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Abstract

Combined use of nicotine and alcohol constitute a significant public health risk. An important
aspect of drug use and dependence are the various cues, both external (contextual) and internal
(interoceptive) that influence drug seeking/ taking behavior. The present experiments employed
the use of Designer Receptors Exclusively Activated by Designer Drugs (DREADDSsS) and
complementary Pavlovian drug discrimination procedures (Feature Positive and Feature Negative
training conditions) in order to examine whether medial prefrontal cortex (prelimbic; mPFC-PL)
projections to the nucleus accumbens core (AcbC) modulate sensitivity to a nicotine+alcohol (N
+A) interoceptive cue. First, we show neuronal activation in mPFC-PL and AcbC following
treatment with N+A. Next, we demonstrate that chemogenetic silencing of projections from
mPFC-PL to nucleus accumbens core decrease sensitivity to the N+A interoceptive cue, while
enhancing sensitivity to the individual components, suggesting an important role for this specific
projection. Furthermore, we demonstrate that clozapine-N-oxide (CNQO), the ligand used to
activate the DREADDs, had no effect in parallel mCherry Controls. These findings contribute
important information regarding our understanding of the cortical-striatal circuitry that regulates
sensitivity to the interoceptive effects of a compound N+A cue.
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Introduction

Nicotine and alcohol are two of the most commonly co-abused substances and together
constitute two of the greatest causes of preventable death world-wide. When used in
combination, rates of heart disease and cancers of the mouth, esophagus and liver increase
substantially (Castellsague et al. 1999; Franceschi et al. 1990; Olsen et al. 1985; Pelucchi et
al. 2008). Considering the significant cost of nicotine and alcohol co-use, gaining a better
understanding of the underlying neurobiology modulating behaviors relevant to seeking and
taking nicotine and alcohol together is crucial for the development of more effective
treatments.

Drug seeking behavior is influenced by salient cues, both external (contextual) and internal
(interoceptive). Given that individuals who use nicotine and alcohol regularly consume both
together, the interoceptive effects are experienced together. It has previously been
demonstrated by our lab and others that the combined nicotine and alcohol (N+A)
interoceptive effects can be trained as a cue that predicts reward and represents a more
complex cue than either the nicotine or alcohol components on their own (Ford et al. 2013;
Ford et al. 2012; Randall et al. 2016; Troisi et al. 2013). The present work seeks to build on
these findings by exploring the role of two interconnected brain regions implicated in both
associative learning (i.e., drug discrimination) and drug-seeking behavior: the medial
prefrontal cortex (mPFC) and the nucleus accumbens core (AcbC). Of particular interest to
the current studies is that mPFC has a high density of a4p2 nicotinic acetylcholine (ACh)
receptors which have been shown to be affected by alcohol in addition to nicotine
(Chatterjee and Bartlett 2010; Colombo et al. 2013; Dineley et al. 2015; Millar and Harkness
2008). Moreover, previous work from our lab has shown that mPFC and AcbC are both
involved in aspects of alcohol-related behavior. For example, mPFC inactivation produces
alcohol-like effects, substituting for alcohol under operant drug-discrimination conditions
(Jaramillo et al. 2016). Moreover, AcbC plays an important role in modulating sensitivity to
interoceptive drug cues and maintenance of alcohol self-administration (Bassareo et al.
2017; Besheer et al. 2014; Besheer et al. 2009; Bull et al. 2014).

In rodents, the mPFC can be functionally divided into dorsal and ventral sub-regions
(prelimbic and infralimbic cortices). The prelimbic (PL) division has been shown to play an
important role in numerous behaviors including action-selection, instrumental learning and
drug seeking, aspects of associative learning, goal-directed behavior, and extinction (Miller
and Marshall 2005; Peters et al. 2009; Zavala et al. 2007). mPFC-PL lesions or inactivation
has been shown to produce deficits in attentional selectivity (Muir et al. 1996), and increases
in perseverative responding (Chudasama and Muir 2001). In contrast, the infralimbic (IL)
division of mPFC appears to play a role in behavioral inhibition and may be more involved
in habitual responding than goal-directed behavior (Moorman et al. 2015). For example,
inactivation of IL produces spontaneous recovery for cocaine and heroin following
extinction or periods of abstinence (Ovari and Leri 2008; Peters et al. 2008). Furthermore,
PL, but not the IL, sends projections to AcbC (Vertes 2004), as we have previously
confirmed (Jaramillo et al. 2016), and is a region important for drug-seeking behavior. For
example, PL, but not IL lesions block cocaine-induced increases in AcbC glutamate (Baker
et al. 2003; Pierce et al. 1998).
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In taking these differential roles of PL and IL into consideration, the current experiments are
focused on mPFC-PL and its projections to AcbC and their role in modulating sensitivity to
a N+A compound interoceptive drug cue and its individual components (i.e., nicotine or
alcohol alone). As such, the first goal of this work was to demonstrate that these brain
regions are activated by the N+A training dose selected for use in these studies. To do so, c-
Fos expression in mPFC-PL and AcbC was examined following N+A treatment. Next, an
important aspect of these assessments was to determine whether this circuitry is
differentially recruited depending on whether the N+A compound cue is trained as a Feature
Positive (FP) or Feature Negative (FN) drug cue. That is, is this circuitry differentially
engaged when the N+A cue is excitatory (associated with sucrose reward; FP) or inhibitory
(associated with the absence of sucrose reward; FN)? The use of these complementing
procedures is important as they likely rely on different mechanisms (Bouton, 1998). FP
relies on a direct stimulus-response circuit whereas FN relies on a context specific inhibitory
circuit. As such, the current studies allow for a powerful assessment of the ability of N+A to
both drive and inhibit reward-seeking behavior and for determination of the functional
involvement of mPFC—AcbC projections in modulating these different behavioral
responses. Furthermore, this work implements a chemogenetic approach by utilizing
Designer Receptors Exclusively Activated by Designer Drugs (DREADDS) in order to
selectively silence mPFC-PL to AcbC projections. By taking this approach, we were able to
observe the selective effects of silencing mPFC-PL projections to AchC on sensitivity to the
compound N+A interoceptive cue and the nicotine and alcohol components.

Materials and Methods

Animals

64 Adult male Long-Evans rats (Envigo-Harlan) were used for these experiments. The
vivarium room was maintained on a 12-h light/dark cycle and experiments were conducted
during the light portion of the cycle. Rats had ad libitum access to water in the home cage
and were fed daily to maintain body weight. Animals were under continuous care and
monitoring by veterinary staff from the Division of Comparative Medicine (DCM) at UNC-
Chapel Hill. All animal procedures were approved by the UNC-Chapel Hill Institutional
Animal Care and Use Committee (IACUC). All procedures were carried out in accordance
with the NIH Guide to Care and Use of Laboratory Animals and institutional guidelines.
UNC-Chapel Hill is accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC).

Drugs and Viral Constructs

Alcohol (95% w/v, Pharmaco-AAPER) was diluted in distilled water to a concentration of
20% (v/v). Nicotine tartrate (Sigma-Aldrich) was dissolved in 20% alcohol (v/v) for N+A
experiments or distilled water for nicotine alone experiments and administered IG, with
volumes varied by weight to obtain the desired doses (Randall et al. 2016). Nicotine doses
are reported in base form. Clozapine-N-oxide hydrochloride (CNO; Research Triangle
Institute, Durham, NC), was dissolved in aCSF. For DREADD experiments, AAV8-hSyn-
DI0-hM4D(Gi)-mCherry or AAV8-hSyn-DIO-mCherry (control virus) + AAV8 Cre
recombinase (UNC Vector Core, 10t#4980D/4981C; Vector Biolabs, Lot#v4479/4481,
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respectively) were used. Sucrose (Great Value Brand granulated cane sugar) was dissolved
in tap water to 26% (w/v).

Chambers (Med Associates) measuring 31 X 24 x 32 cm were located within sound
attenuating cubicles and equipped with an exhaust fan that provided ventilation and masked
external sounds. Two cue lights were located on one wall of the chamber adjacent to a liquid
dipper receptacle equipped with a photobeam detector that was used to detect head entries
into the receptacle. When activated, the dipper arm was raised for 4 sec and presented 0.1 ml
of 26% sucrose (w/v). Chambers were also outfitted with infrared photobeams (that divided
the chamber into 4 parallel zones) to measure locomotor activity during sessions (humber of
beam breaks).

Sucrose Access Training

Procedures were similar to those described in detail in (Besheer et al. 2012; Jaramillo et al.
2017; Randall et al. 2016). Briefly, rats had three 50-min sessions in which sucrose (26%
wi/v) was randomly presented across the session to train rats to approach the liquid
receptacle. The probability of sucrose presentation decreased from the first to the last session
and by the last 10 min of the final session rats received approximately 0.75 sucrose
presentations/min.

Pavlovian Drug Discrimination Training Procedures:

Figure 1 depicts the Pavlovian training procedure. Training sessions were identical to those
described in Randall et al. (2016). Briefly, training was conducted 5 days per week (M-F)
during which a nicotine (0.4 mg/kg) + alcohol (1 g/kg) mixture (N+A) or water was
administered by intragastric gavage (IG) prior to the start of the sessions. Immediately
following N+A or water administration the rats were placed in the chambers. During this
time no cue lights were illuminated, no sucrose was presented and head entries into the
liquid receptacle were not recorded. The 15-min session began after a 10-min delay. For the
Feature Positive (FP) groups, on N+A sessions, the offset of each of the 15-sec cue light
presentations (10 total) was followed by sucrose presentation. On water sessions, no sucrose
was delivered following the offset of the cue light presentations. For the Feature Negative
(FN) groups, the reverse training occurred. That is, sucrose was presented following light
presentations on water sessions, but not on N+A sessions. There were 10 cue light
presentations (conditioned stimulus, CS) during each session. The onset of the first CS
presentation varied from 45-75 s, and the inter-trial intervals (time from CS offset to the
next CS onset) ranged from 30-105 s. Water and N+A training days varied on a double
alternation schedule (W, W, N+A,N+A...). The primary dependent measure from training
and later test sessions was the discrimination score. The discrimination score was calculated
by subtracting the number of head entries that occurred in the 15 sec before cue light onset
(i.e., pre-CS) from the head entries that occurred during the 15-sec cue light CS (Besheer et
al. 2012; Randall et al. 2016). This score served as a measure of behavioral activation in
response to the cue. The training sessions for both groups continued until the following
acquisition criteria were met for both the first and the average discrimination score: For FP
groups, the average of the discrimination score from the preceding two N+A sessions had to
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be 2150% of the average of the discrimination scores from the preceding two water sessions.
For FN groups, the average of the discrimination score from the preceding two water
sessions had to be >150% of the average of the discrimination score from the preceding two
N+A sessions. Testing began once these criteria were met.

Testing Procedures:

For experiment 3, individual test sessions were 2 min in duration (following the 10 min
delay), with 1 light presentation that was followed by sucrose presentation. For these
sessions, onset of light presentation was randomized and varied from 45-105 seconds into
the 2-minute test period. Cumulative dosing procedures were used as we describe in
(Besheer et al. 2012; Randall et al. 2016), in which 4 separate tests were conducted in
succession such that testing of the stated dose curve was completed in approximately 48
min. This approach was used as it allowed for the fewest number of microinjections to limit
tissue damage, while collecting a full dose response curve for N+A and nicotine and alcohol
alone. The cumulative testing procedure has been shown to produce comparable results to
traditional dose response curves that use discrete dosing in operant drug discrimination
protocols (Hiltunen and Jarbe 1989). Test sessions were interspersed with training sessions.
While uncommon, if an animal did not meet the criteria for testing (i.e., acquisition criteria
above), the animal remained in the home cage on that test day. These animals continued with
the testing schedule and made up any missed sessions at the end. For all behavioral
experiments, testing occurred in a repeated measures (RM) design with all rats receiving all
treatments in a randomized order.

Surgical Procedures (DREADD injection and AcbC cannulation)

Surgical and DREADD injection procedures were similar to those described in Jaramillo et
al., 2017. Rats anesthetized with 3% isoflurane received a bilateral microinjection of AAV8-
hSyn-hM4D(Gi)-mCherry or AAV8-hSyn-mCherry + AAV8 Cre recombinase (UNC Vector
Core, 10t#4980D/4981C; Vector Biolabs, Lot#v4479/4481) at a ratio of 7:3 into the mPFC-
PL (AP +3.2, ML 0.6, DV -3.0 from skull) at a volume of 2.0 pl/side across 10-min. The
injector remained in place for an additional 10-min to allow for diffusion. 5 weeks post-
infusion, anesthetized rats received bilateral implantation of 26-gauge guide cannulae
(Plastics One, Roanoke, VA) aimed to terminate 2 mm above the AcbC (coordinates: AP
+1.7, ML 1.5 mm, DV -4.8 mm). Coordinates were based on (Paxinos & Watson, 2007).
CNO 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 1-min after the infusion to allow for diffusion. Additional microinjection
procedures are described in detail in (Besheer et al. 2014; Cannady et al. 2011; Jaramillo et
al. 2017). At the conclusion of Experiment 2, DREADD expression was verified (see
procedures below). Additionally, brain tissue was also stained with cresyl violet to verify
bilateral cannulae placement. Only data from rats with verified DREADD expression and
bilateral cannulae/injector tracts determined to be in the target brain regions were used in the
analyses.
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DREADD Verification Procedures

Electrophysiological verification of DREADD function can be found in supplemental
materials and Supplemental Figure 1. All experiments included verification of DREADD
expression using IHC verification. At the end of the study, rats were anesthetized with
pentobarbital (60 mg/kg, IP) and transcardially perfused with 0.1M PBS followed by 4%
paraformaldehyde (4°C; pH=7.4). Brains were then extracted and stored in 4%
paraformaldehyde overnight before being moved to 30% (w/v) sucrose in 0.1M PBS
solution, and subsequently sliced on a freezing microtome into 40 um coronal sections.
Tissue was stored in cryoprotectant (—=20°C) until ready for processing. Free-floating coronal
sections (40 um) were incubated in rabbit anti-DSRed (1:2500; Clontech, CA) for 24 h at 4
°C. Sections were then incubated at RT in fluorescent conjugated secondary antibody (goat
anti-rabbit 594; Life Technologies, MA). hM4D-mCherry expression was confirmed by
immunofluorescence (individual expression represented as 20% opacity) using a Nikon 80i
Upright fluorescent microscope (Nikon Instruments, NY).

c-Fos immunohistochemistry and quantification procedures

90 minutes following N+A injection, rats were anesthetized with sodium pentobarbital and
then transcardially perfused with ice cold 0.1M PBS followed by 4% paraformaldehyde.
Brains were then extracted and stored in 4% paraformaldehyde overnight at 2°C. Brains
were then moved to 30% sucrose (w/v) in 0.1M PBS and stored at 2°C. 40 micron coronal
sections were taken on a freezing sliding microtome. IHC staining and quantification
procedures were similar to those we have previously described (Besheer et al. 2014;
Cannady et al. 2011; Jaramillo et al. 2016). Free-floating coronal sections were incubated in
rabbit anti-c-Fos antibody (1:20,000; Millipore; lot #2905394) for 48 h at 4 °C with
agitation. The brain regions examined were the mPFC-PL ( AP +4.2 to +3.2 mm) and AcbC
and AcbSH(AP -2.3 to —1.3) according to (Paxinos and 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 pixels/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 quantification
was conducted by an experimenter blind to experimental conditions.

Experiment 1: Verification of mPFC-PL and AcbC activation following N+A
injection—In order to determine whether the N+A combination to be used as the training
dose in these studies induces neuronal activation in the mPFC-PL, AcbC or nucleus
accumbens shell (AcbSh) c-Fos immunoreactivity was assessed. Rats (n=12) trained on the
FP condition described above (Acquisition and cumulative curve shown in Supplemental
Figure 2) were injected with N+A (0.4 mg/kg nicotine + 1.0 g/kg alcohol, IG) or water and
returned to the home cage (i.e., training session withheld). 90 min later rats were sacrificed
and brains were processed and quantified for c-Fos immunoreactivity as previously
described (Besheer et al. 2014; Cannady et al. 2011; Jaramillo et al. 2016). Given that the
goal of this experiment was to determine whether the N+A training dose would induce
neuronal activity in the brain circuitry of interest, this experiment was only carried out in
rats trained on the FP procedure.
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Experiment 2: Effects of chemogenetic silencing of mPFC-PL—>AcbC
projections on sensitivity to N+A and its components.—In order to determine
whether silencing mPFC-PL—AcbhC projections affected sensitivity to the N+A cue, two
separate groups of rats were trained on the N+A Pavlovian discrimination, with one group
(n=20) trained on the feature positive (FP) variant and one group (n=20) trained on the
feature negative (FN) variant. Prior to training, rats were injected with hM4D (n=10 FP, 10
FN) or mCherry (n=10 FP, 10 FN). Following a week of recovery, rats underwent
discrimination training. 5 weeks after the DREADD surgery, all rats underwent a second
surgery to have bilateral microinjection cannulae targeting AcbC implanted. Following
another week of recovery, all rats returned to training to re-establish baseline before testing
began (i.e., at least 7 weeks from DREADD injection). For test sessions, both FP and FN
groups received bilateral microinjections of CNO (0, 3 uM; 0.5 pL/side) into AcbC, 5
minutes prior to a cumulative N+A test session (0.1N+0.1A, 0.2N+0.3A, 0.4N+1A, 0.8N
+1.7A mg/kg+g/kg, 1G), nicotine alone (0.1, 0.2, 0.4, 0.8 mg/kg, 1G), and alcohol alone (0.1,
0.3,1, 1.7 g/kg, IG). All N+A testing was completed first and then component testing was
completed in a counterbalanced manner.

Statistical Analyses

c-Fos quantification was analyzed using independent samples t-tests to compare expression
between N+A and water pretreatments in each brain region. Given that the FP and FN
groups have opposite training experience, these groups were analyzed separately. The
number of head entries into the liquid receptacle was recorded in 15-s intervals throughout
the training and testing sessions. The discrimination score was calculated by subtracting the
number of head entries that occurred in the 15 sec before light onset (i.e., pre-CS) from the
head entries that occurred during the 15-sec light CS (Besheer et al. 2012; Randall et al.
2016). The first head entry discrimination score (i.e. prior to feedback from sucrose
delivery) was used as the primary dependent variable. PreCS head entries were examined for
test sessions to determine whether there were changes in general head entry behavior.
Locomotor rate (beam breaks/min) was analyzed for the entire session and served as a
measure of non-specific motor activity. For the cumulative substitution tests, to confirm that
the N+A training dose induced similar discrimination performance to that of N+A training
session, a paired samples t-test was used to compare the discrimination score from the
training dose (0.4N+1A) at the test to the average of the 2 N+A sessions prior to testing (i.e.,
baseline) (Jaramillo et al. 2017; Randall et al. 2016). All cumulative test curves were
analyzed using factorial repeated measures analysis of variance (RM-ANOVA) with
DREADD group as a between factor and CNO dose and cumulative testing dose as within
factors. Where interactions exist, individual RM-ANOVA and post-hoc analysis (Tukey)
were used to assess differences within DREADD conditions and CNO dose on each
cumulative curve. In addition, substitution for the training condition was determined by
comparing the training dose in the cumulative curve (0.4N+1.0A, 0.4N alone or 1.0A alone)
following vehicle treatment to the average of the two previous N+A training sessions using a
paired sampled t-test. Significance was set at p<0.05.
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Results

Experiment 1: Verification of mPFC-PL and AcbC activation following N+A injection

Rats were trained on and acquired the N+A discrimination (See supplemental figure 2).
Following N+A there was a significant increase in c-Fos immunoreactivity (IR) in mPFC-PL
(t(12) = 3.102, p < 0.05; Figure 2A) and AcbC (t(12) = 2.982, p < 0.05; Figure 2B). There
was no significant difference in c-Fos IR in AcbSh (Figure 2C).

Experiment 2: Effects of chemogenetic silencing of mPFC-PL—AcbC projections on
sensitivity to N+A and its components.

FP Group

N+A Testing: mCherry expression was confirmed by immunofluorescence and individual
expression is represented by expression maps on Figure 3A. Figure 3B shows cannula
placements and Figure 3C shows representative staining for hM4D/mCherry (upper panels)
and cannulae (lower panels). 3 rats from the hM4D group and 1 rat from the mCherry
control group were excluded due to inefficient or absent viral expression. 1 rat from the
hM4D group and 2 rats from the mCherry control group were excluded due to inaccurate
AchC cannulae placements. As such, the following analyses and accompanying figures
represent n=6 hM4D and n=7 mCherry control. Mean (+SEM) baseline N+A discrimination
scores prior to testing were 5.2+0.17 and 4.940.30 for hM4D and mCherry groups,
respectively. The training dose of N+A in the curve following vehicle treatment fully
substituted for the N+A training condition in both the hM4D and mCherry control groups.
As shown in Figure 3D, there was a significant main effect of N+A dose (F[3,66] = 16.983,
p =0.0001), a N+A dose by group interaction (F[3,66] = 3.057, p =0.034), a CNO by N+A
dose interaction (F[3,66] = 3.130, p = 0.031). Post-hoc analysis showed that following intra-
AcbhC CNO, discrimination score at the training dose (0.4N+1.0A) was decreased in the
hM4D group compared to vehicle or the mCherry control group, suggesting decreased
sensitivity to the N+A training dose. There was no effect of CNO in the mCherry control
group. There were no significant effects on locomotor rate (Table 1). In addition, there was
no effect of CNO on PreCS head entries (Table S1), indicating that the effects observed on
discrimination score were not the result of general changes in head entry activity but were
specific to activation of the stimulus light. These results indicate that silencing the mPFC-PL
to AcbC projection directly modulates response to the N+A cue, decreasing sensitivity.

Nicotine Alone Testing: Mean (xSEM) baseline N+A discrimination scores prior to testing
nicotine alone were 5.4+0.62 and 5.1+0.25 for hM4D and mCherry groups respectively. The
training dose of nicotine (0.4 mg/kg) in the curve fully substituted for the N+A training
condition in both the hM4D and mCherry control groups. As shown in Figure 3E, there was
a main effect of nicotine dose on discrimination score (F[3,66] = 17.961, p = 0.0001) with
discrimination score increasing as nicotine dose increased. There were no effects of CNO in
the mCherry control group. Locomotor rate was not affected by CNO (Table 1). PreCS head
entries were not affected by CNO (Table S1). These findings suggest that silencing mPFC-
PL to AchC projections does not affect sensitivity to the nicotine component in FP rats.
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Alcohol Alone Testing: Mean (xSEM) baseline N+A discrimination scores prior to testing
alcohol alone were 4.8+0.61 and 5.3+0.34 for hM4D and mCherry groups respectively. The
training dose of alcohol (1.0 g/kg) in the curve following vehicle treatment, did not
substitute for the N+A training condition in either the hM4D or mCherry control groups.
That is, discrimination score was significantly lower than the N+A baseline. As shown in
Figure 3F, there was a main effect of alcohol dose (F[3,66] = 8.524, p = 0.0001), a CNO by
alcohol dose interaction (F[3,66] = 3.221, p = 0.030) and a group by CNO interaction
(F[1,22] = 7.777, p = 0.010). Post hoc analysis showed that following microinjection of 3uM
CNO into AcbC, discrimination score significantly increased at 0.1 and 0.3 and 1.0 g/kg
doses suggesting that silencing this projection made the alcohol component more similar to
the N+A training dose. There were no effects of CNO in the mCherry control group.
Locomotor rate was not affected (Table 1). PreCS head entries were not affected by CNO
(Table S1).

FN Group:

N+A Testing: mCherry expression was confirmed by immunofluorescence and individual
expression is represented by expression maps on Figure 4A. Figure 4B shows cannula
placements and Figure 4C shows representative staining for hM4D/mCherry (upper panels)
and cannulae (lower panels). 3 rats from each group were excluded due to inefficient or
absent viral expression. As such, the following analyses or accompanying figures represent
n=7 hM4D and n=7 mCherry control. Mean (+SEM) baseline N+A discrimination scores
prior to testing were 1.0+£0.55 and 1.3+0.22 for hM4D and mCherry groups respectively. The
training dose of N+A in the curve (0.4N+1.0A) following vehicle treatment fully substituted
for the N+A baseline in both the hM4D and mCherry control groups. As shown in Figure
4D, there was a significant main effect of N+A dose (F[3,72] = 39.561, p = 0.0001), a N+A
dose by group interaction (F[3,72] = 2.875, p =0.042), a CNO by N+A dose interaction
(F[3,72] = 2.823, p = 0.044). Post-hoc analysis showed that following intra-AcbC CNO,
discrimination score at the training dose (0.4N+1.0A) was significantly higher in the hM4D
group compared to vehicle or the mCherry control group, suggesting decreased sensitivity to
the N+A training dose. In addition, there was a main effect of N+A dose on locomotor rate
(F[3,72] = 5.339, p = 0.002, Table 1). There was no effect of CNO on PreCS head entries
(Table S1). These findings again suggest that silencing the mPFC-PL—AcbC projection
directly modulates sensitivity to the N+A cue, reducing sensitivity.

Nicotine Alone Testing: Mean (xSEM) baseline N+A discrimination scores prior to testing
nicotine alone were 0.8+0.23 and 0.9+0.62 for hM4D and mCherry groups respectively. The
training dose of nicotine in the curve (0.4 mg/kg) following vehicle treatment did not
substitute for the N+A training condition in either the hM4D or mCherry control groups.
That is, discrimination score was significantly higher for nicotine alone compared to N+A
baseline. As shown in Figure 4E, there was a main effect of nicotine dose (F[3,72] = 3.655,
p = 0.016), a nicotine dose by group interaction (F[3,72] = 2.919. p = 0.039) and a nicotine
dose by CNO dose interaction (F[3,72] = 3.012, p = 0.035). Post-hoc analysis showed that
following 3uM CNO, discrimination score at 0.4 and 0.8 mg/kg nicotine was significantly
decreased compare to vehicle and mCherry controls suggesting that silencing this projection
made the nicotine component more like the N+A training dose in the FN group.
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Furthermore, there were no effects of CNO in the mCherry control group. Locomotor rate
was not affected (Table 1). PreCS head entries were not affected by CNO (Table S1).

Alcohol Alone Testing: Mean (xSEM) baseline N+A discrimination scores prior to testing
alcohol alone were 1.4+0.15 and 1.2+0.41 for hM4D and mCherry groups respectively. The
training dose of alcohol (1.0 g/kg) in the curve following vehicle treatment did not substitute
for the N+A training condition in either the hM4D or mCherry control groups. That is,
discrimination score was significantly higher than N+A baseline. As shown in Figure 4F,
there was a main effect of alcohol dose on discrimination score (F[3,72] = 19.041, p =
0.0001) with discrimination score decreasing as alcohol dose increased. There were no
effects of CNO in the mCherry control group. In addition, there was a main effect of alcohol
dose on locomotor rate (F[3,72] = 7.165, p = 0.0001, Table 1) with locomotor rate
decreasing as alcohol dose increased. PreCS head entries were not affected by CNO (Table
S1). This finding suggests that silencing this projection does not affect sensitivity to the
alcohol component in the FN group.

Discussion

Here we demonstrate that the N+A training dose (0.4 mg/kg nicotine + 1.0 g/kg alcohol)
induces neuronal activation in the mPFC-PL and AcbC. Moreover, sensitivity to a N+A
interoceptive cue and its individual components are differentially modulated by mPFC-PL
projections to AcbC. That is, silencing mPFC-PL projections to AcbC blocked sensitivity to
the N+A cue and enhanced sensitivity to the components.

N+A increases neuronal activity in mPFC-PL and AcbC

The goal of the c-Fos experiment (Experiment 1) was to determine whether the N+A
training dose would induce neuronal activation in the mPFC-PL and Acb circuitry. Because
rats that undergo N+A discrimination training receive an extensive history of N+A exposure,
it was important to use N+A discrimination-trained rats rather than N+A naive rats.
Therefore, rats received FP training history and on the terminal test received non-contingent
treatment with N+A (i.e., in the home cage, no training session). We found increased
neuronal activation relative to rats with the same N+A history that were treated with water.
Importantly, increases in c-Fos were not observed in AcbSH, further supporting the specific
role of mPFC-PL projections to AcbC. While this experiment was limited in scope, it would
be interesting for future work to determine whether N+A training history would affect N+A
neuronal activation. That is, to test the consequences of N+A prior to a behavioral session in
FP and FN groups. Additionally, the finding of this pattern of neuronal activation is likely
not unique to N+A, as it is probable that other drugs of abuse would activate these brain
regions. However, this assessment was important to confirm that the N+A training dose
would activate these brain regions.

Silencing mPFC-PL—AcbC Projections

When mPFC-PL—AchC projections were selectively silenced, discrimination of N+A was
disrupted. That is, sensitivity to the N+A training dose was blocked in both the FP and FN
groups. Furthermore, the fact that FN rats also showed a disruption is important as it
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suggests that our findings under FP conditions are not simply the result of generally blunting
the excitatory response, but that it is specific to disrupting the trained behavioral response.
These data suggest that this projection likely plays a role in the expression of sensitivity to
the N+A cue, and/or that this projection may be needed to drive goal-tracking behavior in
the presence of the N+A cue. Interestingly, a previous study has shown that optogenetic
inhibition of PL—NACc projections decreases reinstatement to cocaine seeking (Stefanik et
al. 2013) and AcbC glutamate release induced by a cocaine prime is blocked by mPFC-PL
inactivation (McFarland et al. 2003). Furthermore, it is important to note that silencing the
mPFC-PL—AcbC projections did not affect PreCS head entries (Table S1). This is an
important finding that demonstrates that the effects observed were specific to changes in
behavioral activation in response to the stimulus light.

Another interesting finding from silencing mPFC-PL— AcbC projections was that when the
individual components were tested, the effects were dependent on the training group (i.e., FP
vs FN). In the FP group, when the components (alcohol or nicotine alone) were tested,
silencing this projection increased sensitivity to the alcohol component, fully substituting for
N+A. Again, there were no effects on PreCS head entries, suggesting that these effects were
not the result of a general increase in head entry activity but instead specifically in response
to the stimulus light. This pattern of increased head entries suggests that silencing
mPFC—AcbC projections caused the alcohol component to be more N+A-like. This further
suggests that the balance of the relative contribution of the nicotine and alcohol components
may be disrupted following silencing of the mPFC-PL—AchC projections. As such, it is
possible that the enhanced sensitivity to the alcohol component may have contributed to the
blunted sensitivity to the N+A compound, as under “normal” conditions the alcohol
component plays a lesser role in the compound cue than nicotine (Randall et al., 2016). This
finding also suggests that response to the alcohol component may be directly modulated by
this projection. For example, Seif et al. (2013) showed that aversion-resistant alcohol intake
depends on this projection. This is interesting in that it may suggest an important role for
these projections in processing alcohol-related information. Indeed, our lab has previously
shown that inactivation of mPFC produces alcohol-like effects in an operant discrimination
model (Jaramillo et al. 2016) and modulation of glutamatergic transmission in AcbC affects
sensitivity to alcohol (Besheer et al. 2014; Besheer et al. 2009).

In contrast, in the FN group, silencing the mPFC-PL—AcbC projection enhanced sensitivity
to the nicotine component while not affecting the alcohol component. Again, this is in the
absence of any changes in PreCS head entry activity, showing that these changes in behavior
are specific to the CS onset. Importantly, the observed differences between the FP and FN
groups are not necessarily surprising. As described by Bouton (1998), FP conditioning relies
on a simple feature-US relationship in which the cue is directly associated with the reward.
By contrast, the FN association is a more complex relationship to resolve in which the rat
must learn the significance of both the feature (drug state) and the target (cue light) in order
to determine the correct response (withholding behavior). Therefore, it is probable that
slightly different neural circuitry is engaged under the two training conditions and this is
supported by the present results.
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An important avenue for future research will be to determine whether there are differences
in brain-regional involvement in both training and response to FP vs FN cues. Given that the
FN discrimination relies on a more complex inhibitory association, the role of attentional
processes are likely greater in FN trained rats than FP, suggesting that silencing this
projection would disrupt attentional processes needed for the FN association. As such, a
possible explanation for the current findings is that nicotine alone increases attention,
restoring inhibitory processes needed for the FN discrimination. Indeed, neurons in mPFC-
PL are active during waiting periods of inhibitory response tasks (Narayanan and Laubach
2009) and inactivation of mPFC-PL has been shown to impair inhibitory control in such
tasks (Bari et al. 2011; Broersen and Uylings 1999; Narayanan et al. 2006; Narayanan and
Laubach 2006; Risterucci et al. 2003). Moreover, previous work from our lab has shown that
the nicotinic partial agonist varenicline substitutes for N+A in both FP and FN conditions,
which would suggest that activation of cholinergic systems (likely prefrontal cortical) plays
a significant role in maintaining these associations (Randall et al., 2016).

Another interesting consideration in reference to our previous findings with varenicline
(Randall et al., 2016), is that varenicline substitutes for the N+A compound cue, which
suggests that the N+A compound is not a unique cue. However, there is growing evidence
that varenicline decreases alcohol intake and may be effective in treating alcohol use
disorders (Bowers et al. 2005; McKee et al. 2009). This would instead suggest that
varenicline induces interoceptive effects that are similar to that of both nicotine and alcohol.

Methodological Considerations

Given that these experiments relied on repeated microinjections and the utilization of within
subject testing, cumulative dosing testing procedures were used. These testing procedures
allowed for the assessment of a full dose response curve while minimizing the total number
of microinjections and minimizing the amount of damage done from repeated injector
insertions. Importantly, in an operant drug discrimination task, the cumulative dosing
strategy has been shown to produce results that do not differ from traditional discrete dose
response curves (Hiltunen and Jarbe 1989). Furthermore, rats were extensively trained and
received training sessions between all testing sessions so it is unlikely that conditioning was
not supplanted by the testing procedures.

An important aspect of these experiments was the rigorous use of controls. Recently, it has
been shown that CNO has low affinity for DREADD receptors and is rapidly converted into
clozapine /n vivo, which has high affinity for DREADD receptors (Gomez et al. 2017).
Moreover, clozapine is detectable in plasma within 30 minutes following CNO injection (5
mg/kg, IP) in Long-Evans rats (MacLaren et al. 2016). With particular relevance to the
current experiments, there is evidence that clozapine can produce discriminative stimulus
effects (Goudie et al. 1998; Prus et al. 2016) and decrease alcohol-stimulated behavior
(Thrasher et al. 1999), which has the potential to impact sensitivity to the N+A cue. In light
of these studies, the inclusion of mCherry CNO-treated controls is crucial for data
interpretation. In the current work, each behavioral experiment had a complementary
mCherry control group that was trained and tested in parallel to verify that CNO, at the
doses tested, was not modulating behavior on its own. As shown in the series of
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discrimination experiments, CNO did not change behavior in any of the mCherry control
groups. These findings support that the observed results in the hM4D groups are the result of
silencing the mPFC-PL—AchC projections.

Another important feature of the present work was the functional validation of the
DREADD:s in the mPFC-PL using electrophysiology. Using immunohistochemistry we also
showed robust DREADD expression in the mPFC-PL and in terminal fields of the AcbC, the
site at which CNO was infused in the behavioral experiments. However, even though
behavioral changes were observed following silencing of the mPFC-PL—AcbhC projections,
we did not directly determine whether CNO application in the AcbC inhibits activity of the
mPFC-PL—AcbhC projections. Silencing via activation of Gi DREADDs in axon terminals
has been well demonstrated (Lichtenberg et al. 2017; Stachniak et al. 2014), but this would
also be an important confirmatory experiment within the context of the present work.

An interesting question moving forward is whether or not DREADD activation produces
interoceptive effects and whether or not this in and of itself can act as a cue in this task.
Indeed, prior studies have shown that Gi DREADD activation in the insular cortex and
insular cortex to AcbC projections produces alcohol-like effects in rats trained to
discriminate 1 g/kg alcohol from water (Jaramillo et al. 2017). Moreover, this raises the
question of whether silencing mPFC-PL—AcbC projections produce effects similar to N+A
when intra-AcbC CNO is administered alone in the absence of the N+A compound or the
components. However, given that discrimination performance was not potentiated (FN
group) or inhibited (FN group) at the lowest nicotine (0.1 mg/kg) and alcohol (0.1 g/kg)
doses when administered as part of the N+A compound or alone, makes such an explanation
less tenable. However, this will be an important question to test with future experiments.

The current experiments utilized a single dose of nicotine and alcohol for training. This
decision was based on previous work (Randall et al., 2016) and other literature in which
these doses of nicotine and alcohol were found to produce stable discrimination behavior
(Ford et al., 2012; Troisi et al., 2013). However, it would be valuable for future studies to
assess different dose combinations of nicotine and alcohol as there may be differences in
response following silencing of MPFC—AcbhC. Additionally, comparing the current findings
to rats trained on either nicotine or alcohol alone will be important for future studies as
baseline discrimination behavior may differ in comparison to rats trained on the compound
cue which may point to important circuit-related differences in the way that these cues are
processed and learned.

Prelimbic vs. Infralimbic Considerations

The focus of the present work was the role of mPFC-PL, based on our interest in mPFC-PL
to AcbC projections. However, there is great interest in the role of mPFC-IL in modulating
drug-related behaviors. Similar to PL, the role of IL has been debated. For example,
inactivation of IL has been shown to increase seeking behavior for heroin (Bossert et al.
2011; Bossert et al. 2012) while other studies show that lesion or inactivation of IL decrease
seeking behavior for cocaine (Pelloux et al. 2013; Vassoler et al. 2013), suggesting a drug-
type specific role for IL. Furthermore, there is some dispute over the anatomical division
between PL and IL. For example, both IL and ventral PL (where PL meets IL) send
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projections to AcbSH (Heidbreder and Groenewegen 2003), which may account for overlap
in function between these two divisions. It will be important for future studies to assess the
role of IL in modulation of sensitivity to the N+A compound cue.

Conclusions

Taken together, the current findings show that mPFC-PL and its projections to AcbC play a
role in modulating sensitivity to a N+A interoceptive drug cue and its components. This is
important considering the powerful role that drug-related cues play in advancing the
progression to addiction, influencing drug-motivated behavior, and inducing relapse to drug
seeking (Bevins and Besheer 2014). Moreover, it will be important for future studies to
examine other brain regions that receive input from mPFC-PL. Furthermore, considering
that the N+A compound interoceptive cue represents a more complex cue than, made up of
both nicotine and alcohol to varying degrees, future studies comparing rats trained on the
components alone to those trained on the compound could offer important insights into the
neurobiological underpinnings of combined nicotine-alcohol use and potentially lead to
better treatments.
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Diagram of Pavlovian discrimination training procedures. (A) Feature positive trained rats
received 0.1 ml of 26% sucrose following stimulus light offset on N+A sessions. On water
sessions, sucrose was not presented. (B) Feature negative trained rats received 0.1 ml of 26%
sucrose following stimulus light offset on water sessions. On N+A session, sucrose was not

presented.
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c-Fos expression in medial prefrontal cortex — prelimbic region (mPFC; A), nucleus

accumbens core (AcbC; B) and nucleus accumbens shell (AcbSh; C) following water or
0.4N+1.0A (0.4 mg/kg nicotine + 1 g/kg alcohol, IG) in rats trained to discriminate N+A
from water. Bars are mean (+SEM) c-Fos positive pixels/mm?2. There was significantly more
c-Fos expression in mPFC and AcbC following N+A compared to water. Representative
photomicrographs appear above each figure. Scale bars = 250 um. * - N+A treatment
significantly greater than water treatment (p < 0.05).
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Substitution curves for the Feature Positive group following mPFC-PL—AcbhC silencing. N
= 6 for the hM4D group and n = 7 for the mCherry control group. (A) Representative
expression maps for hM4D (red) and mCherry (blue), (B) cannulae placements for hM4D
(red dots) and mCherry (blue dots) and (C) representative photomicrographs showing
representative DREADD and mCherry (top panels, 2X and 20X images, scale bar is 1000
pum) and cannula placements (bottom panels, arrows indicate position of AcbC injector). (D)
Mean(+S.E.M.) discrimination score (head entries during the single 15-s light CS minus
head entries during 15 seconds before light onset) for the N+A substitution test. CNO
significantly decreased discrimination score at the training dose (0.4N/1.0A) compared to
vehicle and the mCherry control group suggesting that mPFC—AcbC projections are
important for modulating sensitivity to N+A. (E) Mean(+S.E.M.) discrimination score for
the nicotine only substitution test. (F) Mean(+S.E.M.) discrimination score for the alcohol
only substitution test. CNO significantly increased discrimination score at 0.1, 0.3 and 1.0
g/kg alcohol doses compared to vehicle and mCherry control suggesting that the alcohol
component of the compound cue is particularly sensitive to modulation by mPFC—AcbC
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projections. Solid lines indicate mean discrimination score from 2 water sessions prior to
testing. Dashed lines indicate mean discrimination score from 2 N+A sessions prior to
testing. +-denotes vehicle condition is significantly different from N+A baseline (p<0.05); *-
denotes significant difference from vehicle and mCherry control (p < 0.05).
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Figure 4.
Substitution curves for the Feature Negative group following mPFC-PL—AcbC silencing. N

=7 for the hM4D group and n = 7 for the mCherry control group. A) Representative
expression maps for hM4D (red) and mCherry (blue), B) cannulae placements for hM4D
(red dots) and mCherry (blue dots) and (C) representative photomicrographs showing
representative DREADD and mCherry (top panels, 2X and 20X images, scale bar is 1000
pum) and cannula placements (bottom panels, arrows indicate position of AcbC injector). (D)
Mean (+S.E.M.) discrimination score (head entries during the single 15-s light CS minus
head entries during 15 seconds before light onset) for the N+A substitution test. (E) Mean
(+S.E.M.) discrimination score for the nicotine only substitution test. CNO significantly
decreased discrimination score at the 0.4 and 0.8 mg/kg nicotine doses compared to vehicle
and mCherry control suggesting that in FN trained rats, sensitivity to the nicotine component
of the compound cue is sensitive to modulation by mPFC—AcbC projections. (F) Mean
(+S.E.M.) discrimination score for the alcohol only substitution test. Solid lines indicate
mean discrimination score from 2 water sessions prior to testing. Dashed lines indicate mean
discrimination score from 2 N+A sessions prior to testing. +-denotes vehicle condition is
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significantly different from N+A baseline (p<0.05); *-denotes significant difference from
vehicle and mCherry control (p<0.05).
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