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Abstract
The objective of this study was to determine if there are common innate differences in gene
expression or gene pathways in the ventral tegmental area (VTA) among 5 different pairs of rat
lines selectively bred for high (HEC) or low (LEC) ethanol consumption: (a) alcohol-preferring
(P) vs. alcohol-non-preferring (NP) rats; (b) high-alcohol-drinking (HAD) vs. low-alcohol-
drinking (LAD) rats (replicate line pairs 1 and 2); (c) ALKO alcohol (AA) vs. nonalcohol (ANA)
rats; and (d) Sardinian alcohol-preferring (sP) vs. alcohol-nonpreferring (sNP) rats. Microarray
analysis revealed between 370 and 1340 unique named genes that significantly differed in
expression between the individual line-pairs. Analysis using Gene Ontology (GO) and Ingenuity
Pathways information indicated significant categories and networks in common for up to 3 line-
pairs, but not for all 5 line-pairs; moreover, there were few genes in common in these categories
and networks. ANOVA of the combined data for the 5 line-pairs indicated 1,295 significant (p <
0.01) differences in expression of named genes. Although no individual named gene was
significant across all 5 line-pairs, there were 22 genes that overlapped in the same direction in 3 or
4 of the line-pairs. Overall, the findings suggest that (a) some biological categories or networks
may be in common for subsets of line-pairs; and (b) regulation of different genes and/or
combinations of multiple biological systems (e.g., transcription, synaptic function, intracellular
signaling and protection against oxidative stress) within the VTA (possibly involving dopamine
and glutamate) may be contributing to the disparate alcohol drinking behaviors of these line-pairs.
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1. Introduction
Studies from animals (Li and McBride 1995) and humans (Cloninger et al., 1985, 1989;
Heath 1995; Pickens et al., 1991; Sigvardsson et al., 1996) indicate that genetic factors have
a significant impact on alcohol drinking behavior. Gene expression studies can contribute to
the identification of genes associated with high alcohol preference and help elucidate
mechanisms underlying high alcohol drinking behavior. Gene expression studies with
human tissue, however, have been conducted using autopsy samples from individuals who
have had a previous history of alcohol abuse (Flatscher-Bader et al., 2005; 2008; Lewohl et
al., 2000; Mayfield et al., 2002). To disentangle genetic differences related to susceptibility
from those resulting from long-term excess consumption, it is important to determine levels
of gene expression in the central nervous system (CNS) of subjects who are genetically
susceptible to high alcohol drinking but have not had any previous exposure to ethanol.
Since this is not possible in humans, animal studies offer an alternative. To that end,
multiple rat and mouse lines, selected on the basis of various criteria for high (HEC) or low
(LEC) ethanol-consumption, have been studied.

Kerns et al. (2005) studied the effects of ethanol on gene expression in the nucleus
accumbens, prefrontal cortex and VTA of DBA/2J and C57BL/6J mice, and reported region-
specific changes in ethanol-responsive genes. Tabakoff et al., (2009) reported results of gene
expression levels in HXB/BXH recombinant inbred rats that linked candidate genes
involved in GABA release, activation of dopamine neurons, and postsynaptic GABA
receptor trafficking in the hypothalamus, ventral tegmentum and amygdala to alcohol
consumption. These animal studies are supported by human gene expression studies on the
effects of alcohol abuse in the VTA (Flatscher-Bader et al., 2008, 2010), which reported that
changes in neurotransmission and signal transduction in the VTA were associated with
alcohol abuse.

The fact that both susceptibility to excess ethanol consumption and ethanol consumption
itself influence gene expression in the VTA is not surprising because the VTA is a critical
part of the brain reward system and has been implicated in mediating the rewarding actions
of ethanol (McBride et al., 1999; Gatto et al., 1994; Rodd-Henricks et al., 2000) and in
regulating alcohol drinking (Hodge et al., 1993; Nowak et al., 2000). Moreover, there is
evidence that the VTA of P rats is more sensitive to the reinforcing effects of ethanol than is
the VTA of either NP or stock Wistar rats (Gatto et al., 1994; Rodd et al., 2004), suggesting
there may be innate differences in the VTA of P rats that makes ethanol more reinforcing
and contributes to their high alcohol drinking characteristics.

Tabakoff et al., (2008) performed a meta-analysis across three types of mouse populations
(high-alcohol-preference, low-alcohol-preference, BXD recombinant inbred, and 22 inbred
strains) to correlate innate whole brain gene expression with previously reported levels of
alcohol intake to identify candidate genes associated with the variance in alcohol preference
in mice. These authors reported that the 8 candidate genes identified play important roles in
neuronal migration, differentiation and synaptic remodeling. However, this study was
conducted using whole brain and not all of the mice were selected for alcohol preference or
non-preference. The present study was undertaken to better delineate innate differences in
gene expression between 5 pairs of independent, divergently selected HEC and LEC rat line-
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pairs: (a) the alcohol-preferring (P) and alcohol-non-preferring (NP) rats (Murphy et al.,
2002); (b) two replicate lines of high-alcohol-drinking (HAD) and low-alcohol-drinking
(LAD) rats (Murphy et al., 2002); (c) ALKO alcohol (AA) and nonalcohol (ANA) rats
(Eriksson, 1968); and (d) Sardinian alcohol-preferring (sP) and –non-preferring (sNP) rats
(Colombo, 1997). Undoubtedly, genes unrelated to alcohol preference were fixed during the
selection process of these lines. By analyzing differential gene expression both within and
across line-pairs, it is hoped that any gene expression differences present by chance would
be minimized and gene expression differences present because of phenotype would be
maximized. It is also possible that different genes may contribute to alcohol preference via
the same underlying mechanism if they are in the same biologic pathway. For this reason, it
is important to also analyze pathways that may be affected within line-pairs.

The hypothesis to be tested is there will be common differences across the 5 pairs of
selectively bred lines of rats in gene expression or within biological systems in the VTA that
could influence neuronal function, contribute to the reinforcing actions of ethanol, and
promote high alcohol consumption.

2. Method
2.1 Animals

Animals used for this study were ethanol-naïve, male adult selectively-bred rats (n = 9, 10/
line). The alcohol-preferring (P), alcohol-non-preferring (NP), high-alcohol-drinking lines 1
& 2 (HAD1, HAD2) and low-alcohol-drinking lines 1 & 2 (LAD1, LAD2) were bred at the
Indiana University School of Medicine. Animals were pair-housed in normal 12-hr light/
dark cycle rooms (lights on at 0800 hr). The ALKO alcohol (AA) and ALKO nonalcohol
(ANA) were housed in a similar manner in animal facilities in Helsinki, Finland. The
Sardinian alcohol-preferring (sP) and Sardinian alcohol-nonpreferring (sNP) were also
similarly housed in animal facilities in Cagliari, Italy.

The P and NP lines of rats were derived by selective breeding from an outbred stock of
Wistar rats maintained at Walter Reed Army Institute of Research (Lumeng et al., 1977).
The HAD and LAD replicate lines were derived from the N/Nih heterogeneous stock rats
(Hansen and Spuhler, 1984; Li et al., 1993). The sP and sNP rats were selectively bred from
a base population of Wistar rats obtained from a vendor in Italy (Fadda et al., 1989). The
AA and ANA lines were originally derived from a foundation stock that included Wistar and
Sprague-Dawley strains; these lines were subsequently crossed with F1 hybrids from Lewis
and Brown Norway rats (Erikson 1981; Sinclair et al., 1989; Kiianmaa et al., 1992; Sommer
et al., 2006). The selection criteria for the HEC lines were ethanol intakes of > 5 g/kg/day
and a 10% ethanol to water preference ratio equal to or greater than 2:1, using a 24-hr free-
choice drinking procedure. The LEC lines had ethanol intakes less than 1 g/kg/day.

The P, NP, HAD1,2 and LAD1,2 animals used in these experiments were maintained in
facilities fully accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care (AAALAC). All research protocols were approved by the
institutional animal care and use committee and are in accordance with the guidelines of (a)
the Institutional Care and Use Committee of the National Institute on Drug Abuse, National
Institutes of Health, and the Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, Commission on Life Sciences, National Research Council
1996), and (b) the European Communities Council Directive (86/609/EEC) on the
“Protection of animals used for experimental and other scientific reasons”.
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2.2. Sample preparation
Rats were killed by decapitation; the brains were quickly removed and frozen in isopentane
in dry ice. Brains were stored at −80° C until sectioned. Whole brains from AA, ANA, sP
and sNP rats were shipped overnight to Indianapolis in dry ice. On the day of preparation of
micro-punch samples, brains were transferred, at least 2 hr prior to sectioning, to a cryostat
set at −6 to −10° C. Sections (300 μm) were obtained and transferred to glass slides that had
been pre-cooled in the cryostat. Micro-punch sampling was done on a frozen stage (−25 to
−35° C) with an anatomic microscope equipped with a cool microscope lamp. The
stereotaxic atlas of Paxinos and Watson (1998) was used to identify the VTA. Micro-
dissection needles (Fisher Scientific) with an inner diameter of 0.77 mm were used to obtain
samples. This inner diameter fits within the entire region and minimizes contamination from
adjacent tissue. Punches were taken bi-laterally from 2–3 sections. A different fresh sterile
micro-punch needle was used for each animal. After withdrawing the micro-punch sample, a
distinct demarcated hole remained; this hole was used to validate the micro-dissection
method. All equipment used to obtain tissue was treated with RNAse Zap (Ambion, Inc.
Austin, TX) to prevent RNA degradation. To minimize batch and order effects within each
line-pair, micro-punch samples were obtained from each line-pair of HEC and LEC rats in a
counterbalanced design over a 2–3 day period, such that equal numbers within each line-pair
were obtained on the same day. However, micropunch samples from the 5 line-pairs were
processed at different times with intervals up to several months between line-pairs.

The micro-punched samples were immediately homogenized in Trizol reagent (Invitrogen,
Carlsbad, CA) and processed according to the manufacturer’s protocol, but with twice the
suggested ratio of Trizol to tissue (Edenberg et al., 2005). Ethanol precipitated RNA was
further purified through RNeasy® columns (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. The yield, concentration and purity of the RNA were determined
by running a spectrum from 210 to 350 nm, and analyzing the ratio of large and small
ribosomal RNA bands using an Agilent Bioanalyzer. Yields, purity and quality of the RNA
were excellent; RNA integrity numbers (RIN) averaged 8.5 for the samples, showing little or
no degradation.

2.3. Microarray procedures
Separate preparations of total RNA were made for each animal. Samples were not pooled at
any stage. Samples from each line-pair were processed as one batch for labeling. Samples
from the two HAD/LAD line-pairs were labeled using the Affymetrix 2-cycle protocol using
25 ng of total RNA. Due to the discontinuation of that kit, the remaining line pairs were
labeled using the 3′ IVT Express Protocol using 100 ng of total RNA; the 3′ IVT express
protocol uses only one round of IVT amplification. Samples from each line-pair were
divided into two evenly distributed batches across the HEC and LEC animals for
hybridization and scanning. The fragmented, biotinylated cRNA from each independent
sample was mixed into 300 μl of hybridization cocktail, of which 200 μl were used for
hybridization to Affymetrix Rat Genome 230 2.0 GeneChips. Hybridization was carried out
for 17 hr at 42°C. Washing and scanning of the GeneChips were carried out according to
standard protocols, as previously described (Edenberg et al., 2005; McClintick et al., 2003).
Each GeneChip® was scanned using an Affymetrix Model 3000 scanner and underwent
image analysis using Affymetrix GCOS software. Microarray data are available from the
National Center for Biotechnology Information’s Gene Expression Omnibus
http://www.ncbi.nlm.nih.gov/geo/ under accession GSE31709.

2.4. Statistical and neuroinformatics analysis of microarray data
Raw CEL files were imported into the statistical programming environment R (R: A
language and environment for statistical computing Ver 2.13.0; R Foundation for Statistical
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Computing, 2011) for further analysis with tools available from the Bioconductor Project
(Gentleman et al., 2004). Expression data from the arrays of each experiment was
normalized and converted to log(2) values using the Robust Multi-chip Average (RMA)
method (Irizarry et al., 2003). As a standardization step to facilitate later comparisons with
other experiments, expression levels were scaled such that the mean expression of all arrays
was log2(1000). After the initial statistical analysis (Table 1), all probe sets currently
annotated by Affymetrix as “expressed sequence tags” or whose gene names contain the
words “riken”, “predicted”, or “similar to” were not included in any further analyses; only
the remaining probe sets deemed “named genes” were further analyzed. Probe sets that were
not detectable above background were filtered out; this has been shown to reduce noise in
microarray experiments (McClintick and Edenberg, 2006). Probe sets that did not have a
median expression across experiments of at least log2(100) were therefore excluded. To
obtain lists of significant genes within-line-pair, a simple t-test was performed and the
resultant p-values were used to calculate the FDR q value for each gene according to the
method of Storey et al. (2004). Genes with a q value equal to or less than 0.10 were deemed
significant. To test for significance of genes across line-pairs, 2 factor linear modeling
including interaction term with ANOVA (p < 0.01) was conducted. One factor was line-pair
(5 levels) and the other factor was ethanol consumption phenotype (2 levels). FDR was
calculated using the same method as for the within-line t-tests and significance was again set
at FDR equal to or less than 0.10.

Testing for over-representation of GO (Harris et al., 2004; Ashburner et al., 2000) biological
processes (BP) and KEGG categories was performed using the Bioconductor package
GOstats (Gentleman, 2004). Briefly, for each set of significant genes tested, a list of unique
Entrez-Gene identifiers was constructed. This list was then compared to the list of all
Entrez-Gene identifiers for the named genes that were called “present” using the filtering
methods described above. Identification of over-represented categories was then
accomplished using the hypergeometric distribution. Categories were called significant at p
< 0.05.

Genes differentially expressed at FDR 10% for each individual line pair and for those
significant at FDR 10% in the ANOVA analysis were uploaded separately into Ingenuity
Pathway Analysis ® (Ingenuity® Systems, www.ingenuity.com). Genes were identified by
their Affymetrix probe set id and then mapped to their corresponding objects in the
Ingenuity® Knowledge Base. These molecules, called Network Eligible molecules, were
overlaid onto a global molecular network developed from information contained in the
Ingenuity Knowledge Base. Networks of Network Eligible Molecules were then
algorithmically generated based on their connectivity.

Present probe sets were analyzed for enrichment in regions of established Rat QTLs using
the methodology of Gene Set Enrichment Analysis (GSEA) (Subramanian, et al., 2005)
accompanied by linear modeling (Oron et al., 2008) with the Bioconductor packages
GSEABase (R package version 1.17.1) and GSEAlm (R package version 1.15.0). For the
across line-pairs analysis, the same linear model was used, as described above for the
ANOVA analysis, and GSEA was conducted using the statistic for the ethanol consumption
phenotype factor. For the within line-pair analyses, ethanol consumption phenotype was the
only factor in the model. The aggregate gene set statistic used was the J-G statistic described
in Jiang and Gentleman (2007).
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3. Results
3.1. Individual line-pairs analyses

There were over 2,500 probe-sets that differed between the P and NP lines, over 1,200
probe-sets that differed between the HAD1 and LAD 1 lines, over 1,800 probe-sets that
differed between the HAD2 and LAD2 lines, over 700 probe-sets that differed between the
AA and ANA lines, and over 1,900 probe-sets that were different between the sP and sNP
lines (Table 1). Approximately 40–50% of the significant probe-sets were Expressed
Sequence Tags (ESTs). There were 370 (AA-ANA lines) to 1,344 (P-NP lines) significant
differences in unique named genes between the individual line-pairs (Table 1). See
Supplemental Tables A–E for list of significant differences in unique named genes for each
line-pair. Supplemental Tables G - K have lists of unnamed probe sets that significantly
differed within each line-pair.

Principal Components Analysis (PCA) by line pair (Fig. 1) indicated that (a) the HAD-LAD
replicate lines clustered together and separately from the other line-pairs; (b) the AA-ANA
lines clustered separately from all other lines; and (c) the P-NP and sP-sNP lines clustered
together. A second PCA indicated that genes for the HEC lines did not cluster separately
from the genes for the LEC lines (Fig. 1). Heat map (clustergram; not shown) of genes that
were significant (FDR = 0.10) between individual line-pairs did not reveal any clear pattern
of genes associated with high or low ethanol-consumption. The patterns of gene expression
in the heat map reinforced the findings from the PCA. These results suggest that differences
in the genetic background of the strains (and potential batch effects in housing, sacrificing
and hybridizing the different line pairs) predominate over any potential clusters of genes
associated with high or low ethanol consumption.

Intersection of lists of named unique genes (see Supplemental Tables A-E) with a FDR <
0.10 indicated that there were no overlapping common genes across all 5 line-pairs. Even
with a more relaxed criteria (either FDR < 0.20 or p < 0.05), there were no overlapping
common genes across all 5 line-pairs. Furthermore, with FDR < 0.10 or p < 0.05, there were
only 6 genes in common across 4 line-pairs, but only the 6 genes obtained with FDR < 0.10
were significant and did not occur by chance alone. Overall, the results do not support
common differences in gene expression within the VTA as being associated with the
disparate alcohol drinking characteristics across these 5 line-pairs of selectively bred rats.

GSEA was used to determine enrichment of probe sets in established rat QTLs. No
enrichment was found for any of the QTLs within a line-pair or across the line-pairs.

3.1.1. Gene Ontology (GO) analyses of individual line-pairs—Although each line
pair had significant categories, there were no biological categories that were in common
across more than 3 line-pairs (Table 2). The ‘circadian rhythm’ category was significant for
the P-NP, HAD1-LAD1 and sP-sNP lines. Among the 9–14 genes in this category for the 3
line-pairs, there was only one gene that was significant in all 3 line-pairs, i.e., Crem,
however, its direction of change was not consistent across the line-pairs. There were several
genes in common in 2 of the 3 line-pairs, although the differences were not always in the
same direction. Comparison of the differences between the P-NP vs. the HAD1-LAD1 lines
yielded 2 common genes: Bhlehe41 (both higher in P & HAD1) and Dpyd (both lower in P
& HAD1). Comparison of the differences between the P-NP vs. the sP-sNP lines indicated
the following common genes: Cdk4 (both lower in P & sP), and Per2, Per3 and Kcnma,
which all changed in opposite directions. Comparison of the HAD1-LAD1 vs. sP-sNP rats
indicated that Phlpp was higher in HAD1 and sP lines, whereas Homer1 and Ncor1 changed
in opposite directions in the 2 line-pairs.
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The ‘response to estrogen stimulus’ category was significant in the AA-ANA and HAD2-
LAD2 line-pairs (Table 2). Among the 13–19 genes listed within this category, there were
only 3 common genes, two (F3 & Ifi27) of which changed in opposite directions. The third
gene (Tgfb3) was lower in the AA and HAD2 lines compared to ANA and LAD2 lines,
respectively.

Other significant GO categories (Table 2) included tetrahydro-biopterin biosynthetic process
(P-NP lines), NO-mediated signal transduction (HAD2-LAD2 lines), cytokine-mediated
signaling (HAD2-LAD2 lines), glutathione metabolism (AA-ANA lines), neuropeptide
signaling (sP-sNP lines) and cell redox homeostasis (sP-sNP rats).

3.1.2. Ingenuity single line-pair analyses—The top 5 Ingenuity pathways for each
line pair were selected for further analysis. All networks had a score > 25. There were no
common networks across all 5 line-pairs, although there were networks common to 3 line-
pairs (Table 3). Glucocorticoid receptor signaling networks were found in the VTA of the P-
NP, HAD2-LAD2 and sP-sNP line-pairs. NF-κB signaling networks were common among
the P-NP, HAD2-LAD2 and AA-ANA line-pairs. Ephrin receptor signaling networks were
common between the P-NP and HAD1-LAD1 line pairs, and glutathione metabolism
networks were common for HAD1-LAD1 and HAD2-LAD2 line-pairs. However, except for
Gst and Gsta4 in the glutathione metabolism network, there were no common genes in these
networks between any line-pairs, suggesting that the mechanisms underlying these cellular
processes may be different for each line-pair.

Several networks were detected in only one of the line-pairs (Table 3). Comparison of gene
expression between HAD1-LAD1 rats (Table 3) indicated differences in cAMP-mediated
and protein kinase A signaling and Ox40 signaling. For the HAD2-LAD2 lines, there were
differences in clathrin-mediated endocytosis signaling; RAR and PPARα/RXRα activation
and Wnt/β-catenin signaling. The AA-ANA lines had differences in CREB signaling. The
sP-sNP lines had significant differences in gene expression in a network related to dopamine
receptor signaling and production of NO.

3.2. Overall ANOVA for all line-pairs combined
ANOVA, using ethanol consumption phenotype (HEC and LEC) and line-pair (5 categories)
as factors, was conducted for each probe set. The results of the ANOVA showed 1,295
individual named genes that were significantly (p < 0.01) different between the HEC and
LEC lines (see Supplemental Table F for named genes, and Supplemental Table L for
unnamed probe sets that significantly differed).

Ingenuity pathway analyses revealed 6 significant (score > 30) networks (Table 4). All
networks had more genes with higher than lower expression in the HEC compared to the
LEC lines, with the most pronounced differences found in networks 1 (1.6-fold), 3 (2.5-fold)
and 4 (1.9-fold). Within network 1, there were 22 genes in the App (amyloid beta precursor
protein) cluster, with 17 genes having higher expression, and 6 genes with lower expression
in the HEC lines compared to the LEC lines (Table 4, genes in cluster designated by
asterisks). Network 3 was associated with proliferation of cells and transcription of DNA;
within this network, there were 13 genes in the Ccnd1 (cyclin D1) cluster, with 10 genes
having higher expression in the HEC lines. Network 4 was associated with the growth and
outgrowth of neurites and migration of neurons; several genes within this network interact
with Itga2b (integrin alpha 2b). Among the 9 genes in the Itga2b cluster, there were 7 genes
with higher expression in the HEC than LEC group, with only Fn1 and Vwf having lower
expression in the HEC group. Network 5 had almost the same number of genes with higher
and lower expression (Table 4). However, of the 13 genes in the Rxra (retinoid X receptor,
alpha) cluster, there were 10 genes that had higher expression levels in the VTA of the HEC
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vs. LEC lines. Networks 2 and 6 had a few more genes with higher than lower expression in
the VTA of the HEC vs. the LEC lines. Within network 2, there were 17 genes in the Egfr
(epidermal growth factor receptor) cluster, with 10 genes having higher and 7 genes having
lower expression in the HEC lines. Network 6 had 9 genes in the Vcl (vinculin) cluster, with
5 genes having higher expression in the HEC group.

Two important biological pathways emerged from the analysis of KEGG pathways in the
overall ANOVA (Table 5). These include 11 genes associated with the dopamine system
and 13 genes associated with the glutamate system. Although there were subunits of the
GABA-A receptor that differed in any one line pair, there were only 2 genes that were
significant in the GABA system in the overall analysis.

There were 22 genes differentially expressed (in the same direction) in at least 3 of the 5
line-pairs of HEC vs. LEC lines in the overall analysis (Table 6). There were 8 genes in
common across 4 line-pairs, but all 8 genes were not in common across the same 4 line-
pairs. There were 8 genes in common across the HAD1-LAD1, HAD2-LAD2 and P-NP
lines (Table 6).

Validation studies on key genes, using RT-PCR, were not conducted because there was not
sufficient sample remaining for this measurement. Previous studies from our laboratory
indicated good agreement between the data obtained with microarrays and the results found
with RT-PCR (Kimpel et al., 2007; Rodd et al., 2008; Bell et al., 2009).

4. Discussion
The results of the analyses of the individual line-pairs indicate that, although there are
biological categories or networks in common for up to 3 line-pairs, within these categories
or networks, there were few genes in common. On the other hand, the overall ANOVAs of
the 5 line-pairs indicated there were ~1,300 genes that were significantly different between
the HEC and LEC rats, suggesting some common mechanisms may exist across all 5 line-
pairs. This apparent disagreement between the individual line-pair comparisons vs. the
overall ANOVAs may be a result of prominent differences in a subset of line-pairs
contributing to the overall significance of a given gene in the ANOVA.

The finding that there did not appear to be similar differences in gene expression across all 5
line-pairs could be a result of a combination of factors including: (a) differences in the range
of genetic variation in the foundation stocks of the different line-pairs; (b) multiple
mechanisms may contribute to innate differences in responses to alcohol that contribute to
high ethanol intakes; (c) other brain regions are involved in regulating alcohol drinking; (d)
accumulated effects of several small differences may not be detected with the microarray
procedure; and/or (e) common differences may be found in expression of genes that have
not yet been identified and so were not analyzed. Selection acts on the existing genetic
differences in the founder stock, and, if there are multiple pathways that can lead to the
phenotype, an early divergence in one pathway is likely to be reinforced by continuing
selection.

4.1. Individual line-pair findings
Comparisons of the individual line-pair differences with GO (Table 2) and Ingenuity (Table
3) analyses indicated some common categories or networks for up to 3 line-pairs, but very
few genes in common within these categories or networks, suggesting that different
molecular mechanisms may be underlying the disparate alcohol drinking and other
characteristics of each line-pair.
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P-NP, HAD1-LAD1 and sP-sNP line-pairs had a significant GO ‘circadian rhythm’
biological category, suggesting that there may be a relationship between innate preference
for alcohol and functions associated with disturbances in the circadian rhythm. Both
preclinical and clinical studies have shown that the clock gene Per2, and variations of this
gene, may influence high ethanol-consuming behavior in mice and humans (Comasco et al.,
2010; Spanagel et al., 2005, 2010).

Ingenuity Pathway analysis revealed differences between the P-NP, HAD2-LAD2 and sP-
sNP lines in glucocorticoid receptor (GR) signaling (Table 3), which is involved in
regulating nuclear transcription and intracellular signaling in response to stress (Pariante &
Miller 2001; Gutierrez-Mecinas et al., 2011). P-NP and HAD1-LAD1 lines had differences
in ephrin receptor signaling, which is involved in clustering and modulating NMDA
receptors (Antion et al., 2010; Murai & Pasquale 2004). Differences in NFkB signaling,
which is a transcription factor involved in a wide variety of cellular functions, including
regulation of neurite growth and neuro-protective mechanisms (Kimpinski et al., 1999;
Mattson 1997; Tsatsanis et al., 2006), were observed between the P-NP, HAD2-LAD2 and
AA-ANA lines. Differences between various high and low ethanol drinking lines were
observed for glutathione metabolism, RAR activation and Ox40 signaling pathway (Table
3), which are all involved in protection against oxidative stress and other cellular insults (Li
et al., 2011; Kostenko et al., 2011; van Neerven et al., 2008; Maher 2005; Shinozaki et al.,
2007). Intracellular signaling and synaptic function can be altered by line differences in
cAMP-mediated and protein kinase A signaling, clathrin-mediated endocytosis, PPAR and
RXR signaling, CREB and dopamine receptor signaling (Table 3).

Overall, the Ingenuity results for the individual line-pairs suggest there are innate
differences in the regulation of transcription in the VTA between each of the individual line-
pairs. These differences in transcription could alter expression of genes involved in synaptic
function and intracellular signaling pathways. In addition, differences in regulation of
transcription could also alter expression of genes providing neuro-protection against
oxidative and other cellular stress factors, which could influence the consequences of
chronic alcohol drinking. Finally, although there were 4 common general themes (i.e.,
regulation of transcription, synaptic function, protection against oxidative stress and
intracellular signaling), the molecular mechanisms underlying the differences between the
line-pairs in each of these functions are not likely to be similar because there were very few
genes in common between the line-pairs in any of the biological functions.

4.2. Combined line-pair findings
Examining expression across all 5 line-pairs can reveal differences that might be too small
to detect in a single line-pair comparison. Almost 1,300 individual named genes were
significantly different between the HEC and LEC lines. Ingenuity Pathway analysis of gene
expression differences between the high and low alcohol consuming lines (Table 4) revealed
significant differences in networks clustered around 6 genes: App, Egfr, Ccndl, Itga2b, Rxra
and Vcl. Amyloid precursor protein (APP) is involved in normal neuronal functions, such as
signal transduction, cell adhesion and motility, plasticity and memory (Turner et al. 2003).
Three genes, or their isoform, (Aplp1, Hyou1, Vps11) from the APP pathway were
identified by Mulligan and colleagues (2006) as candidate genes for high ethanol
consumption in mice.

Epidermal growth factor receptor (EGFR) is a member of the receptor tyrosine kinase
family, which is involved in signal transduction (Carpenter & Cohen, 1990), cell
proliferation, migration, differentiation and apoptosis (Citri & Yarden, 2006). Cyclin D1
(CCND1) is a co-factor to cyclin-dependent kinases (CDKs), which can induce nuclear
receptor activity and regulate transcription (Kim & Diehl, 2009). Retinoid X receptor
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(RXRa) is a nuclear receptor that regulates transcription of approximately 500 different
genes, including enzymes, transcription factors and cytokines (Van Neerven et al., 2008).
Brain RXRs expression was enhanced with chronic ethanol consumption and appeared to be
involved in ethanol-induced memory impairment (Alfos et al., 2001).

ITGa2b (Table 4, Network 4) is a member of a family of extracellular matrix (ECM)-
interacting membrane receptors, which are critical for cell adhesion and survival. Vinculin
(VCL) is a cytoskeleton protein involved in cell adhesion and motility, as well as cell
survival and proliferation (Carisey & Ballestrem, 2011).

Overall, the results suggest that differences in cell-to-cell interactions and transcription may
be contributing factors to the disparate alcohol drinking characteristics of the HEC and LEC
lines.

4.2.1. Genes associated with the DA system—The VTA is a major source of DA
neurons that project to several limbic regions and are involved in regulating the rewarding
actions of ethanol and alcohol drinking behavior (Gatto et al., 1994; Hodge et al., 1993;
Nowak et al., 2000; Rodd-Henricks et al., 2000). In the dopamine system, differences were
found in expression of genes involved in presynaptic dopamine homeostasis, i.e., Qdpr and
Comt, as well as postsynaptic signal transduction, i.e., Adcy9, Prkar2a and several protein
phosphatase genes (Table 5). Quinoid dihydropteridine reductase (QDPR) is an enzyme
involved in the generation of BH4, the co-factor for tyrosine hydroxylase, which is the rate-
limiting enzyme in the synthesis of dopamine. Catechol-O-methyltransferase (COMT) is an
enzyme involved in dopamine degradation. COMT plays an important role in cognitive
functions and may be involved in various psychiatric diseases including schizophrenia
(Tunbridge et al., 2005). Adenylate cyclase 9 (Adcy9) is a downstream effector protein to
dopamine receptor activation, which has been shown to be associated with bipolar disorder
(Toyota et al., 2002). The activity of protein kinase A associated protein (Prkar2a) in the
mesolimbic system appears to regulate ethanol consumption in rats (Misra & Pandey, 2006).
Protein phosphatases (Ppm1b, Ppp2r5b, Ppp2r5c, Ppp2r1b) modulate the activity of various
protein kinases and are involved in the regulation of cell growth, cytoskeleton dynamics and
apoptosis, among their diverse multiple cellular functions (Janssens & Goris, 2001). Overall,
the results suggest differences in dopamine neuronal function within the VTA may be
contributing to a predisposition for high ethanol consumption.

4.2.2. Genes associated with the glutamate system—The VTA receives excitatory
glutamatergic inputs from several sources, e.g., pedunculopontine nucleus, medial prefrontal
cortex, insular cortex, etc, and may also contain neurons that use glutamate as a transmitter
or co-transmitter (Stuber et al., 2010). Within the glutamate system, higher expression of
genes involved in glutamate metabolism was found (Table 5). Glutamate-ammonia ligase
(Glul), a member of the glutamine synthetase family, is involved in neuroprotection against
excessive glutamate and ammonia, as well as in astrocyte differentiation (Suarez et al.,
2002). There were differences in several sodium-coupled neutral amino acid transporters
(Slc38a1, 2, & 3), which preferentially transfer glutamine from glial cells to neurons. Also,
there was higher expression of the gene for glutaminase (Gls), an enzyme that converts
glutamine to glutamate in neurons. The latter two groups of genes play important roles in the
glutamate/GABA-glutamine homeostasis in the brain (Mackenzie & Erickson, 2004; Mates
et al., 2009).

Differences were also found in genes involved in postsynaptic glutamate signal transduction,
including: (1) G-protein subunits coupled to metabotropic glutamate receptors (mGluRs);
(2) phopholipase D2 (Pld2), a downstream effector enzyme to the activation of mGluRs,
important for synaptic plasticity (Niswender & Conn, 2010); and (3) a member of homer

McBride et al. Page 10

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protein family (Homer2), which function as scaffolding proteins and regulate receptor
trafficking and clustering (Foa & Gasperini 2009). Several studies indicated an association
between alcohol drinking and the mesolimbic mGluR-NMDAR-Homer2 function (Cozzoli
et al., 2009; Goulding et al., 2011; Obara et al., 2009; Szumlinski et al., 2006). Overall, the
results suggest that alterations in glutamate homeostasis and synaptic function may
contribute to the disparate alcohol drinking characteristics of the 5 line-pairs.

4.3. Genes identified in both the individual line-pair and combined line-pair analyses
Several individual genes were significantly different in the ANOVA and also in 3 or 4 of the
line-pair comparisons with the same direction of change (Table 6). Four of the 22 genes in
Table 6 are located in an alcohol preference QTL. Fam102b and Fam40a are both located in
Alc15, Psd3 is located in Alc11, and Zfp212 is located in Alc18. Little is known about
Fam40a and Fam102b other then their location on chromosome 2 (Gregory et al., 2006;
Nagase et al., 2000). Fam40a is higher and Fam102b is lower in all of the 4 significant HEC
lines, suggesting this is not the case of a coding region being open or closed for
transcription.

There are 42 genes within the region flanked by Fam40a and Fam102b (Entrez Map Viewer,
http://www.ncbi.nlm.nih.gov/mapview/, build RGSC v3.4); 11 of these genes encode for
glutathione S-transferases, but only 4 are represented on Affymetrix rat chip 230.2, and, of
these, only Gst4 is significant in any line (higher in the AA than ANA line). Gsta4
expression in several brain regions may have a role in alcohol preference and longevity in
AA vs. ANA rats (Bjork et al., 2006). Seventeen other genes in this interval are represented
on the chip and 6 of these are significant, but all are significant in only 1 line. Taken
together, it seems that there may be something important about this region or nearby
regions.

Psd3 contains 2 domains of interest. Although the exact functions of Psd3 are unknown, the
2 domains can be found in many other genes with better characterized functions, e.g., cell
signaling and cytoskeletal regulation (Rebecchi & Scarlata, 1998). The final gene found in
an alcohol QTL, Zfp212, is a zinc-finger protein with presumed transcriptional regulatory
ability (Strausberg et al., 2002), but its specific function is unknown.

Several other genes in Table 6 are of interest. Crelbl2 shares 41% identity to Creb
(Hoornaert et al., 1998) and the function of CREB in alcohol preference is well documented
(Constantinescu et al., 1999; Li et al., 2003; Yang et al., 1998). Gsta4 is a glutathione S-
transferase, which functions primarily to detoxify lipid peroxidation products, but has been
implicated in ethanol preference (Bjork et al., 2006; Liang et al., 2004). There are 2 integrins
in the table, Itga9 and Itgb2, which are located on different chromosomes. In the nervous
system, integrins have been shown to interact with extra-cellular matrix proteins during
regeneration after injury (Gardiner, 2011), suggesting a role in neuroplasticity. Several
genes in Table 6 are involved with cytoskeletal architecture. Rock2 is a serine/threonine
kinase that regulates both cytokinesis and focal adhesions and activates c-fos (Ivanov et al.,
2009; Olsen et al., 2006). Pls1 is a member of the plastin family, which are actin-binding
proteins (Lin et al., 1993). Smtnl2 encodes a structural protein that associates with actin
fibers (Gerhard et al., 2004).

Finally, Slc38a10 is a putative neutral amino-acid transporter (Ota et al., 2004). The neutral
amino acids tryptophan and tyrosine are precursors to the biogenic amines. This gene has
reduced expression in 4 of the line-pairs, which could eventually lead to decreased synthesis
of dopamine and serotonin in the VTA in the HEC compared to the LEC rats.

McBride et al. Page 11

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/mapview/


Some notable genes in Table 6 include cAMP responsive element binding protein-like 2, a
glutathione S-transferase, intergrins, a protein kinase and a transporter. The products of
these genes could have important effects on transcription, oxidative stress and metabolic
aspects of cellular function that could result in an altered response to the actions of alcohol
within the VTA.

Significant differences in the expression of genes related to glutamate neurotransmission in
the VTA have been reported between alcoholics and non-alcoholics; these included two
glutamate transporter genes, i.e., Slc17a and Slc1a2 (Flatscher-Bader et al., 2008). Multiple
differences in the glutamate system were also observed in the present study (Table 5),
including neutral amino acid transporters, which are involved in transferring glutamine from
glial cells to neurons (Mackenzie & Erickson 2004; Mates et al., 2009). Increased
expression of Sparc was reported in the VTA of alcoholics compared to non-alcoholics
(Flatscher-Bader et al., 2010) and in the present study (Table 4, network 4). SPARC is a
glycoprotein involved in regulating cell-matrix interactions (Brekken and Sage, 2001).
Differences in expression of Fn1, which encodes for an extracellular matrix protein (Potts
and Campbell, 1996), were also observed in the present study (Table 4, network 4) and in
the VTA of alcoholics (Flatscher-Bader et al., 2010), although the changes were in opposite
directions. These parallel a number of differentially expressed genes observed in the present
study that are associated with cell adhesion molecules, proteins and integrins. Combined,
these findings suggest that there may be differences in cell-cell interactions in the VTA
between alcoholics vs. controls, as well as between selectively bred high vs. low ethanol-
consuming rats.

The relationship between specific genes and associated pathways, identified herein, and
ethanol-associated effects and consumption have also been reported in published meta-
analyses and comprehensive genomic studies. In this regard, multiple reports have
implicated the Nfkb, Il6 and Mapk pathways in alcohol abuse (Table 3, c.f., Aroor &
Shukula, 2004; Crews et al., 2006; Mulligan et al., 2006; Zhai et al., 2008; Zou & Crews,
2005, 2010). Similarly, multiple reports have associated members of the glutathione S-
transferase (Gst) family and its metabolic pathway with excessive ethanol intake (Tables 2
& 6; Bjork et al., 2006; Grisel et al., 2002; Hashimoto et al., 2011; Liang et al., 2004;
Mulligan et al., 2006; Thibault et al., 2000). Both the AA-ANA and HAD2-LAD2 line-pairs
had ‘Response to estrogen stimulus’ as a significant GO category (Table 2), which has also
been reported recently in a comparison of ethanol-treated withdrawal seizure prone (WSP)
and resistant (WSR) mice (Hashimoto et al., 2011).

It is noteworthy that a number of genes and/or biological systems identified in this study
have also been identified as candidate genes for the development and/or expression of
alcoholism through investigations of polymorphisms detected in alcoholic vs. control
populations. Some of the genes identified in the present study and previous clinical literature
include Gabra2 (Bierut et al., 2010; Enoch et al., 2009), Nfkb1 (a subunit of the transcription
factor NFkB: Edenberg et al., 2008) and Per2 (Spanagel et al., 2005, 2010), as well as
others, e.g., Npy5r, Grm8 and Comt.

4.4. Conclusions
In summary, no single pathway appears to account for the disparate alcohol drinking
characteristics of all 5 line-pairs of HEC and LEC rats. Instead, the interactions of different
combinations of multiple biological systems mediating transcription, oxidative stress
protection, synaptic function and intracellular signaling, possibly involving dopamine and/or
glutamate function within the VTA, may contribute to the disparate alcohol drinking
characteristics of the 5 line-pairs (Fig. 2). Additional studies examining other CNS regions
(and/or other genes not yet identified) will be needed to identify molecular mechanisms and
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biological pathways contributing to the alcohol drinking behaviors of the HEC and LEC
rats.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

Gene expression 5 line-pairs of rats selectively bred for high or low alcohol
consumption

Ventral tegmental area important for alcohol reward

Disparate alcohol drinking characteristics associated with differences in gene
expression involved in transcription, synaptic function, oxidative stress protection,
intracellular signaling & transduction
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Fig. 1.
Principal components (PCA) plot from the genes found significant (FDR < 0.10) in the
ANOVA of the 5 line-pairs. Plot on the left is of processed expression data with animals
labeled by line-pair. Plot on the right is derived from the residuals after linear modeling
taking into account line-pair only, which allows for a view of the data with only ethanol
consumption as a factor.
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Fig. 2.
Simplified block diagram showing the possible involvement and interactions of 4 general
biological functions that could be associated with selective breeding for high or low ethanol
consumption. Systems that could significantly alter transcription include glucocorticoid
receptor (GR) signaling, NFkB signaling, Wnt/B-catenin signaling, cyclin D1 (CCND1),
and retinoid X receptor (RXR) signaling. Protection against oxidative stress involves
retinoic acid receptor (RAR) activation, glutathione, Ox40 signaling, p38 mitogen-activated
protein kinase (p38MAPK), and glutathione-S-transferase (GST). Synaptic function could
be altered by ephrin receptor (ER) signaling, integrin signaling, clathrin-mediated
endocytosis, dopamine (DA), glutamate, nitric oxide (NO), amyloid precursor protein (APP)
and vinculin (VCL). Different expression of genes for cyclic AMP-protein kinase A (PKA),
CREB and epidermal growth factor receptor (EGFR) could significantly alter intracellular
signaling pathways.
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Table 2

Significant Gene Ontology (GO) Biological Categories in the VTA of the Individual Line-Pairs

Lines Category Significant Genes P-value Count/size

P-NP Circadian rhythm Alb, Atp7b, Bhlhe41, Crem, Cry1, Cry2, Cdk4, Cst3,
Dpyd, Npas2, Per1, Per2, Per3, Kcnma1

0.004 14/48

HAD1-LAD1 Circadian rhythm Bhlhe41, Crem*, Dpyd, Ddc, Hmgb1, Homer1, Ncor1,
Opn4, Phlpp1

0.004 9/48

sP-sNP Circadian rhythm Crem, Csk1e, Cdk4, Egfr, Homer1, Ncor1, Per2, Per3,
Phlpp1, Kcnma1, Pmch

0.011 11/48

HAD2-LAD2 Response to estrogen stimulus Arsa, Brca2, Casp9, Cd24, Cd38, F3, Cnnd1, Gstm5,
Ifi27, Mmp15, Mapk1, Ncor2, Ramp2, Sstr3, Tek,
Txnip, Timp3, Tgfb3, Tnfrsf11b

0.017 19/114

AA-ANA Response to estrogen stimulus Bdh1, Arsb, Ash2l, Bmp4, Car2, F3, Gpx1, Ifi27,
Mmp2, Pik3r1, Serpinb6, Tbl1x, Tgfb3

0.021 13/40

P-NP Tetrahydrobiopterin biosynthetic process Pts, Qdpr, Spr, LOC685729 0.006 4/6

HAD2-LAD2 Nitric oxide mediated signal transduction Gucy1a3, Mt1a, Rln1 0.026 3/7

HAD2-LAD2 Cytokine-mediated signaling pathway Adipor1, Cd24, Cd74, Cx3cl1, Cx3cr1, Fkbp1a, Il6st,
Irak3, Pf4, Traf6, Zc3h15

0.030 11/59

AA-ANA Glutathione metabolic process Cth, G6pd, Gclc, Gpx1 0.029 4/29

sP-sNP Neuropeptide signaling pathway Celsr2, Calca, Eltd1, Gpr126, Lphn3, Nmb, Npy5r,
Ntsr2, Pmch, Pcsk1n

0.024 10/47

sP-sNP Cell redox homeostasis Dld, Erp44, Grxcr1, Qsox2, Sco1, Txn1, Txndc12,
Txndc16, Txnrd3, Txnl1

0.046 10/52

Underlined genes had lower expression in the P, HAD, AA or sP compared to their respective low alcohol consuming counterparts. Asterisk
indicates 2 probe sets for same gene that changed in opposite directions.
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TABLE 3

Networks identified by Ingenuity Pathway Analysis of significant differences in genes with higher or lower
expression in the VTA of the P, HAD1, HAD2, AA and sP lines compared to their respective low ethanol
consuming lines

Lines Network Gene expression highera Gene expression lowerb

P-NP Glucocorticoid receptor signaling 16 genes: Afg3l2, Atp13a5, Kif1b,
Atl1, Afg3l1, Slit1, Mag12, Camlg,
Zmynd8, Atn1, Zmynd11, Mag11,
Fkbp15, Ppif, Fkbp2, Timm22

16 genes: Atp11b, Tmed9, Tjap1,
Atpase, Spast, Dlg2, Rad51, Syn1,
Lgtn, Fkbp11, Ppib, Ppil3, Pfkl,
Timm9, Tomm7, Timm10

HAD2-LAD2 Glucocorticoid receptor signaling 16 genes: Lama4, Fbln2, Mta3, Pf4,
Mmp15, Appl1, Rbbp4, Ext2, Haus1,
Mt1f, Phf21a, Hifd, Mcm4, Tagln,
Hey2, Abcb1

10 genes: Pik3c3, Becn1, Vcan,
Igfbp5, Adamts1, Wwc1, Hyou1,
Brca2, Orc5l, Rrm2

sP-sNP RAR activation; Glucocorticoid receptor
signaling; PPAR signaling

18 genes: Usp47, Mllt4, Usp9x, Dub,
Usp46, Ncoa7, Casp4, Usp33, Trim24,
Nrip1, Sra1, Tbl1x, N-cor, Lrp2, Atn1,
C20orf191, Pfkl, Megf8

13 genes: Scand1, Epha6, Trim33,
Ncoa, Mvp, Scn3a, Rnf31, Anapc10,
Zmynd8, Rere, Plekha5, Rbp1, Ltbp4

P-NP Ephrin receptor signaling 12 genes: Creb3l3, Nr2c1, Foxn3,
Pgk1, Hdac4, Ank3, Znf24, Rlim,
Ino80c, Tex10, Kpna1, Clic4

18 genes: Creb5, Crem, Ankra2,
Vegfb, Bcor, Creb, Lmo4, Vegr,
Elk3, Ctbp1, Ddx42, Lmo2, Mml,
Hhex, Lyl1, Eng, Rpl23a, Ran,
Arpc3, Il33, Lta4h

HAD1-LAD1 Ephrin receptor signaling; Integrin
signaling

12 genes: Csrp1, Tpm3, Vcl, Actr2,
Wipf1, Elavl2, Ccnd2, Cd83, Smn1,
C190rf2, Pbx3, Med9

17 genes: Pls1, Gas8, Arhgef18,
Tmod1, Tmod3, Arp2/3, Arpc4,
Lagls3bp, Smyd3, Actr3, Tfcp2,
Hbb, Ccnc, Polr2, Dhfr, Med21,
Rnmt

P-NP NFkB signaling 11 genes: Nlk, Rnf138, Atic, Ube2k,
Rnf125, Setd2, Rnf103, Azi2, Ccnl2,
Ube2g1, Ercc8

16 genes: Vta1, Rabac1, Pdia6,
Mavs, Lsm2, Magoh, Pbx3, Ube2l6,
Smyd3, Ube2n, Cbr1, Ube2, Jkamp,
Znf268, Ube2a, Uqcrq

HAD2-LAD2 NfkB signaling; p38 Mapk signaling 15 genes: Armc6, Telo2, Pinx1,
Tagn2, Anapc10, Nap1l1, Traf3ip2,
Marcks, Map4k2, Stom, Cyb5a,
Sqstm1, Eabp5, Grb14, Lss

17 genes: Abcd3, Psmd6, Atpase,
Dcxr, Psmc6, E3ring, Irak3, Cul2,
Traf6, Myh9, Irak, Limd1, Acaa2,
Klhl24, Srebf2, Tek, Sqle

AA-ANA NFkB signaling 15 genes: Lrp6, Rab22a, Appl2, Akt,
App, Krt10, Hsp70, Hist1h2bb,
Appbp2, Hspa9, Pcbp1, Csnk1a1,
Traf6, Tsn, Bub3

11 genes: Lrp4, Appl1, Csnk2a1,
Rufy1, Tars, Tnfrsf1a, Limd1,
Nap1l1, Nhp2, Atp2a2, Il17ea

HAD1-LAD1 Glutathione metabolism; RAR activation 15 genes: Mgst, Ccnd1, Pdia4,
Hsp90b1, Ncoa1, Agt, Cxcl12,
C14orf1, Vcan, Hif1a, Pdk1, Sephs1,
Bhlhe41, Cpne3, Pggt1b

14 genes: Gst, Gstt2, Eno3, Rrm2,
Gsta4, Eif2b1, Eif2b5, Abcb, Mtus1,
Aldh2, Mgmt, Adamts1, Pf4, Ccs

HAD2-LAD2 Glutathione metabolism 7 genes: Nupl1, Hla-e, Nup133, Hla-c,
Gstm3, Ctps, Mpg

8 genes: Gmps, Gsta4, Mgst2, Gst,
Gsta1, Nup98, Cbr1, Gsto1

HAD1-LAD1 cAMP-mediated signaling; protein kinase
A signaling

14 genes: Crem, Sstr2, Adam9,
Arfgap1, Ints7, Lrg1, Hspa9, Elavl1,
Cdkn1b, Mmp16, Ybx1, Tgfb3,
Ogfod1, Tgfbl

13 genes: Atp2a2, Sox17, Itga9,
Tgfb2, Rgs2, Nfyb, Mmp2, Fgf1,
Tgfb, Itgb2, Akap2, Prkar1a, Akap7

HAD1-LAD1 Ox40 signaling pathway 17 genes: Glrx3, Tfdp2, Hifo, Vip,
Dbt, Nfkb1, Mhc1, Nfkb1, Exosc7,
Sgca, Hlac, Hlae, Bcl11b, Enpp2,
B2m, H2t24, Mhca

7 genes: Tmem126b, Prkd2, Utrn,
Abcb1b, Commd7, Hladmb, Gmps

HAD2-LAD2 Clathrin-mediated endocytosis signaling 12 genes: Ssr3, Bat2, Napa, Dynamin,
Myo1e, Shank2, Src, Gsn, Rpp38,
Tom1l1, Ddr2, Isg20l2

11 genes: Sh3gl2, Amph, Bin1,
Prmt2, Epb41l3, P2ry2, Cnn3,
Gpr143, Trpv1, Gpsm3, Polr3e

HAD2-LAD2 RAR activation; PPARα/RXRα
activation; Wnt/β-catenin signaling

19 genes: Slc27a1, Ilf3, Ets, Cpt1a,
Hnrnpd, Elk3, Lmo4, Lrg1, Sox17,
Vegr, Fgfb, Gabbr1, Ercc2, Fubp1,
Ints7, Sox4, Ddx42, Smyd3, Tex10

13 genes: Acaa1, Ltb, Chi3l1, Acadl,
Pkp1, Tgfb3, Hk2, Elavl1, Tgfb,
Gabbr2, Arhgef9, Mll, Slc27a2
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Lines Network Gene expression highera Gene expression lowerb

AA-ANA CREB signaling in neurons 8 genes: Rac1, Flnb, N-cor, G6pd,
Dhfr, Chrna5, H1fo, Gsta4

17 genes: Ptprj, Pik3r, Lcp2, Kif13a,
Pi3k, Pik3r1, Pnp, Axl, Plor1b, Eml4,
Dag1, Tbl1x, Actl6a, Gstm4, Nfx1,
Bmp4, Nup153

sP-sNP Dopamine receptor signaling; Production
of NO and reactive O2 species

12 genes: Bar1, Aatk, Entpd2, Ppp2r4,
Sorl1, Vps4b, Cdadc1, Vps35, Mipep,
Vps29, Tm7sf2, Nipsnap1

8 genes: Stk39, Atpase, Pp2a,
Chmp1b, Afg3l1, Abcd3, Cnnm3

a
Genes with higher expression in high vs. low ethanol consuming lines.

b
Genes with lower expression in high vs. low ethanol consuming lines.
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Table 4

Networks and gene clusters identified by Ingenuity Pathway Analysis of significant differences in higher or
lower gene expression in the VTA of the HEC compared to the LEC lines

Network/gene cluster Higher Expressiona Lower Expressionb

Network 1: neurological disorder;
neuronal death; interactions
clustered around App

21 genes: Ank3, Appb1*, Sorl1*, Dnm1l*, Sparcl1*,
Aplp2*, Taz*, Pgam1, Bcl2l2*, Apba2*, App*, Erp44*,
Kif1a, Hmox2*, Ccdc92*, Git1, Nbl1*, Cfb*, Sncb*,
Rtn3*, Lingo1*

13 genes: Nfia, Rgnef, Gusb, Rp2, Arl4d,
Vps33a*, Gas7, Hyou1*, Clic1*, C1qa*,
Nptx1*, Ngb*, Fam160a2

Network 2: migration of cells;
proliferation of cells; interactions
clustered around Egfr

19 genes: Rab6b, Bmpr1a, Slc9a3r2, Smad7*, Gref1*,
Adora1, Cdh2, Rhot2, Bcan*, Sh2b1*, Sorbs1, Rnf41*,
Adam9*, Ptprs*, Grb14*, Capza2*, Tom1l1*, Surf4,
Cops7a

15 genes: Chn1, Adora2b, Sash3, Acvr1,
Fancl, Col3a1*, Epb41l2, Col6a1*, Trak2*,
Axl*, Egfr*, Cd2ap*, Itga9, F11r, Degs1*

Network 3: proliferation of cells;
transcription of DNA; interactions
clustered around Ccnd1

25 genes: Anapc2, Nedd9, Rfxap, Id2*, Hla-dqa1,
Dnajb1, Cirbp*, Sox2*, Cdk9*, Suds3, Appl2*,
Hexim1*, Zeb2*, Ccnk, Ccnd1*, Runx1t1, Krt10*,
Supt5h, Tubb3, Ctnnbip1, Mcf2l*, Heafx, Luc7l3,
Mdc1, Thoc4

10 genes: Anapc10, Hinfp, Mdfic, Hdac1,
Csf1r*, Ccndbp1*, Rilpl2, Srpk2*, Cbfb,
Phip

Network 4: growth & outgrowth of
neurites; migration of neurons;
interactions clustered around Itga2b

23 genes: Cir1, Nt5e, Calcb, Vcan, Ncor2, Zbtb7a,
Gpx1, Sec23b, Gmnn, Sparc, Hif1a*, Tesk1, Spred1,
Pdia4, Itga2b*, Mta3, Mbd3*, Myl6b*, Pc*, L1cam*,
Cntn2, Aup1*, Bat5

12 genes: Mfng, Jag1, Nov, Mgp, Fn1*,
Adamts1, Blnk, Rragd, Vwf*, Crkl,
Kidins220, Wdr77

Network 5: interactions clustered
around Rxra

17 genes: Map4k2, Sox4, Nr2c1, Rxrb, Dgkz, Cpt1a*,
Rxra*, Znhit3*, Ppargc1a*, Dlat, Tnrc6b, Hmgcs2*,
Pcsk2*, Pkn1Ubqln4*, Ncoa4*, Zfpm2*,

16 genes: Rhoc, Pnlip, Rock2, Leprot,
Aprx, Lepr, Slco1a2*, Rbp1*, Cript, Acat1,
Ubr7, Tfam, Jazf1*, Slit3, Pdk1, Pmch

Network 6: interactions clustered
around Vcl

19 genes: Cog5, Ppp1r12c, Cdc42ep1, Golga2, Letm2*,
Tmed2, Adam19, Nrg1*, Vcl*, Ddx19a, Pdcd4,
Pabpc1*, Psma2*, Vdac1, Csde1, Nudc, Pcbp1, Hla-c,
Nfyc

16 genes: Cog4, Lpcat3, Scfd1*, Dad1,
Snrpf*, Bag4*, Psma4, Pik3r1*, Upf3b,
Eif4g2, Eif4g1, Psmc4, Lig3, Psmc6,
Psmd6, Tapbp

a
Genes with higher expression in high vs. low ethanol consuming lines.

b
Genes with lower expression in high vs. low ethanol consuming lines.

*
Indicates each gene that is associated with the cluster within that particular network.
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Table 5

Significant genes in the overall analysis of the 5 line-pairs associated with certain pathways identified by
Ingenuity Pathway Analysis or KEGG

Biological System Genes with higher expressiona Genes with lower expressionb

Dopamine 8 genes: Adcy9, Comt, Ppp1r12c, Ppm1b, Ppp2r5b, Ppp2r5c, Ppp4r1,
Qdpr

3 genes: Prkar2a, Ppp2r1b, Ppp3r1

Glutamatergic synapse 9 genes: Adcy9, Glul, Gls, Gnas, Gng13, Gng3, Slc38a1, Slc38a2,
Slc38a3

4 genes: Homer2, Pla2g12a, Pld2, Ppp3r1

GABA 1 gene: Abat 1 gene: Aldh9a1

a
Genes with higher expression in high vs. low ethanol consuming lines.

b
Genes with lower expression in high vs. low ethanol consuming lines.
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