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Abstract

Alcohol use disorder (AUD) most commonly presents as a polydrug disorder where greater than 85% are
estimated to smoke. EtOH and nicotine (NIC) co-abuse or exposure results in unique neuroadaptations that are
linked to behaviors that promote drug use. The current experiments aimed to identify neuroadaptations within
the mesolimbic pathway produced by concurrent EtOH and NIC exposure. The experiments used four overall
groups of male Wistar rats consisting of vehicle, EtOH or NIC alone, and EtOH+NIC. Drug exposure through
direct infusion into the posterior ventral tegmental area (pVTA) stimulated release of glutamate and dopamine
in the nucleus accumbens (NAc) shell, which was quantified through high-performance liquid chromatography
(HPLC). Additionally, brain-derived neurotrophic factor (BDNF) protein levels were measured via enzyme-
linked immunosorbent assay (ELISA). A second experiment investigated the effects of drug pretreatment within
the pVTA on the reinforcing properties of EtOH within the NAc shell through intracranial self-administration
(ICSA). The concluding experiment evaluated the effect of NAc shell pretreatment with BDNF on EtOH reward
utilizing ICSA within that region. The data indicated that only EtOH+NIC administration into the pVTA
simultaneously increased glutamate, dopamine, and BDNF in the NAc shell. Moreover, only pVTA pretreatment
with EtOH+NIC enhanced the reinforcing properties of EtOH in the NAc shell. BDNF pretreatment in the NAc
shell was also sufficient to enhance the reinforcing properties of EtOH in the NAc shell. The collected data
suggest that concurrent EtOH+NIC exposure results in a distinct neurochemical response and

neuroadaptations within the mesolimbic pathway that alter EtOH reward.
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Introduction

Alcohol is the most commonly used drug of abuse worldwide and accounts for more than 5% of global deaths
annually (WHO, 2018). Nearly 14% of the US population currently meets the diagnostic criteria for alcohol use
disorder (AUD) which is associated with numerous adverse health, economic, and social consequences (Hasin
and Grant 2015; Grant et al. 2015, 2017). Importantly, the majority of individuals with AUD have comorbid
disorders involving other drugs of abuse. This includes an estimated 65 - 90% that also use tobacco products
comprising the largest group of polysubstance abusers (Falk et al. 2006; Grant et al. 2015; Saha et al. 2018).
The high comorbidity of alcohol and tobacco use is associated with more severe levels of dependency and
increases the tendency to consume more of each drug (John et al. 2003; McKee et al. 2007). Additionally,
concurrent use decreases the likelihood of initiating abstinence (Weinberger et al. 2013; Adams 2017). The
propensity to consume alcohol and nicotine together creates an obstacle where each drug hinders successful
cessation of the other.

Despite the high levels of alcohol (EtOH) and nicotine (NIC) comorbidity in humans, preclinical research
often focuses on investigating the effects of individual drugs of abuse (Srisurapanont and Jarusuraisin 2005;
Jorenby et al. 2006; Motschman et al. 2016). In order to develop successful therapeutics for AUD as a polydrug
disorder, a better understanding of the mechanisms behind these associations is needed. It is necessary to
examine the shared neurobiological mechanisms and subsequent effects on behavior by concurrent EtOH and
NIC exposure, rather than individually. A growing body of research suggests the interactions between EtOH
and NIC may stem from direct and indirect modulation of the mesocorticolimbic pathway as well as
dysregulation of neurotransmitter regulatory systems (Van Skike et al. 2016). Previous research from our
laboratory has demonstrated EtOH and NIC co-exposure consistently results in unique alterations to the
mesocorticolimbic pathway that is not evident with either drug alone. For example, chronic self-administration
of EtOH and NIC, but not equivalent amounts of EtOH or NIC alone, increases sensitivity to the reinforcing
properties of NIC within the nucleus accumbens (NAc) shell. This chronic exposure also alters glutamate
neurochemistry within the medial prefrontal cortex (Deehan et al. 2015). Tizabi and colleagues (2002, 2007)
demonstrated that systemically administered EtOH and NIC generated an additive effect when measuring
stimulated dopamine release in the NAc shell. EtOH and NIC was likewise found to interact within the posterior
ventral tegmental area (pVTA) and produce synergistic effects on drug reward in the pVTA (Truitt et al. 2015).
Furthermore, a single administration of EtOH and NIC directly into the pVTA results in numerous gene changes
within the NAc shell which was not observed following comparable acute administration of EtOH or nicotine
alone (Truitt et al. 2015). Specifically, acute intra-pVTA co-exposure to EtOH and NIC produced a robust
upregulation of brain-derived neurotrophic factor (Bdnf) and a significant reduction in glial cell-derived
neurotrophic factor (Gdnf) mRNA in the NAc shell (Truitt et al. 2015).

Few studies have investigated BDNF protein expression following exposure to EtOH and NIC within the

mesolimbic pathway and how these changes may influence reward sensitivity. The NAc shell is well
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established as a critical brain region involved in motivated behaviors and reward (Sesack and Grace 2010).
Preclinical models of EtOH and/or NIC associated drug-seeking and reward indicate the behavioral changes
are potentially linked to altered neurotransmitter and BDNF levels in the NAc (Deehan et al. 2015; Truitt et al.
2015).

The overall hypothesis is that limited and concurrent exposure to EtOH and NIC results in unique
neurochemical responses within the mesolimbic system that facilitate the development of neuroadaptations
and promote future drug self-administration. The goal of the present study was to characterize alterations in
neurochemistry and behavior that are specific to co-exposure of naive animals to EtOH and NIC. The first
experiment determined how acute intra-pVTA microinfusions of vehicle, EtOH, NIC, or EtOH+NIC stimulate
dopamine and glutamate release within the NAc shell. Building on previous work, the second experiment
determined alterations in BDNF protein levels of the NAc shell produced by acute or repeated intra-pVTA
exposure to vehicle, EtOH, NIC, or EtOH+NIC as well as a temporal assessment of the observed effects. The
biological consequence of concurrent exposure to EtOH+NIC was assessed by determining the effects of
repeated intra-pVTA pretreatment with vehicle, EtOH, NIC, or EtOH+NIC on the reinforcing properties of EtOH
in the NAc shell. The significant elevation in levels of BDNF was identified as a potential mediator for the
enhancement of EtOH reward within the NAc shell following exposure to EtOH+NIC in the pVTA. Thus,
exogenous BDNF was directly infused into the NAc shell to determine whether increased levels of BDNF were

sufficient to enhance EtOH reward in that region.

Methods

Animals

Adult male Wistar rats (Hsd:WI, Research Resource Identifier [RRID]: RGD_737960, Harlan, Indianapolis, IN)
were utilized in the current study. All animals were maintained in fully accredited facilities by the Association for
the Assessment and Accreditation of Laboratory Animal Care. Research protocols were approved by the
Indiana University School of Medicine Institutional Animal Care and Use Committee (Protocols 10761 and
11115) and followed the National Institutes of Health Guide for Care and Use of Laboratory Animals (NRCC.
2011). This study was not pre-registered.

Animals were received in groups of 16 around post-natal day (PND) 75 weighing 300-350 grams and
arbitrarily paired in plastic shoebox cages for at least 2 weeks prior to use. A total of n = 351 animals were
utilized in the current experiments with 85.5% (n = 300) included in the final analyses. Some animals were
excluded for cannula placements outside the region of interest (ROI; n = 46) or technical complications (n = 5)
during sample collection. All rats were kept on a 12-hour reverse light cycle with lights off at 0900. All
experiments were carried out during the dark cycle. Food and water were available ad libitum to all animals
throughout the experiment. Experiments were carried out following PND 90. Pretreatments and/or experimental

days utilized 8 animals separated into 2 or 3 treatment groups (e.g. n = 8/experimental day composed of n = 2
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controls, n = 3 of EtOH, and n = 3 of NIC). Experimental days were then repeated following identical
procedures until a sufficient number of animals was reached for each treatment group. There was no specific
randomization technique performed to allocate subjects in the following experiments. The number of animals in
each group was based on previously published experiments demonstrating moderate to large effect sizes with
similar methods utilizing Wistar rats (Rodd et al. 2004; Engleman et al. 2006, 2009; Hauser et al. 2014a).
Immediately following all stereotaxic surgeries described herein, animals were administered 0.05 mg/kg
carprofen subcutaneously via a short action preparation and 0.5% bupivicaine was applied locally to minimize
pain according to the IACUC protocols. Additional injections of bupivicaine were administered as needed for 2—

4 days post-surgery.

EtOH and/or NIC microinjection-microdialysis and dialysate analysis

The microinjection-microdialysis procedure was implemented as previously described (Ding et al. 2009,
Toalston et al. 2014; Deehan et al. 2018). Briefly, rats were stereotaxically implanted with two ipsilateral guide
cannulas in the right hemisphere. A 22-guage microinjection cannula (Plastics One, Inc., Roanoke, VA) was
aimed 1.0 mm above the pVTA with an 18-guage microdialysis cannula implanted 3.0 mm above the NAc shell
while under isoflurane anesthesia. Coordinates for the pVTA and NAc shell were AP -5.6 mm, ML +2.1 mm,
DV -8.2 mm and +1.4 mm, ML +2.2 mm, DV -5.3 mm, respectively (Paxinos and Watson, 1998). Cannulas
were implanted at a 10° angle and inserted with sterile stylets while no experiments were being carried out to
prevent blockage and infection. After surgery, rats were single housed in new shoebox cages and allowed one
week of recovery. Rats were also habituated to the experimental housing and handled daily during this time.

Loop-style microdialysis probes were constructed as previously described with an active length of 2.0 mm
and molecular weight cut-off of 13 kDa (Kohl et al. 1998; Engleman et al. 2000; Ding et al. 2009; Toalston et al.
2014). Rats were placed under isoflurane anesthesia and the microdialysis probes were inserted into the NAc
shell by extending 3.0 mm below the guide cannula. The microinjection-microdialysis procedure was carried
out the following day.

All experiments were carried out in awake freely moving animals. Subjects were placed in the
experimental housing and the microdialysis probes were connected to a syringe pump to continuously perfuse
the NAc shell with artificial cerebrospinal fluid (aCSF) at a rate of 1 uL/minute. Microdialysis aCSF was made
up of 140.0 mM NacCl, 3.0 mM KCI, 1.2 mM CaCl,, 2.0 mM Na,HPO, « 7H20, and 1.0 mM MgCl, with a pH 7.2
to 7.4. Samples were collected in 20-minute intervals beginning with five baseline samples that started
following a 90-minute washout period.

Rats received challenge microinjections directly into the pVTA consisting of aCSF, EtOH only, NIC only or
combinations of EtOH and NIC. Nicotine HCI (Sigma-Aldrich, St. Louis, MO) concentrations were calculated
based on the salt. Ethyl alcohol (95%; McCormick Distilling Co., Weston, MO) was diluted to the desired

concentration with aCSF. The behavioral effects of EtOH are commonly described based on blood alcohol

This article is protected by copyright. All rights reserved



concentration (BAC; Mello and Mendelson 1972; Spanagal 2009; Koob 2013). For example, the legal
intoxication level in the United States was established at a BAC of 0.08% or 80 milligrams of EtOH per 100
milliliters of blood (i.e. 80 mg/dL or 80 mg% EtOH; Yadav and Velaga 2019). Pharmacologically relevant BACs
range from 80-250 mg%, which is approximately 16—-55 mM, in order to parallel levels observed in individuals
with AUD (Bell et al. 2016; Harrison et al. 2017). Treatment groups are as follows: aCSF, 100 mg% EtOH, 150
mg% EtOH, 10 uM NIC, 50 uM NIC, 100 mg% EtOH+10 uM NIC, or 150 mg% EtOH+50 uM NIC. Drug
concentrations were selected based on previous intracranial self-administration (ICSA) studies within the pVTA
(Gatto et al. 1994; Rodd et al. 2004; Hauser et al. 2014a; Truitt et al. 2015). Lower drug doses represent
“subthreshold” levels that are not readily self-administered. Higher doses considered “suprathreshold” have
been consistently shown to be reinforcing and are self-administered at levels significantly greater than vehicle
controls. Passive microinjections were carried out with an electrolytic microinfusion transducer (EMIT) system
(Rodd-Henricks et al. 2000; Ding et al. 2009). Subjects underwent 30 pulse injections during a 10-minute
period designed to match ICSA levels (Rodd-Henricks et al. 2000; Toalston et al. 2014). Pulse injections
infused 100 nl over 5 seconds that was followed by a 15-second timeout for a total of 3 pl.

Following the microinjection challenge, six 20-minute samples of dialysate samples were also collected
into tubes containing five pl of 0.1 N perchloric acid. Samples were frozen on dry ice and stored at -80 °C until
analysis for dopamine and glutamate content with high performance liquid chromatography (HPLC). The
current microdialysis study utilized 57 male Wistar rats. Subjects were arbitrarily assigned to one of seven
microinjection conditions with n = 7—10/group for dopamine analysis and n = 6-9/group for glutamate analysis.

Dopamine content was determined as described previously with a reversed-phase HPLC system and
electrochemical detection (Engleman et al. 2000, 2006; Ding et al. 2009; Toalston et al. 2014). Dialysate
samples were loaded into a 10 pl loop and injected onto an analytical column (Hypersil BDS C18, 150 mm x
2.1 mm, 3 ym, Thermo Fisher Scientific, Waltham, MA). Mobile phase was made up of 0.1 mM EDTA, 8 mM
KCI, 50 mM phosphoric acid, 100 mg/L OSA, and 10% MeOH with a pH of 6.0. Detection occurred with a
glassy-carbon electrode and an amperometric detector. The oxidation potential was set at 350 mV with a
sensitivity of 100 pA/V (Decade Il EC Detector, Antec Scientific, Netherlands). Dopaminergic signal analysis
was resolved with ChromePerfect chromatography data system (Justice Innovations, Inc., Palo Alto, CA).

Extracellular glutamate concentrations were also determined using a reversed-phase HPLC system with
electrochemical detection as described previously (Donzanti and Yamamoto 1988; Ding et al. 2012, 2013;
Deehan et al. 2015). Precolumn glutamate derivatization was carried out with o-phthalaldehyde and performed
using an ESA Model 542 autosampler (ESA, Inc., Chelmsford, MA). Mobile phase was composed of 35%
MeOH and 100 mM Na,HPO,* 7H20 with a pH of 6.75. Samples were injected onto a Hypersil ODS C18
column (150 mm x 2.1 mm, 3 ym, Thermo Fisher Scientific, Waltham, MA). Separation and detection of

glutamate was done with an amperometric detector (BAS LC-4C, Bioanalytical Systems, Inc., West Lafayette,
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IN) with the oxidation potential of 550 mV and sensitivity of 0.2 yA. Glutamatergic signal analysis was again

determined with ChromePerfect data system (Justice Innovations, Inc., Palo Alto, CA).

EtOH and/or NIC microinjections, tissue preparation, and BDNF ELISA

A separate cohort of male Wistar rats were stereotaxically implanted with a guide cannula aimed at the pVTA.
The same passive microinjection protocol and EMIT units outlined in the microinjection-microdialysis procedure
were used to administer aCSF, EtOH only, NIC only or combinations of EtOH and NIC directly to the pVTA (n =
77). Additionally, rats either underwent a single (acute) microinjection session or one microinjection session
every day (repeated) for seven consecutive days with n = 4-8/group (Fig. 1, Top Panel). Single session
treatment groups include aCSF, 100 mg% EtOH, 150 mg% EtOH, 10 uM NIC, 50 yM NIC, 100 mg% EtOH+10
MM NIC, or 150 mg% EtOH+50 uM NIC. Repeated microinjection session groups consisted of the same
treatments. Following pVTA pretreatment, rats were returned to home-cage for 3 or 24 hours.

At the assigned time points, rats were deeply anesthetized with isoflurane and rapidly decapitated. Brains
were removed immediately and flash frozen in isopentane on dry ice. Brains were stored at -80 °C until ready
for analysis. Serial coronal sections at a thickness of 300 um were collected with a freezing microtome. Micro-
punches containing the ipsilateral NAc shell were obtained using a 1 mm diameter Harris micro-punch
(Electron Microscopy Sciences, Hatfield, PA) as previously described (McBride et al. 2009; Ding et al. 2013).
The tissue was immediately homogenized in 150 pl of ice-cold N-PER lysis buffer with Halt Protease inhibitor
cocktail (Thermo Scientific, Waltham, MA). Samples were incubated at 4 °C for 20 minutes on a nutator
followed by centrifugation at 10,000 x g for 20 minutes. Supernatants protein content was measured with the
Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA). Protein concentrations were determined with
10 pl of lysate and 200 pl of working reagent on a microplate reader (Bio-Rad, Hercules, CA). Samples were
analyzed in duplicate and absorbance values averaged. The levels of BDNF in the NAc shell was determined
with a rat enzyme-linked immunosorbent assay (ELISA) kit for BDNF from RayBiotech, Inc. (Catalog # ELR-
BDNF-2, Norcross, GA) according to the manufacturer’s guidelines. ELISA samples were run in duplicate and

absorbance values normalized to total protein content.

EtOH and/or NIC microinjections and ICSA

Another cohort of male Wistar rats were stereotaxically implanted with microinjection cannulas placed
ipsilaterally 1.0 mm dorsal to the pVTA as well as the NAc shell. The NAc shell coordinates for this experiment
were different than those of the microdialysis study with +1.4 mm, ML +2.2 mm, DV -7.3 mm relative to bregma
(Paxinos and Watson, 1998). The EMIT units and passive microinjection protocol were again utilized to
administer aCSF, EtOH only, NIC only, or EtOH and NIC. Subjects were arbitrarily assigned to undergo one or
seven microinjection sessions for aCSF, 100 mg% EtOH, 10 uM NIC, or 100 mg% EtOH+10 uM (n = 105).
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Following the final pretreatment session, rats were maintained in home-cage for 2 days prior to initiating ICSA
testing for EtOH reward in the NAc shell (Fig. 1, Bottom Panel).

Standard two-lever operant chambers contained within sound attenuating boxes were used in all ICSA
experiments as described previously (Rodd et al. 2004; Engleman et al. 2009; Hauser et al. 2014a; Toalston et
al. 2014; Deehan et al. 2015; Truitt et al. 2015). The EMIT system was used to control microinfusions of drug or
vehicle. On testing days, subjects had stylets removed and an airtight tank fitted with an injection cannula
containing the designated infusate tightened onto the NAc shell guide cannula extending 1.0 mm past the end.
A single, non-contingent administration of infusate was delivered during insertion of the injector to prime the
system and avoid trapping air. ICSA test sessions occurred every other day and lasted 4 hours. The position of
the active lever and inactive lever were counterbalanced between subjects but remained the same for
individual rats. Throughout the 4-hour session, depression of the active lever, set to a fixed ratio-1 (FR1)
schedule of reinforcement, delivered a 100 nl infusion over the course of 5 seconds followed by a 5 second
timeout. During this period, responses on the active lever did not generate additional infusions but were
recorded. Responses on the inactive lever were always recorded but did not cause an infusion. Subjects were
arbitrarily assigned aCSF, 75 mg% EtOH, or 125 mg% EtOH to self-administer into the NAc shell with n = 6—
10/pretreatment/EtOH concentration. Subjects received their respective doses of aCSF or EtOH during
acquisition sessions 1 through 4. All subjects then received only aCSF during extinction sessions 5 and 6. The
original concentration was then made available during session 7 for reinstatement. The vehicle control group

received only infusions of aCSF for all seven sessions.

BDNF microinjections and ICSA
A final cohort of male Wistar rats were stereotaxically implanted with a single microinjection cannula aimed 1.0
mm dorsal to the NAc shell (+1.4 mm, ML +2.2 mm, DV -7.3 mm, 10° angle). Rats were single housed after
surgery and allowed at least one week of recovery. During this time, rats were habituated to the testing
chambers and handled daily. Microinjections of BDNF (0 or 0.125 ug) into the NAc shell were delivered using a
PHD ULTRA syringe pump (Harvard Apparatus, Holliston, MA) in a volume of 1.0 pl administered over 2
minutes, with the injector left in place for an additional 2 minutes to allow sufficient diffusion. Recombinant
human BDNF (Sigma-Aldrich, St. Louis, MO) was prepared in aCSF immediately prior to microinfusion. Doses
of BDNF were chosen based on previously published reports (Lu et al. 2004; Vargas-Perez et al. 2014;
Bobadilla et al. 2018; Haun et al. 2018).

Subjects were arbitrarily assigned to undergo one or seven microinfusion sessions for aCSF or BDNF (n =
61). Rats were then maintained in home cage for 2 days prior to beginning the ICSA protocol for EtOH reward
in the NAc shell described for the previous experiment (Fig. 1, Bottom Panel). Rats were arbitrarily assigned to
self-administer aCSF, 75 mg% EtOH, or 125 mg% EtOH with n = 6-8/pretreatment/EtOH concentration. During
the first four sessions, subjects received their assigned doses of aCSF or EtOH. Only aCSF was available to
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self-infuse during sessions 5 and 6. During session 7, the original concentration of aCSF or EtOH was made

available. The control group only received infusions of aCSF for all seven sessions.

Histology

Upon completion of the experiments, rats (n = 351) were overdosed with carbon dioxide according to the
approved protocols and rapidly decapitated. Next, a 1% solution of bromophenol blue was infused into each
cannula. Brains were quickly removed, frozen on dry ice, and stored at -80 °C until examined. Serial sections
were collected with a thickness of 40 um on a cryostat microtome for verification of microdialysis probe,
microinjection, and/or ICSA placements. A blind code was assigned to each animal and maintained by the
individual that carried out the experiments. Cannula placements were then determined by a second individual
blinded to treatment groups to avoid any bias from the observer. Animals with cannula placements outside the

ROI (n = 46) were excluded from the analysis.

Statistical Analysis
All analyses were carried out by an individual unaware of the treatment group assignments with a blind code to
avoid potential bias. Microdialysis data are expressed as a percentage of basal extracellular dopamine and
glutamate values to correct for subject-to-subject variability (Engleman et al. 2000). The Shapiro-Wilk test was
used to determine the normality of data prior to parametric testing. Additionally, no data points were excluded
following the Grubbs’ test for outliers. Basal baseline values for dialysate were calculated as the mean of the
three samples collected prior to the challenge microinjection. The effects of pVTA EtOH, NIC, or EtOH+NIC
microinjections on extracellular dopamine and glutamate were analyzed using a Time x Treatment mixed
analysis of variance (ANOVA). Post-hoc comparisons to identify significance were Student’s two-tailed ¢ for
within group differences or Tukey’s b for between group differences. BDNF protein levels were normalized to
total protein content for each sample and presented as a percentage of control treatments. Data were analyzed
with mean BDNF pg/mg protein calculated for each treatment group. These values were then compared using
a univariate ANOVA (p < 0.05). The ICSA data were analyzed with a Pretreatment x EtOH Dose x Session
mixed ANOVA on the mean number of self-infusions during sessions 1—4. Additionally, responses on active
and inactive levers were examined for each group with a Pretreatment x EtOH Dose x Session x Lever mixed
ANOVA with repeated measures on session and lever. Post hoc tests were used when significant main effects
were found (p < 0.05). Extinction was determined through comparison of active lever responses during
sessions 4—6. Reinstatement was identified by comparing responses on the active lever during sessions 5-7.
All analyses were carried out with IBM SPSS Statistics for Windows, Version 25.0. (IBM Corp., Armonk, NY).
The statistical procedures performed adhere to the algorithmic progression of data analysis recommended
by Keppel and Zedeck (1989), Hayes (2005), Pedhazur (1998) and Jaccard and Becker (2010). Well-

established statistical procedures were conducted as previously reported to determine relevant effects within
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the microdialysis and ICSA data sets (Keppel and Zedeck 1989; Toalston et al. 2014; Deehan et al. 2018;
Waeiss et al. 2019). For example, significant interaction terms prevent further analysis of main effects (Keppel
and Zedeck 1989; Hayes 2005; Pedhazur 1998; Jaccard and Becker 2010). Therefore, significant interaction
terms were followed with the recommended decomposition by holding a single variable constant to examine
the effects of the other independent variables on the dependent measure of the interaction term. Additional
information and rationale on the statistical procedures utilized in the present study can be found in the

supplemental materials.

Results

Microinjection-Microdialysis

Dopamine levels in the NAc shell dialysate had a mean of 1.31 £ 0.11 nM during baseline sample collection
and were comparable to previous reports (Engleman et al. 2000; Ding et al. 2009; Deehan et al. 2018). Mean
levels of glutamate during baseline were 1.42 + 0.22 yM and are also consistent with past studies (Ding et al.
2016). Importantly, microdialysis can only provide an accurate assessment of extracellular neurotransmitter
levels through a quantitative No-Net-Flux protocol that was not applied in the present study.

The overall analysis for stimulated dopamine release revealed a significant Time x Treatment interaction
term (F4s.400 = 2.38; p < 0.001; Fig. 2). Individual ANOVAs indicate a significant effect of Treatment during the
first three sample periods following microinjection (F values > 2.49; p values < 0.04). Tukey’s b post-hoc
comparisons found that only rats treated with combinations of EtOH and NIC (100 mg% EtOH+10 uM NIC; Fig.
2, Top Panel) and 150 mg% EtOH+50 uM NIC; Fig. 2, Bottom Panel) had significantly higher dopamine levels
within the NAc shell than rats treated with aCSF during the first sample period. During the second and third 20-
minute samples, rats treated with 100 mg% EtOH+10 uM NIC had significantly elevated dopamine levels
compared to aCSF controls. Within-subject examination of individual microinjection groups revealed a
significant effect of 150 mg% EtOH (Fg 45 = 2.95; p = 0.009), 10 yM NIC (Fgs6 = 7.15; p < 0.001), 50 uM NIC
(Fe56=2.23; p = 0.038), 100 mg% EtOH+10 puM NIC (Fg72=9.12; p < 0.001), and 150 mg% EtOH+50 uM NIC
(Fsss=6.51; p < 0.001). Compared to corresponding baseline levels, 10 uM NIC (t; = 3.96, p = 0.005) and 50
MM NIC (t; = 5.26, p = 0.001) significantly increased extracellular dopamine during the first sample to 137%
and 125%, respectively. Additionally, 150 mg% EtOH and 150 mg% EtOH+50 yM NIC (f values > 2.61, p
values < 0.04; Fig. 2, Bottom Panel) significantly increased dopamine levels over baseline during the first and
second sample periods. Finally, post hoc comparisons of rats treated with 100 mg% EtOH+10 uM NIC
indicated dopamine levels of the first three post microinjection samples were significantly higher than baseline
(t values > 2.38, p values < 0.05; Fig. 2,Top Panel) at 201%, 172%, and 163%.

Repeated-Measure ANOVA of stimulated glutamate release indicated a significant effect of Time x
Treatment interaction (Fs376 = 2.28; p < 0.001; Fig. 3). Reducing the interaction term to individual ANOVAs

performed for each sample time period revealed significant differences between the treatment groups during
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the first four samples collected post-microinjection (F values > 2.52; p values < 0.04). Tukey’s b post hoc
comparisons indicated during the first 20-minute sample period that rats microinjected with combinations of
EtOH and NIC had significantly elevated glutamate levels compared to all other treatment groups. During the
second 20-minute time period following microinjections, post hoc comparisons revealed glutamate levels in the
NAc shell were higher in rats treated with combinations of EtOH and NIC compared to rats that received 10 uM
NIC or 50 uM NIC. The third 20-minute time period following microinjections indicated glutamate levels in the
NAc shell were elevated only in rats treated with 100 mg% EtOH+10 uM NIC compared to rats that received
150 mg% EtOH. The fourth post-microinjection sample collected indicated that glutamate levels were higher in
rats that received 100 mg% EtOH+10 uM NIC compared to the 10 uM NIC treatment group. Within-subject
examination of individual microinjection treatments revealed a significant effect of 100 mg% EtOH+10 uM NIC
(Fsea = 4.48; p <0.001; Fig. 3, Top Panel) and 150 mg% EtOH+50 uM NIC (Fg 4= 7.88; p < 0.001; Fig. 3,
Bottom Panel). Post hoc comparisons indicated glutamate levels within the NAc shell of the first post
microinjection sample were significantly greater than baseline (t values > 3.97, p values < 0.003) at 140% and
143%.

NAc shell BDNF following intra-pVTA drug pretreatment

Previous research has demonstrated significant changes to neurotrophic gene expression within the NAc shell
following microinjections of EtOH and NIC directly into the pVTA. In order to expand on these results, an ELISA
kit was used to assess BDNF protein levels in the NAc shell of rats treated with sub- and suprathreshold doses
of EtOH and/or NIC within the pVTA. The results indicate that only combinations of EtOH and NIC
microinjected directly into the pVTA significantly increased BDNF protein in the NAc shell compared to aCSF 3
hours following treatment (Fg 43 = 4.66, p = 0.001; Fig. 4, Top Panel). Microinjection of subthreshold or
suprathreshold EtOH+NIC increased NAc shell BDNF to 179% and 168% of aCSF levels, respectively.
Microinjections of EtOH only and NIC only showed no change to BNDF levels. The next experiment aimed to
determine whether the significantly elevated BDNF is sustained over repeated exposure to EtOH+NIC or was a
transient phenomenon. Repeated microinjection sessions of subthreshold EtOH+NIC into the pVTA were found
to consistently increase the protein expression of BDNF in the NAc shell 3 hours after the final session over
both acute and repeated aCSF treatments (F4 5 = 3.11, p = 0.032; Fig. 4, Middle Panel). Next, BDNF levels in
the NAc shell were determined 24 hours after both acute and repeated microinjection sessions of EtOH+NIC.
The data indicated that repeated microinjections of EtOH+NIC into the pVTA resulted in a lasting elevation of
BDNF in the NAc shell at 24 hours that was not present after a single administration of EtOH+NIC (F; 21 =
11.37, p < 0.001; Fig. 4, Bottom Panel).

EtOH reward in the NAc shell following intra-pVTA drug pretreatment
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A mixed ANOVA was conducted on the average number of infusions received during the first four acquisition
ICSA sessions of rats pretreated with intra-pVTA EtOH and/or NIC (Fig. 5, Top Panel). The analysis revealed a
significant Pretreatment x EtOH Dose interaction (F¢ 77 = 3.89, p = 0.002). Reducing the interaction term was
performed by examining the average number of infusions for each EtOH dose. Rats allowed to self-administer
aCSF or 125 mg% EtOH showed no effect of pretreatment on the number of infusions received (F values <
0.59; p values > 0.63). Conversely, there was a significant difference in rats allowed to self-administer a
subthreshold EtOH dose of 75 mg% between rats pretreated with repeated EtOH+NIC and those pretreated
with repeated aCSF, EtOH only, or NIC only (F526 = 9.15, p < 0.001). Tukey’s b post hoc indicated that rats
pretreated with repeated EtOH+NIC received significantly more self-infusions than all other groups (Fig. 5, Top
Panel). In rats pretreated with repeated aCSF, EtOH, or NIC, there was a significant effect of EtOH dose on the
number of self-infusions (F values > 6.27; p values < 0.01). Post hoc comparisons revealed that rats pretreated
with repeated aCSF, EtOH, or NIC self-infused significantly more of the 125 mg% EtOH suprathreshold dose
compared to infusions of aCSF or subthreshold 75 mg% EtOH. In rats pretreated with repeated EtOH+NIC,
there was also a significant effect of EtOH dose on the number of self-infusions (F; 4 = 9.56, p = 0.002).
Interestingly, post hoc comparisons indicated that rats given repeated EtOH+NIC pretreatment self-infused
significantly more 125 mg% EtOH as well as the subthreshold 75 mg% EtOH dose compared to aCSF self-
infusions.

The number of active and inactive lever responses across the 7 ICSA sessions were examined and
revealed a significant Pretreatment x EtOH Dose x Lever x Session interaction term (F3s 456 = 3.90, p < 0.001;
Supplementary Figs. 1-4). Overall analysis of inactive lever responses indicated no significant interaction
Pretreatment x EtOH Dose x Session interaction (Fzs 456 = 0.83, p = 0.743). However, analysis of active lever
responses revealed a significant Pretreatment x EtOH Dose x Session interaction (F3g 456 = 2.69, p < 0.001).
Further investigation of active lever responses by all pretreatment groups allowed to self-administer aCSF or
125 mg% EtOH into the NAc shell did not indicate significant interactions of Pretreatment x Session (F values
< 0.73, p > 0.774). Examining active lever responses by all pretreatment groups allowed to self-administer 75
mg% EtOH revealed a significant Pretreatment x Session interaction (F1s 156 = 5.27, p < 0.001). Performing
individual ANOVAs on active lever responses for 75 mg% EtOH in each session indicated significant
differences for all sessions (F3 26 values > 5.09, p < 0.007) except during extinction sessions 5 and 6 (F3 2
values < 1.09, p > 0.371). Tukey’s b post hoc analysis revealed that rats pretreated with repeated EtOH+NIC
responded significantly more on the active lever for 75 mg% EtOH than all other groups during sessions 1—4
and 7.

EtOH reward in the NAc shell following repeated intra-NAc BDNF pretreatment

Next, a mixed ANOVA was conducted on the average number of infusions received over the first four ICSA

sessions of rats pretreated with intra-NAc shell BDNF or aCSF (Fig. 5, Middle Panel). The analysis revealed a
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significant interaction of Pretreatment x EtOH Dose (F,39=5.11, p = 0.011). The interaction term was then
reduced by examining the average number of infusions for each EtOH dose. There was no effect of
pretreatment found on number of infusions received by rats allowed to self-infuse aCSF or 125 mg% EtOH (F
values < 0.74, p values > 0.406). However, there was a significant difference found in rats allowed to self-
administer the subthreshold dose of 75 mg% EtOH between those pretreated with repeated BDNF and rats
that received repeated aCSF (F, 41 =6.05, p = 0.032). Tukey’s b post hoc analysis revealed rats pretreated with
BDNF had significantly more self-infusions than aCSF pretreated rats. The Pretreatment x EtOH Dose
interaction term was then reduced by investigating the average number of infusions for each pretreatment. In
rats that received repeated intra-NAc shell infusions of aCSF there was a significant effect of EtOH dose on the
number of self-infusions (F,.2 = 10.60, p = 0.001). Post hoc comparisons indicated that rats pretreated with
repeated aCSF within the NAc shell self-infused significantly more 125 mg% EtOH compared to infusions of
aCSF or subthreshold 75 mg% EtOH. Rats that underwent repeated BDNF infusions also showed a significant
effect of EtOH dose on the number of self-infusions (F; 19 = 64.84, p < 0.001). Tukey’s b post hoc analysis
revealed that unlike repeated aCSF pretreatment, repeated BDNF pretreated rats received significantly more
self-infusions for both the subthreshold 75 mg% EtOH dose as well as the suprathreshold dose of 125 mg%
EtOH.

Responses across the 7 ICSA sessions on the active and inactive levers revealed a significant overall
interaction term of Pretreatment x EtOH Dose x Lever x Session (F12.28 = 2.26, p = 0.01; Supplementary Figs.
5 and 6). Reducing this interaction with analysis of inactive lever responses indicated no significant effect of
Pretreatment x EtOH Dose x Session (Fq2228= 1.39, p = 0.173). Next, active lever responses were examined
and further analysis indicated a significant Pretreatment x EtOH Dose x Session interaction (F2228=2.19, p =
0.013). Additional analysis of active lever responses by rats allowed to self-administer aCSF into the NAc shell
did not indicate a significant interaction of Pretreatment x Session (Fss4 = 0.61, p = 0.723). However,
examination of active lever responses by BDNF or aCSF pretreated groups allowed to self-administer 75 mg%
EtOH or 125 mg% EtOH revealed significant Pretreatment x Session interactions (Fggs = 2.77, p = 0.021 and
Fe7s = 2.64, p = 0.022; respectively). Though rats pretreated with repeated BDNF had higher mean responses
on the active lever than those pretreated with aCSF during all sessions, individual ANOVAs performed on
active lever responses for 75 mg% EtOH revealed only statistically significant differences during sessions 2
and 7 (F values > 12.07, p values < 0.005). Analysis of active lever responses for 125 mg% EtOH indicated
session 5 was significantly different between BDNF and aCSF pretreated groups.

A final analysis aimed to determine whether single microinjection sessions of intra-NAc shell BDNF, intra-
pVTA 100 mg% EtOH+10 pyM NIC, and corresponding aCSF controls altered subthreshold EtOH self-
administration within the NAc shell (Fig. 5, Bottom Panel). The results indicate no significant difference
between pretreatment groups and self-infusion rates at similar levels to control groups from previous
experiments (F; 5= 1.32, p = 0.287; Fig. 5).
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Discussion
The results of the present study indicate that co-administration of EtOH+NIC directly into the pVTA induced a

unique neurochemical response within the NAc shell (Figs. 2—4). A single intra-pVTA microinjection session of
EtOH+NIC produced significant increases in dopamine, glutamate, and BDNF that were not present for either
drug alone. Moreover, repeated exposure to EtOH+NIC resulted in a significant elevation of endogenous BDNF
in the NAc shell lasting at least 24 hours that was not seen after a single pretreatment session. This repeated
intra-pVTA exposure to EtOH+NIC also produced an enhancement of EtOH reward within the NAc shell (Fig.
5). Repeated microinfusions of exogenous BDNF into the NAc shell recapitulated the increased sensitivity to
the reinforcing properties of EtOH within the NAc shell produced by intra-pVTA pretreatment with EtOH+NIC.
Collectively, these results indicate that co-administration of EtOH+NIC interacts within the pVTA to generate
distinct responses and subsequent neuroadaptations of the NAc shell via BDNF that augment EtOH reward in
that region.

It is well established that exposure to EtOH or NIC elevates VTA neuronal activity and is associated
increased dopamine release within the NAc shell (Di Chiara and Imperato 1988; Lecca et al. 2006; Ding et al.
2009; Robinson et al. 2009). Furthermore, combinations of EtOH and NIC have been shown to interact within
the VTA to enhance dopaminergic activity and increase NAc shell dopamine release beyond the levels of either
drug alone (Fig. 2; Clark and Little 2004; Tizabi et al. 2002, 2007). The mechanisms responsible for the
exaggerated dopamine response produced by EtOH+NIC within the pVTA could be through interactions with
shared neurotransmitter systems in addition to independent actions. A specific site of interaction between
nicotine and EtOH within the pVTA occurs at the a6-containing nicotinic receptors, which modulate that activity
of AMPA receptor function (Engle et al. 2015). Other neuronal nicotinic acetylcholine receptors (hnAChRs) have
been investigated as sites contributing to the disproportionate co-use of EtOH and NIC (Tizabi et al. 2002,
2007; Van Skike et al. 2016; Adams 2017). Within the VTA, nAChRs are expressed on dopamine, GABA, and
glutamate neurons and the distinct subunit combinations alter channel properties as well as agonist binding.
Importantly, the high-affinity a4B2 is most densely expressed on dopaminergic VTA neurons while the a7-
homomeric nAChRs are primarily located on excitatory glutamatergic terminals that synapse on dopamine
neurons. Both of which have been demonstrated to increase dopamine signaling via activation by EtOH and/or
NIC (reviewed in Morel et al. 2018). Evidence suggests that EtOH may potentiate the actions of most nAChRs
while inhibiting nicotine-induced receptor desensitization (Aistrup et al. 1999; Marszalec et al. 1999).
Furthermore, another member of the Cys-loop ion channel superfamily, the serotonin-3 (5-HT3) receptor, has
been implicated as a convergent site of action for EtOH and NIC (Lovinger and White 1991; Breitinger et al.
2001; Rodd et al. 2007, 2010; Hauser et al. 2014b). EtOH increases the excitatory action of 5-HT; receptor
activation and promotes stimulated dopamine release within the mesolimbic system (Campbell et al. 1996;

Rodd et al. 2010). Together, evidence suggests intra-pVTA co-administration of EtOH and NIC interact and
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promote enhanced dopamine release within the NAc shell over either drug alone through convergent actions
on specific NAChRs and 5-HTj; receptors.

It has been suggested that glutamatergic inputs of the NAc play a critical role in the initiation and learning
of drug-seeking behaviors (Spencer et al. 2016). These projections into the NAc are involved in stimuli
response to previously established associations and cues (Scofield et al. 2016). Several studies have
demonstrated alterations in basal extracellular glutamate levels or clearance rates within the NAc following
both voluntary and forced chronic exposure to EtOH and/or NIC (Fig. 3; Reid et al. 2000; Liechti et al. 2007;
Lallemand et al. 2011; Ding et al. 2013; Griffin et al. 2014; Carcoba et al. 2018). The significant increase seen
here of stimulated glutamate release within the NAc shell of only naive rats exposed to intra-pVTA EtOH+NIC
suggests a transient alteration in post-synaptic glutamate signaling. The prior studies examining NAc shell
basal glutamate levels demonstrated changes in glutamatergic regulatory genes or proteins following chronic,
repeated exposure or withdrawal conditions providing support for the reported results (Ding et al. 2013; Griffin
et al. 2014; Carcoba et al. 2018). The present study reveals a response to EtOH+NIC under acute conditions
by naive rats suggesting a unique pVTA activation profile that occurs immediately and is a distinct response
than either drug alone. The simultaneous increase of both dopamine and glutamate, specific to EtOH+NIC,
provides some explanation for the subsequent gene changes and neurochemical alterations within the NAc
shell found in previous work (Deehan et al. 2015; Truitt et al. 2015).

Co-administration of both EtOH+NIC combinations into the pVTA results in significantly increased BDNF
protein in the NAc shell at three hours post-treatment (Fig. 4). Repeated exposure to EtOH+NIC was found to
result in BDNF increases lasting more than 24 hours, which was not observed following equivalent treatment of
EtOH or NIC alone (Fig. 4). These results are consistent with mounting research implicating a role for BDNF in
the regulation of drug-related behaviors (Fig. 5; Lu et al. 2004; Logrip et al. 2009; Vargas-Perez et al. 2014;
Bobadilla et al. 2018; Haun et al. 2018).

BDNF is part of the neurotrophin family and via binding with tropomyosin receptor kinase B (TrkB)
promotes neuronal development, modulates synaptic function, and regulates synaptic plasticity (Park and Poo
2013; Nakahata and Yasuda 2018). A number of studies have examined BDNF in response to acute exposure,
seeking, dependence, and relapse to EtOH or NIC (Logrip et al. 2015; Machaalani and Chen 2018). However,
preclinical research has demonstrated a relationship between BDNF expression and drug-related changes in
the brain that is dependent upon a variety of factors including duration of exposure, drug dose, and ROI (Lu et
al. 2004; Logrip et al. 2009; Vargas-Perez et al. 2014; Bobadilla et al. 2018; Haun et al. 2018). In order to
determine whether the associated neurochemical changes in the current study had any significant impact on
reward-related behaviors, rats were allowed to self-administer EtOH into the NAc shell following single or
repeated intra-pVTA microinjections of aCSF, EtOH, NIC, or EtOH+NIC. EtOH reward in the NAc shell was
only significantly altered in rats pretreated with EtOH+NIC in the pVTA. Specifically, the average number of
self-infusions for 75 mg% EtOH during the first 4 sessions by aCSF, EtOH, or NIC pretreated rats was 10-17
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infusions/session. In contrast, rats pretreated with EtOH+NIC self-infused 75 mg% EtOH significantly more with
an average of almost 38/session into the NAc shell. The apparent shift in sensitivity to EtOH reward within the
NAc shell suggests pVTA co-exposure to EtOH+NIC results in unique alterations with the mesolimbic
dopamine system.

Rats pretreated with repeated BDNF were the only group that readily self-infused 75 mg% EtOH into the
NAc shell. Single infusion sessions of aCSF, BDNF, or EtOH+NIC did not alter sensitivity to EtOH reward.
Additionally, there was no effect of repeated BDNF pretreatment on self-infusions for aCSF or 125 mg% EtOH,
a dose known to be reinforcing within the NAc shell. Taken together, the data indicate that direct pretreatment
of the NAc shell with exogenous BDNF is sufficient to recapitulate previous results demonstrating repeated
exposure to EtOH+NIC within the pVTA increases the sensitivity to the rewarding properties of EtOH in the
NAc shell.

Though the current experiments provide insight into a potential mechanism underlying the enhanced EtOH
reward following repeated exposure to EtOH+NIC, there are some important limitations. It is critical to note that
administration of EtOH or NIC directly into the NAc shell, or systemically, can also enhance local dopamine
release through independent mechanisms (Tizabi et al. 2002, 2007; Kleijn et al. 2011; Jonsson et al. 2014).
Through the isolation of the mesolimbic pathway with intra-pVTA microinjections and NAc shell microdialysis,
the contribution of other circuits to the neurochemical response and altered behavior has been limited. Future
work involving systemic drug administration is needed to better delineate the relationship of EtOH+NIC
exposure and enhanced EtOH reward. Additionally, one caveat of these studies is that the elevation of BDNF
within the NAc shell following microinjections of EtOH+NIC into the pVTA was not blocked directly through
pharmacological manipulation. Thus, although BDNF infusions into the NAc shell mimicked the effects of intra-
pVTA EtOH+NIC and enhanced EtOH reinforcement in the NAc shell, other factors could be involved in
mediating the observed effects.

Collectively, the results of the present study support previous work demonstrating that co-administration of
EtOH+NIC produces a unique initial physiological response which facilitates the development of
neuroadaptations within the mesolimbic reward pathway (Figs. 2—4; Tizabi et al. 2002, 2007; Truitt et al. 2015).
Multiple reports have indicated that naltrexone and varenicline, the pharmacological ‘gold standards’ for
treating AUD and nicotine dependence, both fail to alter the concurrent co-administration of EtOH+NIC (Van
Skike et al. 2016; Waeiss et al. 2018; Maggio et al. 2018). The current results provide clear preclinical data
indicating that EtOH+NIC co-administration results in a unique neurological cascade that is not observed
following comparable exposure to EtOH or NIC alone. Evaluating potential pharmacotherapeutics for the
treatment of AUD or nicotine dependence using a single drug of abuse fails to reflect the reality of how humans
ingest EtOH and NIC. This method of investigating individual drugs of abuse is likely a major reason that

efficacious treatments for these substance disorders has not occurred. Future research should focus on co-
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exposure models to better elucidate the specific effects of EtOH+NIC within the CNS if better

pharmacotherapeutics are to be developed.
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Figure 1 lllustration of experimental timelines (n = 351). Top panel: Experimental timeline (n = 57) which
investigated the effect of 1 (acute) intra-pVTA microinjection sessions on NAc shell dopamine (n = 7-10
animals/group) and glutamate (n = 6—10 animals/group) levels. Treatment groups included aCSF control, 100
mg% EtOH, 150 mg% EtOH, 10 uM NIC, 50 uM NIC, 100 mg% EtOH+10 uM NIC, or 150 mg% EtOH+50 uM
NIC. Middle panel: Experimental timeline which investigated the effect of 1 (acute) or 7 (repeated) intra-pVTA
microinjection sessions on NAc shell BDNF protein levels (n = 77). Treatment groups included aCSF control,
100 mg% EtOH, 150 mg% EtOH, 10 uM NIC, 50 uM NIC, 100 mg% EtOH+10 yM NIC, or 150 mg% EtOH+50
MM NIC (n = 4-8 animals/group). Bottom panel: Experimental timeline (n = 166) to determine the effects of
repeated microinjection sessions of aCSF control, 100 mg% EtOH, 10 uM NIC, 100 mg% EtOH+10 uM NIC, or
0.125 ug BDNF on EtOH reward in the NAc shell (n = 4-8 animals/group). Some animals were excluded for
cannula placements outside the region of interest (n = 46) or technical complications (n = 5) during sample

collection.

Figure 2 Depicts the mean (+SEM) percent change in dopamine levels (n = 7—10 animals/group) within the
NAc shell of rats receiving intra-pVTA infusions of EtOH and/or NIC. Top Panel: Mean (+SEM) dopamine levels
for aCSF control, 100 mg% EtOH, 10 uM NIC, and 100 mg% EtOH+10 uM NIC. Bottom Panel: Mean (+SEM)
dopamine levels for aCSF control, 150 mg% EtOH, 50 uM NIC, and 150 mg% EtOH+50 uyM NIC. Treatment
groups were analyzed together but presented separately for clarity. Asterisk (*) indicates significantly elevated
dopamine levels in both EtOH+NIC treated groups compared to aCSF controls. Plus sign (+) indicates 150
mg% EtOH+50 uM NIC and 150 mg% EtOH treatment groups were significantly higher than respective

baseline levels.

Figure 3 Depicts the mean (+SEM) percent change in glutamate levels (n = 6-10 animals/group) within the
NAc shell of rats receiving intra-pVTA infusions of EtOH and/or NIC. Top Panel: Mean (+SEM) glutamate levels
for aCSF control, 100 mg% EtOH, 10 uM NIC, and 100 mg% EtOH+10 uM NIC. Bottom Panel: Mean (+SEM)
glutamate levels for aCSF control, 150 mg% EtOH, 50 uM NIC, and 150 mg% EtOH+50 uyM NIC. Treatment
groups were analyzed together but presented separately for clarity. Dagger (1) indicates significantly higher
glutamate levels in both EtOH+NIC treated groups than all other treatment groups. Carrot (*) indicates
significantly greater glutamate levels in both EtOH+NIC treated groups than those treated with 10 uM NIC or 50
puM NIC.

Figure 4 Top Panel: Mean (+SEM) BDNF levels in the NAc shell relative to aCSF controls 3 hours following a
single microinjection session into the pVTA (n = 5-8 animals/group). Middle Panel: Mean (+SEM) BDNF levels
in the NAc shell relative to aCSF controls 3 hours following 7 microinjection sessions into the pVTA (n = 6-8

animals/group). Bottom Panel: Mean (+SEM) BDNF levels in the NAc shell relative to aCSF controls 24 hours
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following 1 or 7 microinjection sessions into the pVTA (n = 4—6 animals/group). Asterisk (*) indicates

significantly greater BDNF levels compared to aCSF controls.

Figure 5 Top Panel: Mean (+SEM) number of self-infusions of EtOH during the first 4 ICSA sessions by rats
pretreated with 7 microinjection sessions of aCSF, EtOH, NIC, or EtOH+NIC (n = 4-8 animals/group). Middle
Panel: Mean (+SEM) number of self-infusions of EtOH during the first 4 ICSA sessions by rats pretreated with
7 microinjection sessions of aCSF or BDNF (n = 6-8 animals/group). Bottom Panel: Mean (+SEM) number of
self-infusions of a subthreshold EtOH dose during the first 4 ICSA sessions by control rats pretreated with a
single microinjection session of aCSF, EtOH+NIC, or BDNF (n = 8 animals/group). Asterisk (*) indicates
significantly more self-infusions of 75 mg% EtOH compared to all other pretreatment groups. Plus sign (+)
indicates significantly more self-infusions than corresponding pretreatment groups allowed to self-administer
aCSF.
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NAc shell Glutamate Levels
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