol-induced neuronal activation in mPFC, IC, and Rh in
discrimination-trained rats—After identifying the regions of interest with projections to
the AcbC (i.e., mPFC, IC, and Rh), we sought to investigate whether those regions and the
nucleus accumbens would show changes in neuronal activity following alcohol in rats whose
behavior was under the discriminative control of alcohol. As such, discrimination-trained
rats were administered water or alcohol (1 g/kg, I1G; n=4-5/group) and underwent a standard
2-min discrimination test session. 90-min after the end of the test, rats were sacrificed and
brain tissue was collected and processed for c-Fos IR. c-Fos IR in the nucleus accumbens
(core and shell), mPFC, IC, and Rh was then analyzed.

Experiment 3: Examination of the functional role of mPFC, IC, and Rh on the
discriminative stimulus effects of alcohol, through pharmacological
inactivation—Discrimination-trained rats were implanted with bilateral cannulae aimed at
the mPFC (n=8). A second group was implanted with bilateral cannulae aimed at the 1C and
a unilateral cannula aimed at the Rh (n=11). Dual cannulae implantation in this latter group
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was conducted to minimize the number of animals required for this study. Cannulae
implantation coordinates were based on FG expression from Experiment 1 and previous
work (Kesner & Gilbert, 2007; Besheer et al., 2010; Cholvin et al., 2013; Cosme et al.,
2015). To determine the functional role of each brain region in modulating the discriminative
stimulus effects of alcohol, each region was independently inactivated with a muscimol
+baclofen cocktail infusion prior to a discrimination test session. For the IC and Rh group,
testing was interspersed between both regions. On test days, rats received vehicle or
microinjection of muscimol+baclofen, 15-min prior to receiving water or the alcohol
training dose (1 g/kg, 1G). Rats were then placed in the chamber for a 2-min test session
(following the 10 min time out period).

Alcohol (95% w/v) was diluted in distilled water to a concentration of 20% (v/v) and
administered 1G, with volumes varied by weight to obtain the desired dose. Fluoro-Gold
(FG; Fluorochrome, LLC, Denver, Colorado) was dissolved in 0.9% saline (w/v)/2% (v/v)
FG per manufacturer instructions (Schmued & Fallon, 1986). Muscimol and baclofen (R&D
systems, Minneapolis, Minnesota) were dissolved in sterile 0.9% saline to produce a cocktail
of 0.1mM muscimol + 1mM baclofen, and the doses were chosen based on previous work
and our own pilot studies (Lasseter et al., 2011; Chaudhri et al., 2013).

Data Analysis

Results

For the discrimination experiments, response accuracy was expressed as the percentage of
alcohol-appropriate lever responses upon delivery of the first reinforcer. Complete
expression of the discriminative stimulus effects of alcohol (i.e., full substitution) was
defined as =80% alcohol-appropriate responding and partial substitution was defined as
>40% and <80% alcohol-appropriate responses (Solinas et al., 2006; Besheer et al., 2015). If
an animal did not complete an FR10 during these test sessions, data from that animal were
not included in the response accuracy analysis, but were included in the response rate
analysis. Response rate (responses/min) and general locomotor rate (beam breaks/min) were
analyzed for the entire session and served as an index of motor activity. Group differences in
discrimination behavior and c-Fos IR for Experiment 2 were determined by #test. In
Experiments 2 and 3, one or two-way repeated measures analysis of variance (RM ANOVA)
were used to analyze response accuracy, response rate, and locomotor rate data. Tukey post
hoc analyses were used to explore significant interactions. Significance was declared at p <
0.05. Injector tip placements are shown in Figures 4A, 5A, 6A and only animals with
accurate bilateral cannulae placements (mPFC and IC groups) or unilateral placement (Rh)
were included in the analyses. Data from the rats with inaccurate cannulae placements were
analyzed sparately and served as anatomical controls.

Experiment 1: Confirmation of incoming AcbC projections utilizing a neuronal retrograde

tracer

Injection of FG, a neuronal retrograde tracer, in the AcbC (Figure 1A) resulted in dense FG
IR in the mPFC (Figure 1B), IC (Figure 1C), and Rh (Figure 1D). FG IR was also found in
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other regions (e.g., amygdala, hippocampus, etc.); however, the focus of the present study
was on the mPFC, IC, and Rh.

Experiment 2: Alcohol-induced neuronal activation in mPFC, IC, and Rh in discrimination-

trained rats

Alcohol stimulus control was confirmed by testing a cumulative alcohol dose response
curve. Alcohol- appropriate responding increased with the alcohol dose as confirmed by the
one-way RM ANOVA [F(3,30)=54.639, p<0.001], with higher alcohol-appropriate
responding at the training dose (1 g/kg) and the highest dose (1.7 g/kg) relative to the lowest
dose (0.1 g/kg; p<0.001; Table 1). No effects on response rate were observed (Table 1).
However, a significant decrease in locomotor rate[F(3,10)=9.70, p<0.001] was observed for
all the alcohol doses relative to the lowest dose (0.1 g/kg; p<0.002; Table 1). Discrimination
accuracy performance on the final test showed a significant increase in responding on the
alcohol-appropriate lever following the alcohol training dose (1 g/kg; =4.46, p=0.002;
Figure 2A). There were no significant differences in response rate (Figure 2B) or locomotor
rate (beam breaks— Water: 272.10+21.84; Alcohol 271.92+31.52), suggesting that any group
differences in c-Fos expression is likely not related to a change in response output or general
motor behavior. IHC analysis of the brain tissue demonstrated a decrease in c-Fos IR
following alcohol (1 g/kg) in the AcbC (#2.36, £=0.04; but not shell, Figure 2C), the mPFC
(Figure 2D; £=2.35, p=0.04), the IC (Figure 2E; £2.61, p<0.03), and the Rh (Figure 2F;
£=2.25, p=0.05).

Experiment 3: Examination of the functional role of mPFC, IC, and Rh on the discriminative
stimulus effects of alcohol, through pharmacological inactivation

Confirmation of stimulus control—Alcohol stimulus control was confirmed for the
cannulated mPFC group and the dual cannulated IC/Rh group with a cumulative alcohol
curve as shown in Table 1. One-way RM ANOVA showed an increase in alcohol-appropriate
lever responding for both the mPFC [F(3,21)=31.69, p<0.001] and the IC/Rh group
[F(3,30)=29.20, p<0.001], at the training dose (1 g/kg) and the highest dose (1.7 g/kg)
relative to the lowest dose (0.1 g/kg; p<0.001). No change in response rate was observed for
the mPFC group; however in the IC/Rh group [F(3,30)=3.81, p=0.02] a significant reduction
was observed at the highest dose (1.7 g/kg) relative to the lowest dose (0.1 g/kg; p<0.03). In
the mPFC and the 1C/Rh groups, locomotor rate was significantly decreased [F(3,21)=5.70,
p=0.005, F(3,30)=32.33, p<0.001, respectively] at the two highest doses (1.0 and 1.7 g/kg)
relative to the lowest dose (0.1 g/kg; p< 0.02) in the mPFC group, and at all doses (0.3, 1.0,
and 1.7 g/kg) relative to the lowest dose (0.1 g/kg; p < 0.001), in the IC/Rh group.

Pharmacological inactivation of the medial prefrontal cortex—Muscimol
+baclofen treatment significantly affected alcohol-appropriate responding as the two-way
RM ANOVA showed a significant main effect of alcohol dose [F(1,6)=66.11, p<0.001], of
muscimol+baclofen treatment [F(1,6)=42.44, p<0.001], and a significant interaction between
alcohol dose and muscimol+baclofen treatment [F(1,5)=74.24, p<0.001; Figure 3B]. As
would be expected, under vehicle conditions, a significant increase in alcohol-appropriate
responding following the training dose (1 g/kg) was observed (p<0.001). Interestingly,
mPFC inactivation followed by water administration resulted in a significant increase in

Eur J Neurosci. Author manuscript; available in PMC 2017 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jaramillo et al.

Page 8

alcohol-appropriate responding relative to vehicle (p<0.001), which resulted in full
substitution for the alcohol training dose. mPFC inactivation prior to alcohol (1 g/kg)
administration did not affect alcohol-appropriate responding, likely due to a ceiling effect
(i.e., full substitution). Two-way ANOVA showed no effects of alcohol dose or treatment on
response rate (Figure 3C) or locomotor rate (Figure 3D)

Pharmacological inactivation of the insular cortex—The two-way RM ANOVA
analysis on alcohol-appropriate responding following IC inactivation (Figure 4A), showed a
significant main effect of alcohol dose [F(1,6)=19.81, p=0.004] and muscimol+baclofen
treatment [F(1,6)=7.38, p<0.04], and a significant interaction ([F(1,6)=5.95, p=0.05]; Figure
4B). IC inactivation prior to water administration induced increased alcohol-appropriate
responding (p=0.004), resulting in partial substitution for the 1 g/kg alcohol training dose.
IC inactivation prior to the alcohol-training dose (1 g/kg) did not affect discrimination
performance, again as behavior was likely at a ceiling effect. One rat did not complete an
FR10 following IC inactivation and thus was not included in the response accuracy measure,
but was included in the response rate analysis. Two-way RM ANOVA of response rate as
shown in Figure 4C showed a significant main effect of muscimol+baclofen treatment
[F(1,7)=10.18, p<0.015], with lower response rates following inactivation relative to vehicle
and there was a trend for an interaction (p<0.07). Muscimol+baclofen treatment significantly
affected locomotor rate [F(1,7)=34.84, p<0.001; Figure 4D] and a significant interaction
between alcohol dose and treatment was also observed [F(1,7)=6.62, p<0.04], with
significantly decreased locomotor rate compared to vehicle following water (p=0.002) and
alcohol (p<0.001).

Pharmacological inactivation of the rhomboid thalamic nucleus—The two-way
RM ANOVA analysis of Rh inactivation (Figure 5A) on alcohol-appropriate responding
showed a main effect of alcohol dose [F(1,3)=185.63, £<0.001] and a significant alcohol
dose by muscimol+baclofen treatment interaction [F(1,3)=28.39, p=0.01]. Interestingly, Rh
inactivation prior to Water resulted in a significant increase in alcohol-appropriate
responding relative to Water under vehicle conditions (0<0.05), resulting in partial
substitution for the training dose. However, Rh inactivation prior to administration of the
alcohol-training dose (1 g/kg) did not affect discrimination performance. One rat did not
complete an FR10 following Rh inactivation and thus was not included in the response
accuracy measure, but was included in the response rate analysis. There was a significant
main effect of muscimol+baclofen treatment on response rate [F(1,4)=23.26, p=0.009], but
no significant main effect of alcohol or interaction (Figure 5B-C). Additionally, Rh
inactivation produced no effect on locomotor rate(Figure 5D).

Pharmacological inactivation of anatomical control s/misses—Following
verification of cannulae implantation, data from animals considered to be outside the target
regions (n=10), as depicted by triangles in each of the figures (Figures 3A, 4A, 5A), were
considered misses and not included in the analyses of that brain region. As such, the data
from this group of animals were combined to serve as anatomical controls. Discrimination
performance was analyzed with a two-way RM ANOVA which demonstrated a significant
main effect of alcohol dose (Figure 6A,; [F(1,9)=65.29, p<0.001]) with a significant increase
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in alcohol-appropriate lever responding following alcohol (1 g/kg) relative to water, as
would be expected. No significant main effect of muscimol+baclofen treatment was
observed. Two-way RM ANOVA analysis of response rate demonstrated a significant main
effect of muscimol+baclofen treatment (Figure 6B; [F(1,9)=21.34, p<0.001]), with a
decreased response rates following inactivation relative to vehicle. There was no main effect
of alcohol dose or interaction. Additionally, two-way RM ANOVA analysis also showed a
significant main effect of muscimol+baclofen treatment on locomotor rate (Figure 6C;
[F(1,9)=5.80, p<0.04]), with significantly less locomotor activity following muscimol
+baclofen relative to vehicle condition.

Discussion

The findings from the present work demonstrate that the mPFC, IC, and Rh are targets of
alcohol (1 g/kg), as measured by c-Fos IR in rats trained to discriminate alcohol (1 g/kg)
from water, suggesting that these brain regions may be recruited in modulating sensitivity to
alcohol. Indeed, we confirm the functional involvement of these regions as temporary
pharmacological inactivation of the IC or Rh partially substitutes, while mPFC inactivation
fully substitutes, for the discriminative stimulus effects of a moderate alcohol dose (1 g/kg).
While the data patterns in the IC and Rh are contrary to our original hypotheses, the findings
from the present work identify the functional role of the mPFC, IC, and Rh in modulating
sensitivity to alcohol, which is an important and novel contribution to the literature.

Neuronal response as measured by c-Fos expression has been widely used to determine the
brain regional site of action of alcohol (see: Vilpoux et al., 2009). A previous study utilizing
a higher alcohol dose (1.5 g/kg, IP) found an increase in c-Fos IR in the IC, both in alcohol-
naive and -experienced rats, an effect not seen with a lower alcohol dose (0.5 g/kg; Ryabinin
et al., 1997). Increases in c-Fos IR have also been reported in the PFC (specifically the
infralimbic cortex), following a 1.5 g/kg alcohol dose (IP) in alcohol-naive rats (Ryabinin et
al., 1997; Hansson et al., 2008) and following a 0.5 g/kg dose (IP) in alcohol-experienced
rats (Ryabinin et al., 1997). Additionally, increases in c-Fos IR in the PFC (Knapp et al,
1998; Chen et al., 2009; George et al., 2012), and specifically the mPFC(Kozell et al., 2005)
have been reported following alcohol withdrawal. In the present work, decreases in c-Fos IR
within the AcbC, mPFC, IC, and the Rh were observed following alcohol in discrimination-
trained animals, suggesting that these regions may be recruited when the animal is using the
alcohol interoceptive cue to guide behavior. The animals were tested following a
discrimination session as we sought to examine the brain response in conjunction with the
discrimination behavior; therefore, it would be interesting to determine whether a similar
pattern of c-Fos response would occur if the rats were sacrificed without undergoing the
behavioral session on the final session, as it is possible that basal levels of c-Fos IR are
elevated, in general, as a consequence of engaging in the behavior. Additionally, the alcohol-
induced decrease in c-Fos IR was observed in the AcbC, but not the nucleus accumbens
shell. This data pattern is consistent with the observed decrease in the AcbC projection
regions (MPFC, IC, and Rh) as confirmed by the FG retrograde tracer study. Analysis of FG
positive cells that co-express c-Fos would allow for determination of whether the alcohol-
induced decreases in neuronal activity are specific to projection neurons from the mPFC, IC,
or Rh to the AcbC. This strategy was not implemented in the present work as the FG
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retrograde tracer study (Experiment 1) was conducted in naive rats in order to identify
projection regions to the AcbC and not in the discrimination-trained rats that were used for
the c-Fos analyses (Experiment 2), but will be an interesting future direction. Importantly, in
the present study, the alcohol-induced decrease in c-Fos IR in these brain regions is likely
not due to differences in motor output (i.e., lever responding), as response rates were similar
between the groups that received water or alcohol on the test (Figure 2B). Given that only
one alcohol training dose (1 g/kg) was examined it will be interesting for future work to
broaden the range of alcohol training doses, as these studies may identify dose-related
effects on these anatomical sites of action of alcohol.

In general, as reflected in the alcohol discrimination literature, pharmacological
manipulations that result in CNS inhibition (e.g., GABA, agonists, NMDA antagonist) tend
to have “alcohol-like” effects (Hiltunen & Jarbe, 1989; Grant & Colombo, 1993; Hodge &
Alken, 1996; Hodge & Cox, 1998; Hodge et a/., 2001). Thus, while utilization of a
muscimol+baclofen cocktail is commonly used as a tool by which to “temporarily
inactivate” a specific brain region, and was used for that purpose in the present work, this
pharmacological strategy also allows for a mechanistic interpretation. That is, while co-
activation of GABA and GABAGg receptors (i.e., muscimol+baclofen cocktail infusions) in
the IC, Rh, and mPFC intrinsically “inactivate” the brain regions, we are also able to
conclude that these receptors in these brain regions contribute, in part, to the discriminative
stimulus effects of alcohol, as full substitution (mPFC) and partial substitution (Rh and IC)
for alcohol was observed. Therefore, the present results mechanistically implicate the
importance of GABA and GABAGg receptors and indicate that activating these receptors is
critical for the expression of the discriminative stimulus effects of alcohol. Although,
pharmacological inactivation of the Rh resulted in a decrease in response rate, responding on
the alcohol-appropriate lever was not altered following the training dose of alcohol (e.g.,
appropriate accuracy performance). Additionally, pharmacological inactivation of the mPFC
or the IC did not alter response rates, confirming that changes in discrimination performance
were not due to nonspecific changes in motor output, or motivation to respond for the
sucrose reinforcer. This latter point suggests that there was also no change in sucrose
palatability which is important given that the IC (albeit further posterior IC than that targeted
in the present work) has been implicated in food-seeking and taste processing (Carleton et
al., 2010; Kusumoto-Yoshida et a/., 2015).

Previous work has shown that activation of intra-mPFC GABA receptors by muscimol,
results in partial substitution for the discriminative stimulus effects of alcohol (1 g/kg;
Hodge & Cox, 1998). Here, we demonstrate that intra-mPFC co-activation of GABA, and
GABAg receptors results in full substitution for alcohol (1 g/kg), confirming the importance
of this region in the modulating sensitivity to alcohol and also implicating a functional role
for intra-mPFC GABAg receptors. Interestingly, previous work has shown that GABAg
activation substitutes for the discriminative stimulus effects of gamma-hydroxybutyric acid
(Lobina et al., 1999), which has been shown to generalize to alcohol (1 g/kg, IG; Colombo et
al., 1995). Therefore, it will be interesting for future work to investigate the role of intra-
mPFC GABAg receptors alone in modulating sensitivity to alcohol. In contrast to the full
substitution observed in the mPFC following GABA and GABAg activation, this
pharmacological manipulation in the IC and Rh resulted in partial substitution for the
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discriminative stimulus effects of alcohol (1 g/kg). Even though full substitution was not
observed, these findings implicate, in part, the functional importance of the IC and Rh and
activation of GABA and GABAGg receptors within these brain regions in modulating
sensitivity to alcohol. These findings are highly novel given that, to date, these brain regions
have not been previously examined in terms of modulating sensitivity to the interoceptive
effects of alcohol in an animal model. Further, it is possible that GABAA and GABAg
activation in the IC and Rh may potentiate the effects of low alcohol doses (e.g., 0.3 or 0.5 g/
kg), resulting in full substitution. Unfortunately, this was not tested in the present study, but
will be important for future work to determine. Moreover, these findings also suggest that
co-activation of GABA and GABAGR receptors only constitute a partial target site of action
in the IC and Rh as other receptor systems are likely also recruitedin modulating
interoceptive sensitivity to alcohol.

Many studies suggest a motivational network involving the IC, mPFC and the AcbC
(Cardinal et al., 2002; Rangel et al., 2008; Kouneiher et al., 2009; Pessoa, 2009). Both the
mPFC and IC have been implicated in regulating motivationally relevant events (Damasio,
1996; Clithero et al., 2011), which is highly relevant for drug-related stimuli. Therefore, it is
not surprising that in human imaging studies both the 1C and mPFC respond to alcohol-
related cues in individuals with alcohol-use disorders (Filbey et al., 2008) and among at-risk
individuals (Ray ef a/., 2010; lhssen et al., 2011), an effect absent in social drinkers (George
et al., 2001; Myrick et al., 2004; Tapert et al., 2004). Further pre-clinical data also implicates
the role of the IC and the mPFC in modulating compulsive alcohol drinking, in which
optogenetic inactivation of IC and mPFC projections to the AcbC decreased aversion-
resistant alcohol intake (Seif et al., 2013). Taken together, the current findings lend further
support for the importance of the IC and mPFC in modulating sensitivity to alcohol.

Interestingly, there is relatively little literature on the functional role of the Rh, especially in
relation to drug and alcohol-related behaviors. The Rh receives dense projections from the
brainstem and shares reciprocal projections with the cortices (Ohtake & Yamada, 1989;
Vertes, 2002; Vertes et al., 2006); see. Cassel et al., 2013; Vertes et al., 2015). Historically,
the Rh is studied with the reuniens ventral thalamic nucleus, as together they form the
ventral midline nuclei (Cassel et a/.,, 2013). Inactivation and lesions to the RhRe implicate
their role in modulating behavioral flexibility (Cholvin et al., 2013; Prasad et al., 2013;
Prasad ef a/., 2016). Additionally lesions to the RhRe increase accuracy, decrease number of
omitted responses and latency to obtain reward during behavioral tasks, suggesting a role for
RhRe in mativation and executive control (Prasad et al., 2013; Prasad et al., 2016). The
presence of these known connections along with the current findings, suggest that RhRe
integrate cognitive and arousal processes to induce behavioral flexibility in a changing
environment (Cassel et al., 2013). The majority of those studies attribute the Re/Rh with the
role of modulating working-memory particularly with reference to spatial context
(Hembrook & Mair, 2011; Cholvin et al., 2013; Hallock et al., 2013; Layfield et al., 2015;
Prasad ef al., 2016). Therefore, it is possible that pharmacological inactivation of these
regions may induce memory impairments. Indeed, a memory impairment in a two-lever
discrimination task, would be reflected by 50% responding on either lever. While this was
the behavioral pattern observed following inactivation under the water condition (i.e., ~50%
alcohol-appropriate responding), alcohol-appropriate responding under the alcohol condition
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was unaffected by inactivation (i.e., similar to the control condition). Therefore, this accurate
discrimination performance would argue against a memory impairment (Figure 5B). To date
the role of the Rh in drug-related behaviors has been understudied, however there is growing
interest in this midline thalamic nucleus especially given its projections to limbic structures
such as the mPFC, hippocampus, nucleus accumbens and its role in cognitive function (see:
Vertes et al., 2015). The present findings implicating the Rh in modulating sensitivity to
alcohol suggest the importance of future work to examine the role of this brain region in
modulating other alcohol- and drug-related behaviors. However, it is important to consider
the small sample size in the Rh inactivation studies, which was the consequence of several
inaccurate cannula placements primarily due to the location and the small target area.
Therefore, it will be important for future work to replicate this finding.

One of the goals of the present work was to focus on upstream regions to the AchC, as
general inhibition in the AcbC has been shown to modulate sensitivity to alcohol (Hodge &
Alken, 1996; Hodge & Cox, 1998; Hodge et al., 2001; Besheer et al,, 2003). It is important
to consider that infusion of muscimol+baclofen into these regions inactivates all of the
regions’ outgoing projections. Thus, the partial and full substitution of alcohol obtained
through pharmacological inactivation may not be specific to inactivation of the outgoing
AchC projections but rather of a widespread regional effect. In addition to projecting to the
AcbC, the mPFC, IC, and Rh all share reciprocal projections (Ohtake & Yamada, 1989;
Sesack et al., 1989; Vertes et al., 2006). Thus, the present findings may be an indirect result
of communication within these regions and may explain the partial vs. full substitution of
“alcohol-like” effects. Further, while the FG study led to the focus on the mPFC, IC, and Rh
as being AcbC-projecting regions, which is consistent other findings (Wright &
Groenewegen, 1996; Ding et al., 2001; Vertes et al., 2006), it is important to consider that
FG diffusion into the proximal shell or caudate nucleus may have occurred. Therefore, it
will be important for future studies to isolate the specific neural circuitry modulating
sensitivity to alcohol, and whether projections from the mPFC, IC, Rh to the AcbC are
functionally involved.

The present findings provide evidence that GABAA+GABAg receptor systems in the I1C, Rh,
and mPFC functionally modulate, in part, the interoceptive effects of alcohol. Studies also
utilizing muscimol+baclofen infusions in the IC demonstrate decreased alcohol self-
administration (Pushparaj & Le Foll, 2015) while infusions in the mPFC decrease
reinstatement of alcohol (Willcocks & McNally, 2013). Thus, it is possible that the decrease
in alcohol self-administration and seeking (Willcocks & McNally, 2013; Pushparaj & Le
Foll, 2015) may be related to “alcohol-like” effects induced by the pharmacological
inactivation. In conclusion, the current results have identified novel brain regional
involvement in modulation of the discriminative stimulus effects of alcohol.
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Abbreviations

AcbC Nucleus accumbens core
FG Fluoro-Gold
FR Fixed Ratio

GABAx [gamma]-aminobutyric acid type A

GABAg [gamma]-aminobutyric acid type B

IC Insular cortex

IG Intragastric

IHC Immunohistochemistry
IR Immunoreactivity
mPFC Medial prefrontal cortex

NMDA n-methyl-D-aspartate
Rh Rhomboid thalamic nucleus

RM ANOVArepeated measures analysis of variance
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Medial
Prefrontal Cortex

Insular Cortex

Rhomboid

Thalamic Nucleus

Figure 1. FG immunoreactivity identifiesincoming neuronal projectionsto the nucleus
accumbens core

Representative photomicrograph to show (A) unilateral FG infusion into the nucleus
accumbens core (1.25X) and FG expression in the (B) medial prefrontal cortex (8X), (C)
insular cortex (5X), and (D) rhomboid thalamic nucleus (10X). Photomicrograph insets in
panels B, C, D represent FG-positive cells within the regions (B-C=32X, D=40X). Scale
bars represent 250 um in pictographs, insets represent 50 pm.
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Figure 2. Decreased brain regional neuronal activity in responseto the training dose of alcohol
(A) Increased alcohol-appropriate responses following the training dose of alcohol (1 g/kg)

with no effect on (B) response rate on the terminal test prior to sacrifice. c-Fos IR, following
the discrimination test, shows a significant decrease in c-Fos-positive cells in response to the
training dose of alcohol (1 g/kg) in the (C) nucleus accumbens core, but not shell, (D)
medial prefrontal cortex, (E) insular cortex and (F) and rhomboid thalamic nucleus.
Representative photomicrographs (20X) to show c-Fos positive cells for each brain region.
Scale bars represent 250 um. Dashed line (>80%) represents full expression of the
discriminative stimulus effects of alcohol.* p<0.05, significant difference from water (i.e., 0
g/kg; ttest; n=4-5/group).Values on graphs represent mean + SEM.
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Figure 3. Pharmacological inactivation of the medial prefrontal cortex substitutesfor the
discriminative stimulus effects of the alcohol training dose

(A) Medial prefrontal cortex bilateral injector tip placements from individual discrimination-
trained rats with accurate placements (depicted as open circles) and inaccurate placements
(depicted as solid triangles). (B) Temporary inactivation of the medial prefrontal cortex,
through bilateral infusion of muscimol+baclofen (M+B), increased mean (+SEM)
percentage of alcohol-appropriate responses following Water (IG) but had no effect
following the training dose of alcohol (1 g/kg, I1G). (C) Response rate and (D) locomotor
activity were unaffected. Dashed line (>80%) represents full expression of the discriminative
stimulus effects of alcohol. * significant difference from vehicle in the Water condition (i.e.,
0 g/kg; Tukey, p<0.05; n=7). Values on graphs represent mean + SEM.
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Figure 4. Pharmacological inactivation of theinsular cortex partially substitutesfor the
discriminative stimulus effects of the alcohol training dose

(A) Insular cortex bilateral injector tip placements from individual discrimination-trained
rats with accurate placements (depicted as open circles) and inaccurate placements (depicted
as solid triangles/circles). (B) Pharmacological inactivation of the insular cortex, through
bilateral infusion of muscimol+baclofen (M+B), significantly increased mean (+SEM)
percentage of alcohol-appropriate responses following Water (IG). However, IC inactivation
had no effect on alcohol-appropriate responses following the training dose of alcohol (1
g/kg, 1G). (C) M+B infusion did significantly decrease response rate relative to vehicle. (D)
Locomotor rate was significantly decreased with M+B infusion following Water and 1 g/kg
(IG). Dashed line (>80%) represents full expression of the discriminative stimulus effects of
alcohol. * significant difference from vehicle in the Water condition (i.e., 0 g/kg; Tukey,
p<0.05;n= 7). Values on graphs represent mean + SEM.
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Figure 5. Pharmacological inactivation of the rhomboid thalamic nucleus partially substitutes for
the discriminative stimulus effects of the alcohol training dose

(A) Rhomboid thalamic nucleus unilateral injector tip placements from individual
discrimination-trained rats with accurate placements. (B) Temporary inactivation of the
rhomboid thalamic nucleus, through unilateral infusion of muscimol+baclofen (M+B),
increased mean (£SEM) percentage of alcohol-appropriate responses following Water (1G)
but had no effect following the training dose of alcohol (1 g/kg, 1G). (C) Response rate was
significantly decreased with M+B infusion relative to vehicle. (D) However there was no
effect on locomotor rate. Dashed line (>80%) represents full expression of the discriminative
stimulus effects of alcohol. *significant difference from vehicle in the Water condition (i.e.,
0 g/kg; Tukey, p< 0.05;n= 4). Values on graphs represent mean £ SEM.
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Figure 6. Pharmacological inactivation of anatomical controls/misses produced no effectson the
discriminative stimulus effects of the alcohol training dose

(A) Alcohol significantly increased the mean (£SEM) percentage of responding on the
alcohol-appropriate lever relative to Water. However, infusion of muscimol+baclofen (M+B)
had no effect alcohol-appropriate responses following Water or alcohol (1g/kg, 1G). (B)
Response rate and (C) locomotor rate were significantly lowered with M+B infusion,
relative to vehicle. Dashed line (>80%) represents full expression of the discriminative
stimulus effects of alcohol. (Tukey, p<0.05; n=10) Values on graphs represent mean + SEM.
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