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Abstract

Alcoholism is associated with dysregulation in the neural circuitry that mediates motivated and
goal-directed behaviors. The dopaminergic connection between the ventral tegmental area (VTA)
and the nucleus accumbens is viewed as a critical component of the neurocircuitry mediating
alcohol’s rewarding and behavioral effects. We sought to determine the effects of binge alcohol
drinking on global gene expression in VTA dopaminergic (DA) neurons. Alcohol-preferring
C57BL/6J x FVB/NJ F1 hybrid female mice were exposed to a modified drinking in the dark
(DID) procedure for 3 weeks, while control animals had access to water only. Global gene
expression of laser-captured tyrosine hydroxylase - positive VTA DA neurons was measured
using microarrays. 644 transcripts were differentially expressed between the drinking and non-
drinking mice and 930 transcripts correlated with alcohol intake during the last two days of
drinking in the alcohol group. Bioinformatics analysis of alcohol-responsive genes identified
molecular pathways and networks perturbed in DA neurons by alcohol consumption, which
included neuroimmune and epigenetic functions, alcohol metabolism and brain disorders. The
majority of genes with high and specific expression in DA neurons were down regulated by or
negatively correlated with alcohol consumption, suggesting a decreased activity of DA neurons in
high drinking animals. These changes in the dopaminergic transcriptome provide a foundation for
alcohol-induced neuroadaptations that may play a crucial role in the transition to addiction.
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Introduction

Alcohol (ethanol) abuse is one of the leading causes of death and disability, claiming
millions of lives worldwide. Alcohol is frequently comorbid with other substances of abuse
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and psychiatric disorders (Wang et al., 2011), which emphasizes its particularly damaging
effects on the nervous system. Alcohol is capable of altering brain function by causing gene
expression changes in neurons and glia (Pignataro et al., 2009; Repunte-Canonigo et al.,
2007; Mulligan et al., 2006; Mulligan et al., 2011; Ponomarev et al., 2012), which may
ultimately control alcohol-induced neuroadaptations and behavioral modifications. The
ventral tegmental area (VTA) is a key brain region involved in regulation of drinking
behavior and rewarding effects of alcohol (Deehan et al., 2013; Nimitvilai et al., 2013; Hwa
etal., 2013). VTA dopaminergic (DA) neurons form the first segment of the mesolimbic
system, whose activation causes increases in dopamine levels in the nucleus accumbens,
forming the crux of the rewarding effects of drugs of abuse (Watabe-Uchida et al., 2012;
Sesack and Grace, 2010). Acute alcohol activates the mesolimbic pathway by increasing DA
neuron firing (Brodie, 1999; Robinson et al., 2009; Morikawa and Morrisett, 2010). Several
studies reported reduced firing rates in adult midbrain DA neurons shortly after the cessation
of chronic alcohol administration (Mulholland et al., ACER, 2009 for review). It is
hypothesized that repeated alcohol causes neuroadaptations in the DA neurons associated
with a decrease in alcohol-induced firing and a subsequent increase in alcohol consumption
(Hoffman and Tabakoff, 1996). Some evidence of such neuroadaptation is obtained by
electrophysiological studies. For example, in vivo exposure to ethanol increased
susceptibility to the induction of long-term potentiation of NMDA receptor-mediated
transmission in VTA DA neurons (Bernier et al., 2011), while ethanol-exposed VTA slices
showed an increase in GABA-mediated neurotransmission onto DA neurons (Theile et al.,
2008). In addition, repeated cycles of alcohol exposure and withdrawal produced several
alterations in the physiological properties of VTA DA neurons, including a reduction in
functions of the small conductance calcium-dependent potassium (SK) channels (Hopf et al.,
2007). However, molecular mechanisms underlying these neuroadaptations are not well
understood.

In order to get an insight into these processes we used a combination of rapid antibody
staining, laser capture microdissection (LCM) and microarrays to study global gene
expression in tyrosine hydroxylase (TH)-positive DA neurons from the VTA of alcohol-
drinking and non-drinking mice. We used a mouse model of binge drinking and identified
multiple genes and molecular pathways regulated by alcohol intake in DA neurons. We
hypothesized that these molecular changes underlie neuroadaptations to repeated exposure
to alcohol in DA neurons, which may play an important role in early stages of addiction.

Materials and methods

Mice and drinking protocol

Female hybrid F1 mice were generated from reciprocal intercrosses of C57BL/6J (B6) x
FVB/NJ (FVB) F1 and FVB/NJ x C57BL/6J F1 (maternal strain x paternal strain). No
differences were found in ethanol intake using reciprocal crosses of these strains (Blednov et
al., 2010). These mice consume high amounts of ethanol and can achieve elevated blood
ethanol concentrations, which in our previous studies have been shown to reach up to 114
mg% after 9 hours of ethanol consumption (Blednov et al., 2005). The B6 and FVB breeders
were procured from The Jackson Laboratory (Bar Harbor, ME) and mated at 8 weeks of age
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in the Texas Genetic Animal Core of the INIA (Integrated Neuroscience Initiative on
Alcohol) at the University of Texas at Austin. We used a modified 2-bottle choice Drinking
in the Dark (DID) paradigm. Mice (2-3 month old) were single-housed and were allowed to
voluntarily consume 20% ethanol or water from two separate bottles (bottle positions were
alternated daily) for 3 hours everyday, initiated at 3 hours into the dark cycle. Mice were
allowed to drink for 20 days and sacrificed 24 hours after the beginning of the last drinking
session. Minor increases were observed in body weight (7% increase compared to original
weight) during the procedure. Brains were removed and snap frozen in liquid nitrogen. We
used N=12 alcohol-drinking mice and N=11 littermate controls. This study is in compliance
with animal research guidelines and was approved by the Institutional Review Board of the
University of Texas at Austin.

Sectioning and Staining

12 uM thick serial frozen sections were cut through the Ventral Tegmental Area (VTA).
Sections were collected at approximately 3.08 mm relative to bregma (Keith B. J Franklin &
George Paxinos, mouse brain atlas) mounted on PALM polyethylene naphthalate
membrane-coated slides (prod. no. 911724; Carl Zeiss, Microimaging Inc., Thornwood, NY,
USA) and stored at —80°C till use. Tissue sections were thawed to room temperature for 15
seconds and were fixed with ice-cold acetone for 2 minutes, air dried and then blocked with
normal goat serum (Vectastain Elite ABC Rabbit 1gG kit; prod. no. PK-6101; Vector
Laboratories, Burlingame, CA, USA) diluted in PBS containing 0.1% Triton X-100 (PBX-
TX), for 2 minutes. The sections were subsequently incubated for 10 min with a rabbit anti-
TH primary antiserum (Rabbit Polyclonal antibody- Invitrogen, Eugene, OR, USA) diluted
in PBS-TX. The tissues were then sequentially incubated, for 3-5 min each, with
biotinylated goat anti-rabbit antibodies and ABC reagent (Vectastain Elite ABC Rabbit 1gG
kit,) diluted in PBS. TH-immunoreactive (-ir) neurons were visualized by incubation with
hydrogen peroxide (HRP) and (3,3’-diaminobenzidine (DAB) kit reagents (prod. no.
SK-4100; Vector Laboratories) followed by dehydration using increasing concentrations of
ethanol (70-100%). All reagents were prepared in diethyl pyrocarbonate-treated water,
along with RNAse inhibitor (superase —In, Ambion, Austin, TX).

Laser capture micro-dissection and microarray analysis

TH quick immunolabeling procedure was utilized for identifying the DA neurons. A
P.A.L.M. UV-A microlaser (Carl Zeiss Microimaging, Inc., Thornwood, NY, USA) was
utilized to dissect and isolate individual TH positive-ir neurons exhibiting a visible intact
nucleus and complete labeling of the cytoplasm (Briski et al., 2009). Laser dissected neurons
were ejected from the object plane directly into a 0.5 ml P.A.L.M Adhesive Cap (prod. no.
415101-4400-255; Carl Zeiss Microimaging, Inc.). From each brain sample, about 300 TH-
ir positive neurons (approximately 100 neurons from each of rostral, middle and caudal
VTA) were collected into a single adhesive cap (Fig. 1a, b). After catapulting the neurons, a
small portion of intact VTA tissue (whole VTA) was collected from the same sample into
another separate adhesive cap for quality control. Total RNA was extracted according to the
manufacturer’s protocol (RNAqueous micro kit, Ambion, Austin, TX), however, the
volumes of ethanol, wash buffers and total elution buffer were limited to 25ul, 75ul, and
10ul respectively. 1ul of Rnase inhibitor (20units/ul) (superase In, Ambion, Austin, TX) was
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added to the elution buffer and the total RNA was concentrated by reducing the elution
buffer volume to 3 ul using a vacuum centrifuge. Resulting final RNA sample was amplified
with TargetAmp two-Round Aminoallyl-aRNA Amplification Kit-3.0 (Epicentre
Biotechnologies, Madison, WI) according to the manufacturer’s protocol. Amplified
biotinylated aminoallyl RNA was eluted with 40 ul of Rnase free water followed by
analyzing the quality and estimating the average size of the product using Agilent
Bioanalyzer 2100 (Agilent, Palo Alto, CA). RNA Integrity Number (RIN) values of whole
VTA samples were above 6.0. Samples from 11 control and 12 alcohol-treated mice as well
as 1 control sample from whole VTA were hybridized to the Illumina® (San Diego, CA,
USA) MouseRef-6 BeadChip array and results were imported into BeadStudio (lllumina®)
for analysis. The quality of the lllumina bead summary data was assessed using the
Bioconductor packages Lumi and arrayQualityMetrics.

Statistical analysis

RT-PCR

Behavior—Data for ethanol preference was averaged for three periods: days 1-6, 7-12 and
13-20 and compared to 0.5 no preference level using a one-sample t-test. The Bonferroni
correction was applied to adjust for multiple tests.

Microarrays—Data preprocessing, including variance stabilization and quantile
normalization (for all 24 samples) were carried out using the Lumi package. Transcripts
with detection p-value < 0.05 in at least 75% of samples were considered detected. One
sample from the alcohol group was excluded as an outlier based on clustering in Lumi and
several individual transcript values were excluded based on Grubbs’ test for outlier detection
within each group. Alcohol drinking and non-drinking mice were compared and
differentially expressed genes (DEGS) at a nominal p<0.05 were determined using the
Bioconductor package limma (Smyth, 2005). In addition, we correlated 6 behavioral
variables (preference or intake during all 20 days, last 8 days or last 2 days of the procedure)
with expression values of each detected gene within the ethanol group (11 subjects) using
Pearson’s correlation (nominal p<0.05) and generated 6 lists of genes correlated with either
alcohol intake or preference. Numbers of DEGs and correlated genes in each list were
compared to the 5% chance level using a Chi square test and the Chi square p-values were
adjusted using the Bonferroni correction. False discovery rate (FDR) for each gene list was
estimated using the g-value approach (Storey, 2002). Fold enrichment of genes expressed in
DA neurons was calculated by averaging the gene expression values for the 22 (11 alcohol
and 11 control) neuronal samples divided by values obtained from the whole VTA, and
genes with greater than 2-fold difference were considered as DA-enriched. Due to
experimental restrictions, we have maximized the number of control and alcohol-treated
neuronal samples with only 1 whole VTA sample profiled. Variability of gene expression
between cell types is multi-fold greater, than those induced by perturbations within the same
cell type and, therefore, a single whole VTA sample should be sufficient to estimate the
enrichment in DA neurons.

We validated TH expression in DA neurons in a separate experiment using RT-PCR
following manufacturer’s instructions (3 neuronal samples vs. 3 samples from whole VTA;
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Th assay: Mm00447557_m1, Gapdh assay: MmM99999915 g1 used as endogenous control,
Life technologies, Grand Island, NY). A t-test was used to analyze the data.

Bioinformatics analysis

Results

Two gene lists: DEGs and genes correlated with the last two days of alcohol intake
(Alcohol-Correlated Genes; ACGs) were used as input for Ingenuity Pathway Analysis
(IPA) (www.ingenuity.com) software for carrying out network and canonical pathway
analyses using all detected genes (~10,000) from our experiment as the reference
(background) set and default settings for other parameters. In addition, these two gene lists
were subjected to an over-representation analysis for biological pathways using Enrichr
(Chen et al., BMC Bioinf., 2013; http://amp.pharm.mssm.edu/Enrichr). The Enrichr-based
pathway analysis includes several well-curated databases including: KEGG, Wiki pathways,
Reactome, Biocarta and Panther). Over-representation (enrichment) p-value for each
pathway was calculated based on the Fisher’s exact test. Because Enrichr does not use user-
uploaded backgrounds, we compared our results with 3 random lists of 600 to 900 genes
from our data set to determine if any of the over-represented functional groups in DEG/ACG
lists were detected by chance. Those molecular pathways overlapping between DEG/ACG
lists and randomly generated lists were excluded. To nominate candidate genes for future
studies we used a systems approach based on convergent validity for each candidate. We
considered all genes with nominal p-value < 0.05 and discussed those that are either
enriched in dopamine neurons, belong to an over-represented molecular pathway, or play
functional roles in neurons in general. This approach combines statistical and biological
significance to reach an adequate balance between false positives and false negatives. It may
result in higher rates of false positives, compared to strict statistical approaches, but, most
importantly, it can contribute to the discovery of novel functional relationships, leading to
biological hypotheses.

Genes enriched in dopamine neurons

To validate our approach of profiling individual neuronal populations, we determined DA-
enriched genes, i.e., genes with higher expression in laser-captured neuronal samples,
compared to the sample from whole VTA tissue. Out of 9,971 transcripts with measurable
expression (detection p<0.05), 439 were highly expressed and showed at least 2-fold
enrichment in DA neuronal samples (Supplementary File 1). Several dopamine-specific
markers were among the DA-enriched genes, including tyrosine hydroxylase (Th) and
dopamine transporter (9c6a3), while markers for GABAergic neurons (Gadl, Gad2) and
glia (Mobp, Mbp, Scla2, Mag, Mal) were enriched in the whole VTA sample. RT-PCR
validation of Th expression showed a ~40 fold enrichment in neuronal samples (Fig. 1c),
which, given a ~4 fold microarray-based enrichment of Th, suggests that microarrays
provide a rather conservative estimate of changes in highly expressed genes. This may be
due to a relatively limited dynamic range of detection and saturation of signal in microarrays
compared to RT-PCR.
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Ethanol consumption produces global changes in gene expression in DA neurons

Mice from the alcohol group showed stable alcohol intake and a slight progressive increase
in preference for the ethanol solution during the 20-day exposure (Fig. 2a and 2b). Alcohol
consumption resulted in moderate changes in global gene expression, as 644 genes (DEGS)
were significantly different in expression between the drinking and non-drinking mice
(nominal p<0.05). 260 DEGs were down regulated while 384 were up regulated in the
alcohol group. Correlation analysis of gene expression and alcohol consumption within the
alcohol group showed that consumption during the last 2 days of the procedure was the best
predictor of changes in global gene expression (Fig. 2c), as 930 genes (ACGs) were
correlated with this phenotype (nominal p<0.05), of which 376 genes correlated negatively,
while 554 genes correlated positively (Supplementary File 1). The numbers of DEGs and
ACGs were significantly greater than those expected by chance (adjusted 32 p<0.01),
indicating marked effects of moderate doses of ethanol on the transcriptome of DA neurons
(Fig. 2c). The greater number of ACGs, compared to DEGs, suggests that differences in
alcohol intake during the last 2 days in the alcohol group contribute more to differences in
gene expression, than the 20-day history of alcohol exposure. This variability in the alcohol
group might have also contributed to fewer statistically significant changes between alcohol
and control groups. Several DA-enriched genes are shown as examples to be either
differentially expressed between ethanol and control groups (Fig. 2d) or correlated with the
last two days of intake (Fig. 2e). In contrast to the general trend of more up-regulation in
DEGs and more genes positively correlated with drinking, the majority of ethanol-regulated
genes enriched in DA neurons were either down-regulated by ethanol (16 out of 19) or
negatively correlated with ethanol consumption (44 out of 44) (Supplemental File 1).

Gene networks and molecular pathways associated with ethanol consumption in DA

neurons

Bioinformatics analysis identified several gene networks and molecular pathways affected
by ethanol consumption in DA neurons. Top IPA-based networks were: Neurological/
Psychological Disorders and Lipid and Nucleic Acid Metabolism for DEGs and ACGs
respectively (Fig. 3). Additional networks are shown in Supplemental Figure 1 (two for each
gene list). Noticeably, two of the top six networks centered around the NF-kB signaling
complex, a molecular pathway implicated in the neuroimmune system. Top molecular
pathways overrepresented for DEGs and ACGs are shown in Tables 1 and 2 respectively
and include ethanol degradation, mRNA splicing/processing, TCA cycle and chromatin
organization.

Discussion

Dopaminergic neurons in the VTA play a critical role in mediating the rewarding and
reinforcing effects of several drugs of abuse including ethanol (Nimitvilai et al., 2013;
Ishikawa et al., 2013; Brodie et al., 1999, Koob et al., 1998). Repeated ethanol produces
changes in DA neurons that may contribute to increased alcohol consumption and the
development of alcohol dependence; however the molecular mechanisms of this
neuroadaptation are not well understood. Here, we used a binge model of alcohol
consumption and measured alcohol-induced changes in gene expression in DA neurons. We
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specifically targeted the 24 hr. time point, when mice anticipate the delivery of ethanol, thus
enhancing the potential motivational value of the drug. We identified multiple genes that are
either differentially expressed between the alcohol and control groups (DEGS) or correlated
with ethanol consumption within the alcohol group (ACGs). Some of these changes may
underlie initial neuroadaptation to alcohol that may play an important role in the transition to
addiction. To nominate candidate genes for mechanistic studies, we used a systems approach
that combines moderate statistical significance with relevant functional significance for each
candidate. The following discussion is based on alcohol-related genes from three prioritized
categories: a) genes with higher expression in DA neurons (DA-enriched), b) genes with
known functions in neuronal physiology and c) genes as parts of overrepresented molecular
pathways.

One surprising finding was that the majority of DA-enriched DEGs were down-regulated by
alcohol and all DA-enriched ACGs were negatively correlated with alcohol consumption.
Genes with high cell type — specific expression are thought to be important for cellular
functions and we hypothesize that the alcohol-induced down-regulation of DA-enriched
genes is associated with a decrease in activity of DA neuron and subsequent release of
dopamine in target areas. These changes induced by repeated ethanol may represent a form
of tolerance to the activating effects of initial administration of the drug. Low dopamine
levels in the nucleus accumbens have been associated with increased alcohol preference and
intake in drinking models of mice (George et al., 1995) and rats (McBride et al., 1995) and
the increased consumption of alcohol continues until dopamine levels reach those of control
animals (Weiss et al., 1996). Therefore, alcohol-induced molecular neuroadaptations may
reinforce the addiction cycle by increasing the need to drink in order to normalize dopamine
levels. DA-enriched genes that were both down-regulated by alcohol and negatively
correlated with drinking included a cadherin, Celsr3 and a member of ATP-binding cassette
subfamily, Abca7. Mice lacking Celsr3 show marked deficits in cortical and sub cortical
connections particularly in the anterior commissure, internal capsule and corticospinal tract
(Zhou et al., 2008) and Celsr3 mRNA is altered in rats as a result of binge alcohol
consumption (Himes et al., 2008), while Abca7 has been implicated in psychiatric disorders
and shown to cause memory deficits in knockout mice (Logge et al., 2012). A gene coding
for another ATP-binding protein, Abca3, was among DA-enriched ACGs and was
previously shown to be down-regulated in the amygdala of human alcoholics (Ponomarev et
al., 2012). Chronic ethanol administration in mice can increase ATPase activity in brain and
liver (Israel and Kuriyama, 1971); and decrease ATP concentrations in the brain (Rawat and
Kuriyama 1972), which may alter levels of ATP binding proteins. Another ACG, Ret is a
receptor tyrosine kinase highly expressed in VTA DA neurons (Trupp et al., 1997, Pascual
etal., 2011) and an important mediator of behavioral adaptations to several drugs of abuse
(Messer et al., 2000).

Several genes previously implicated in neuronal functions and mechanisms of drugs of
abuse were also regulated in DA neurons after alcohol. These included cholinergic (Chrna3,
Chrnb3), GABA-ergic (Gabrg2) and glutamatergic (Grik2) ionotropic receptor subunits,
calcium (Cacnalg, Cacng2), potassium (Kcnkl, Kcnbl), chloride (Clic4) and sodium
(Scn3b, Scn2al) ion channel subunits and other genes coding for synaptic proteins (Vatl,
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X3, Ix5a, Ncaml, Cartpt, Crhr1, Gphn). For example, Cartpt is the precursor of cocaine-
and amphetamine-regulated transcript protein, which is involved in mediating the behavioral
effects of several drugs of abuse (Hurd et al., 1999; Rogge et al., 2008; Salinas et al., 2006)
and is associated with alcoholism in a Korean population (Jung et al., 2004). The gamma 2
subunit of gamma-aminobutyric acid (GABA) A receptor is required for clustering of
GABAA receptors and is down-regulated in postmortem brain from alcohol and cocaine
addicts, compared to control cases (Enoch et al., 2012). The nicotinic acetylcholine receptor
CHRNAS, A3, B4 gene cluster has been show to harbor polymorphisms that are predictive of
age of initiation of tobacco use (Schlaepfer et al., 2008), while rare missense variants in
CHRNA3 and CHRNBS3 have been implicated in alcohol and cocaine abuse in a recent
Collaborative Study on the Genetics of Alcoholism (COGA) study (Haller et al., 2014). In
addition, chloride intracellular channel 4, Clic4, has been implicated in behavioral responses
to alcohol in multiple species (Bhandari et al., 2012). Taken together, these molecular
changes may provide a mechanistic foundation for ethanol-induced neuroadaptations in DA
neurons.

Functional group analysis revealed several gene networks and molecular pathways
overrepresented in the DEG and ACG lists. All genes in “ethanol degradation” and
“glutathione redox reactions” categories were up-regulated in the alcohol group, implicating
activation of detoxification pathways in response to the ethanol challenge in DA neurons.
Aldehyde dehydrogenase 2 (Aldh2), one of the upregulated genes, is a mitochondrial
enzyme involved in ethanol metabolism. The ALDH2*2 allele that encodes an inactive form
of the enzyme is associated with low risk for alcoholism in several East Asian populations
including Japanese (Higuchi, 1994), Koreans (Shen et al., 1997) and Han-Chinese (Chen et
al., 1996). Interestingly, multiple lines of evidence suggest that brain-generated ethanol
metabolites play an important role in the early development of alcohol reinforcement (Israel
et al., 2015). Majority of genes in the TCA or Krebs cycle pathway were positively
correlated with levels of alcohol intake, providing additional support for the involvement of
energy metabolism in DA neurons in the regulation of alcohol consumption. Alcohol-
induced neuroimmune response is proposed to be a critical factor in alcohol addiction
(Crews and Vetreno, 2011; Osterndorff-Kahanek et al., 2013) and we detected several
alcohol-responsive biological categories related to the immune function, including the
nuclear factor kappa-light-chain enhancer of activated B cells (NF-kB) pathway. Chronic
alcohol consumption can activate the NF-kB pathway and increase production of
proinflammatory cytokines and chemokines that, coupled with decreased CREB signaling
can cause hyperexcitability and neuronal damage (Vetreno and Crews, 2014).

“Chromatin organization” was one of the overrepresented functional groups among DEGs.
There is growing evidence that chromatin (epigenetic) modifications play an important role
in mediating the actions of drugs of abuse (for review, see Nestler, 2014; Andrzejewski et
al., 2013) and alcohol can affect gene expression and downstream behavior via changes in
chromatin landscape (Ponomarev et al., 2012; Farris et al., 2015; for review see Ponomarev,
2013; Zhou et al., 2014; Kyzar and Pandey, 2015). Alcohol consumption affected several
enzymes involved in histone modifications, such as acetylation (Hatl), deacetylation
(Hdacl, Hdac10), lysine-specific methylation (Kmt2c) and demethylation (Kdm2b, Kdmv7a),
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as well as ATP-dependent chromatin remodeling (Smarcel, Smarcc2). A growing body of
evidence suggests that targeting epigenetic modifications such as histone acetylation can
result in alteration of drinking behavior. The histone deacetylase (HDAC) inhibitors
Valproic acid and MS-275 have been shown to inhibit excessive alcohol intake in dependent
rats (Simon O’Brien et al., 2015), while the HDAC inhibitor Trichostatin A (TSA) is
capable of decreasing anxiety-like behavior and alcohol intake in alcohol preferring rats
which is accompanied by a corresponding decrease in HDAC?2 protein levels and increase in
global histone acetylation in the amygdala (Sakharkar et al., 2014). In addition, methyl CpG
binding protein 2, Mecp2, was positively correlated with drinking in our study. Repeated
exposure to psychostimulants has been shown to increase levels of Mecp2 in the rat brain
(Cassel et al., 2006) and Mecp2 phosphorylation (Deng et al., 2014), causing changes in
gene expression and selectively modulating region-specific changes in plasticity
accompanying drug exposure. DNA methylation and histone modifications may result in
long-lasting changes in gene expression and we hypothesize that alcohol-induced changes in
expression of genes involved in regulation of chromatin states can contribute to long-term
neuroadaptations via epigenetic changes.

Several previous studies investigated the effects of alcohol consumption on gene expression
in whole tissue VTA (Mulligan et al., 2011; McBride et al., 2013; Flatscher-Bader et al.,
2008). To our knowledge, our study is the first to identify individual genes and molecular
pathways regulated by and correlated with high alcohol intake in LCM-isolated DA neurons.
Identification of cell type — specific alcohol-sensitive molecular targets is potentially very
important because of the possibility to specifically affect activity of individual neurons and
neuronal circuits, which may prove to be crucial for the development of new medications for
drug addiction. For example, given the known role of VTA DA projections to the nucleus
accumbens in drug reinforcement, possible pharmacotherapeutic agents acting on specific
neuronal populations have the potential to decrease the motivational value of the drug or to
inhibit conditioned responses to stimuli predicting drug availability. The ultimate goal of
this research is to determine roles of individual neuronal populations in alcohol actions and
to identify cell type - specific alcohol-sensitive genes and gene products as potential
therapeutic targets for alcoholism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Laser-capture microdissection and validation of tyrosine hydroxylase enrichment in
VTA DA neurons

Frozen 12um coronal brain sections of the VTA were fixed in acetone and stained with an
antibody against tyrosine hydroxylase (TH) to label DA neurons (see methods for details).
(a) A section of VTA stained for TH-positive neurons, with several neurons being removed
using laser-assisted microdissection. (b). Laser captured neurons are catapulted onto
P.A.L.M Adhesive Cap for collection (c). Results of RT-PCR to measure Th abundance
using RNA extracted from 300 neurons or whole VTA (n=3 samples per group). A 40-fold
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enrichment was obtained in captured neurons vs. whole VTA tissue (two-tailed t-test
p<0.01).
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Figure 2. Drinking behavior and global gene expression
Female B6 x FVB F1 hybrid mice were subjected to a 2-bottle choice DID paradigm (20%

ethanol, 3 hours daily, 20 days). Data for alcohol preference (a) and intake (b) were
averaged for three periods: days 1-6, 7-12 and 13-20. Asterisk indicates a significant
difference from 0.5 no preference level (one sample t-test adjusted p<0.01). (c). Numbers of
genes (transcripts) differentially expressed between alcohol and control groups (DEGS) or
correlated with either preference (Pref) or intake in the alcohol group averaged during three
time periods (all 20 days, last 8 days or last 2 days) of the procedure. Horizontal line at ~500
gene level represents the 5% chance. Numbers of regulated genes in three gene lists were
significantly greater than chance (adjusted 2 p values: * = p<0.01; ** = p<0.0001). (d). DA-
enriched differentially expressed gene, cadherin, Celsr3 (* = p<0.01). (e). Three DA-
enriched genes significantly correlated with last two days of ethanol intake (glucose
transporter, 9c2a6, R=—0.87; proto-oncogene, Ret, R=-0.63; vesicle amine transporter,
Vatl, R=-0.78; all p<0.05).
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Figure 3. Top gene networks identified using I ngenuity Pathway Analysis (1PA)
IPA generates networks based on the Ingenuity Knowledge Base that relies on known

biological relationships among genes. Shown are top gene networks for DEGs (a):

1duosnue Joyiny 1duosnuely Joyiny
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Neurological Disease, Psychological Disorders and Post Translational Modifications (IPA
Score = 51) and ACGs (b): Lipid metabolism, Nucleic acid metabolism, Small Molecular
Biochemistry (IPA Score = 51). Red represents molecules that are upregulated in alcohol

group or positively correlated with alcohol intake, while green represents those that are

downregulated or negatively correlated. Solid lines represent direct interactions while

dashed lines represent indirect interactions between molecules.
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Table 1
Molecular pathways and functional groups overrepresented in genes differentially
expressed between alcohol drinking and non-drinking mice (DEGS)
Functional enrichment analysis was carried out using either IPA or Enrichr (see Methods for detail).
Molecular Pathway/ Functional Group Pathway Genes P-value
Database

Control of gene expression by vitamin d receptor BioCarta Smarcel, Smarcc2, Hdacl, Cops2, Actl6a 0.00202

Mechanism of protein import into the nucleus BioCarta Nutf2, Kpna2, Rangapl 0.00857

Fc Epsilon RI Signaling IPA Gabl, Inpp5f, Map2k3, Mapk12, Nras, Ocrl, Ptpnll, 0.00130
Rac3, Rafl, Vav2

Glutathione Redox Reactions Il IPA Glrx, Txndcl12 0.00529

Ethanol degradation IPA Acssl, Akrlal, Aldh2, Hsd17b10 0.00725

Butanoate metabolism KEGG Hmgcl, Echsl, Aldh2, IIvbl, Ddhd1, Hsd17b10 0.00141

Glycolysis and gluconeogenesis KEGG Ldha, Tpil, Aldh2, Akrlal, Aldoc, Dlat, Acssl 0.00149

Propanoate metabolism KEGG Ldha, Echsl, Aldh2, Acadm, Acssl 0.00216

Valine leucine and isoleucine degradation KEGG Hmgcl, Echsl, Aldh2, Acadm, Hsd17b10 0.00662

Caprolactam degradation KEGG Echsl, Akrlal, Hsd17b10 0.00767

RNA Polymerase 1l Transcription Reactome Ercc3, Tafl13, Cstf2, Shrpg, Gtf2hl, Ssf5, Tafob, Ssf6, 0.00171
Polr2l, Nelfe

Global Genomic NER (GG-NER) Reactome Ddb1, Ligl, Ercc3, Rpal, Gtf2hl 0.00513

Chromatin organization Reactome Smarcel, Smarcc2, Kdm2b, Hdac10, Hdacl, Kmt2c, 0.00520
Actl6a, Gps2, Elp2, Coprs, Kansl3, Hatl, Epcl, Kdm7a

Processing of Capped Intron-Containing Pre-mRNA  Reactome Nxf1, Sf3b2, Cstf2, Srpg, Plrgl, Ssf5, Nupl2, Txnl4a, 0.00541
Prpf19, Ssf6, Polr2l

Nucleotide Excision Repair Reactome Ddb1, Ligl, Ercc3, Rpal, Gtf2h1, Polr2l 0.00547

mRNA Splicing Reactome g?ibgl Cstf2, Srpg, Pirgl, Ssf5, Txnl4a, Prpfl9, Ssf6, 0.00900

olr
Mismatch repair WikiPathways ~ Msh6, Ligl, Rpal 0.00394
Eukaryotic Transcription Initiation WikiPathways Ercc3, Tafl3, Palrla, Ik, Gtf2hl 0.00803

P-values (P<0.01) are based on Fisher's exact test.

Genes Brain Behav. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Marballi et al.

Table 2
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Molecular pathways and functional groups overrepresented in genes correlated with
alcohol intake during thelast 2 days of the procedure (ACGS)

Functional enrichment analysis was carried out using either IPA or Enrichr (see Methods for detail).

Molecular Pathway/ Functional Group Pathway Genes P-value
Database

Phagosome maturation IPA Atp6v0a2, Atp6vodl, Atp6vlb2, Atpévicl, Atp6vlh, Dyncli2, Nsf, 0.00436
Pik3c3, Rab5a, Rab7a, Tuba3e, Tubb, Vps37b, Vtilb, Yki6

mRNA Splicing Reactome Ncbpl, Cstf3, Ssfl, Prpf19, Hnrnpm, Shrpd2, Hnrnphl, Pcbp2, 0.00293
Polr2d, Dhx38, Hnrnpc, Ssf7, Shrpa

Processing of Capped Intron-Containing Pre-  Reactome Ncbpl, Nup210, Cstf3, Srsf1, Prpf19, Hnrnpm, Shrpd2, Hnrnphl,  0.00346

MRNA Pcbp2, Polr2d, Dhx38, Hnrnpc, Rael, S'sf7, Srpa

Regulation of pyruvate dehydrogenase Reactome Pdpl, Pdhal, Dlat, Pdhb 0.00642

(PDH) complex

Insulin receptor recycling Reactome Atpévib2, Atpév0a2, Atpévlh, Atp6v0dl, Atp6vicl 0.00974

TCA Cycle WikiPathways  Pdp1, Pdhal, Mdh1, Ogdh, Dlst, Dlat, Pdhb 0.00041

P-values (P<0.01) are based on Fisher's exact test.
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