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Abstract
While women are more vulnerable than men to many of the medical consequences of alcohol
abuse, the role of sex in the response to ethanol is controversial. Neuroadaptive responses that
result in the hyperexcitability associated with withdrawal from chronic ethanol likely reflect gene
expression changes. We have examined both genders for the effects of withdrawal on brain gene
expression using mice with divergent withdrawal severity that have been selectively bred from a
genetically heterogeneous population. A total of 295 genes were identified as ethanol regulated
from each gender of each selected line by microarray analyses. Hierarchical cluster analysis of the
arrays revealed that the transcriptional response correlated with sex rather than with the selected
withdrawal phenotype. Consistent with this, gene ontology category over-representation analysis
identified cell death and DNA/RNA binding as targeted classes of genes in females, while in
males, protein degradation, and calcium ion binding pathways were more altered by alcohol.
Examination of ethanol-regulated genes and these distinct signaling pathways suggested enhanced
neurotoxicity in females. Histopathological analysis of brain damage following ethanol
withdrawal confirmed elevated cell death in female but not male mice. The sexually dimorphic
response was observed irrespective of withdrawal phenotype. Combined, these results indicate a
fundamentally distinct neuroadaptive response in females compared to males during chronic
ethanol withdrawal and are consistent with observations that female alcoholics may be more
vulnerable than males to ethanol-induced brain damage associated with alcohol abuse.
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INTRODUCTION
Alcohol (ethanol; EtOH) abuse is a major public health problem; it is now estimated that
harm caused by EtOH nearly equals that from smoking (Pearson, 2004). About half of the
nearly 20 million alcoholics in the United States develop neuropsychological difficulties
(Oscar-Berman and Marinkovic, 2003). Alcoholic dementia, associated with global severe
amnesia, and intellectual impairment, is the second-leading cause of adult dementia in the
United States and accounts for 10% of all cases (Eckardt and Martin, 1986). It has been
observed that, ‘depending on age, the brain of the detoxified alcoholic can appear as ravaged
as that of a patient with Alzheimer's disease’ (Sullivan and Pfefferbaum, 2005). The
neurotoxicity associated with chronic EtOH abuse is postulated to result from decreased γ-
aminobutyric acid and increased glutamate function, resulting in oxidative stress and
excitotoxic brain damage (Prendergast et al, 2004). Although smoking and nutritional
deficiencies also contribute to disease, regional brain damage and cognitive dysfunction are
seen even in uncomplicated alcoholics with no specific neurological or hepatic problems
(Gazdzinski et al, 2005; Harper and Matsumoto, 2005).

Long-term chronic EtOH consumption can produce physical dependence as measured by
signs of withdrawal, considered a hallmark of alcoholism. This process is hypothesized to be
mediated by molecular and structural changes in the central nervous system (CNS) termed
neuroadaptation, a homeostatic response to the presence of EtOH, a CNS depressant. The
net effect of these responses is increased neuronal excitability, the development of tolerance
to the effects of EtOH, and following long-term exposure, physical dependence. EtOH
withdrawal (ie removal of EtOH) unmasks this state of neuronal hyper-excitability, with a
constellation of symptoms including seizures as one manifestation that is observed in nearly
every species studied. Estimates suggest that 4–7% of alcoholics suffer from seizures
(Hauser, 1990). In addition, withdrawal likely plays a major role in alcohol-induced
neurotoxicity (Favalli et al, 2002). Finally, withdrawal severity has been shown to be
inversely genetically correlated with alcohol consumption in animal models (Metten et al,
1998). It is thus important to develop a better understanding of the mechanisms underlying
EtOH dependence and withdrawal.

Sex (biological gender) has been implicated as a relevant variable in many neurological
diseases in humans including a liability for alcohol abuse (Holden, 2005), consistent with
females having a lower incidence of alcoholism (Kessler et al, 1994). Thus, alcoholism has
traditionally been considered a male disease because there are more alcoholic males than
females. However, increased EtOH use in females is being observed, such that almost half
of all women report drinking alcohol to excess (Schmid et al, 2003). This problem will
likely increase as young women are drinking more, with consumption by 18 to 24-year-old
women across both the United States and Europe rising from 110 per person in 1999 to 148
liters in 2004 (Butler, 2005). Furthermore, the incidence of and the frequency of women
seeking help for alcoholism are both increasing, demonstrating that alcoholism is a clinical
problem in women as well as men (Breitenfeld et al, 1998).

Nevertheless, alcoholic women have received less research attention than alcoholic men
despite good evidence that women may be particularly vulnerable to alcohol's damaging
effects on many key organ systems. For example, alcoholic women develop cirrhosis (Loft
et al, 1987), alcohol-induced cardiomyopathy (Fernandez-Sola and Nicolas-Arfelis, 2002)
and peripheral neuropathy (Ammendola et al, 2000) after fewer years of heavy drinking than
do alcoholic men. Although sex differences have been only infrequently addressed with
respect to EtOH-induced brain damage, accumulating data indicate that brain damage may
also be enhanced in females, with males showing relative neuroprotection (Hommer et al,
2001). It appears that women suffer as much brain damage as men after a shorter period of
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abuse (so-called telescoping), also suggesting a higher vulnerability to EtOH damage among
women (Mann et al, 2005). However, other studies have been contradictory (Hommer,
2003). Thus, both the observation of risk in female alcoholics (Wuethrich, 2001) and the
potential mechanism(s) underlying EtOH-induced brain damage remain controversial, and
such analysis is difficult to perform in human populations. Notwithstanding the clinical
evidence regarding the distinct biological and behavioral responses of females to EtOH, few
studies have specifically addressed the response of the CNS to EtOH between females and
males.

The purpose of this study was to characterize CNS gene expression differences associated
with neuroadaptive responses after chronic EtOH exposure and withdrawal in both sexes.
We employed lines of mice with divergent withdrawal severity derived by selective
breeding from a genetically heterogeneous population; the Withdrawal Seizure-Prone (WSP)
and Withdrawal Seizure-Resistant (WSR) mice (Kosobud and Crabbe, 1986). In addition to
extreme differences in EtOH-withdrawal severity, WSP, and WSR mice exhibit many
EtOH-related behavioral differences, including dissimilarities in voluntary consumption
(Kosobud et al, 1988), conditioned taste aversion (Chester et al, 1998), and anxiety (Atkins
et al, 2000), as correlated responses. Given the complex polygenic nature of human
alcoholism, dissecting genetic contributions to the disease is difficult. The use of selected
lines provides a genetically rich model where the various alleles related to the selection
phenotype present in the initial heterogeneous population become segregated in the
respective lines. The WSP and WSR lines serve as an animal model of extremes in neuronal
hyperexcitability following chronic EtOH exposure, and thus represent an important tool for
the identification of underlying neuroadaptive gene expression changes. To address
molecular mechanisms underlying neuroadaptive changes associated with alcohol abuse, we
used microarray hybridization to characterize gene expression profiles after chronic EtOH
exposure at peak withdrawal in male and female WSP and WSR selected lines, with
unsupervised hierarchical cluster and gene ontology (GO) and k-means cluster analyses for
characterization, and brain histological examination for biological confirmation.

METHODS
Animal Subjects

The WSP and WSR selective breeding protocol was replicated; thus there are two
independently derived replicate WSP and WSR lines (Kosobud and Crabbe, 1986). Female
and male mice from both replicates were tested in these studies. WSP and WSR mice,
derived by selective breeding from the genetically heterogeneous HS/Ibg mice, were
provided by the laboratory of Dr John Crabbe in Portland, OR. Drug-naïve adult mice from
selected generation 26 (filial generations G77-G90) were used. Ages of the animals at the
onset of the experiments ranged from 55–93 days, mean age 77 days; body weights ranged
from 21.6–34.6 g, with a mean body weight of 27.6 g. Mice were maintained under a light/
dark cycle of 0600–1800 h light with water and Purina Lab Diet chow available ad libitum.
Room temperatures were maintained at 22±1°C. All animal procedures were approved by
the Portland Oregon VA Medical Center Institutional Animal Care and Use Committee and
followed US National Institutes of Health animal welfare guidelines.

EtOH Exposure and Brain Harvest
Mice were made dependent upon EtOH using a method of vapor inhalation in chambers
manufactured in-house, with modifications published previously (Beadles-Bohling and
Wiren, 2005, 2006). EtOH exposure was initiated between 0730 and 0830 h. Briefly, on day
1 EtOH mice were weighed, injected i.p. with EtOH at 1.5 g/kg for WSP-1, WSR-1, and
WSR-2 and 1.75 g/kg for WSP-2 animals (necessary to maintain similar blood EtOH
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concentrations (BECs) between the selected lines (Terdal and Crabbe, 1994)) and 1.0 mmol/
kg pyrazole HCl (Pyr; an alcohol dehydrogenase inhibitor used to maintain constant blood
EtOH levels). Control animals were placed into air chambers and received Pyr only; a
saline-only control was not included because previous data has shown there is no difference
between saline and Pyr-treated animals with respect to broad profiles of gene expression
analyzed by mRNA differential display (Schafer et al, 1998 and Wiren KM, unpublished
observation). All mice received Pyr boosters (68.1 mg/kg) at 24 and 48 h to reduce
fluctuations in BEC. Following 72 h of constant EtOH vapor exposure, all mice were
removed from the chambers, weighed, and had blood samples drawn for BEC
determinations. BEC was determined by gas chromatography as described previously
(Beadles-Bohling and Wiren, 2006). Brain tissue was harvested from animals 8 h after
removal from the chambers for RNA analysis, a time point corresponding to peak
withdrawal in WSP mice as assessed by handling induced convulsions (HIC) (Finn and
Crabbe, 1999). All animals used in these experiments were purposely not scored for HIC to
limit the effects of withdrawal seizures per se on measurements of both gene expression and
brain damage. Prefrontal cortex (PFC) was carefully isolated by dissection from whole brain
by first discarding the olfactory bulb and making a coronal slice 2 mm into the frontal region
of the cortex. Lateral regions were removed by cutting the tissue at a 45° angle with the
lobes facing upward. Animals used for brain histology were allowed to proceed through
withdrawal and were euthanized 10 days after the cessation of EtOH exposure.

Chemicals
Pyrazole HCl (Pyr) was purchased from Sigma-Aldrich Chemical Co. (St Louis, MO). EtOH
(ethyl alcohol, absolute, 200 proof) for use in chemical assays was purchased from AAPER
Alcohol and Chemical (Shelbyville, KY), and Pharmco Products Inc. (Brookfield, CT) for
use in the EtOH vapor chambers and injections. Pyr was dissolved in 0.9% saline (NaCl)
and administered via intraperitoneal (ip) injection. EtOH (20% v/v) was mixed with 0.9%
saline and injected ip or introduced without mixing as a vapor into the chambers.

RNA Isolation and GeneFilter Microarray Processing
Total RNA was isolated using RNA Stat-60 (Tel-Test, Inc. Friendswood, TX). To remove
traces of contaminating genomic DNA, the RNA was digested by RNase-free DNase
followed by Zymo-spin column purification following manufacturer's recommendations
(Zymo Research, Orange, CA). DNase treated total RNA isolated from the PFC of two
animals (2.5 μg each) was pooled for each complex probe labeling reaction. Probe labeling
from the total RNA mixture was performed by linear synthesis with 33P-dATP incorporation
using the Array Advantage kit (Ambion, Austin, TX). Complex probes were purified by
passage through a NucAway spin column (Ambion, Austin, TX). Efficiency of
incorporation generally ranged between 15 and 20% using 5 μg total RNA. Microarray
hybridization with complex labeled RNA probe was performed overnight at 50°C with 20
ml Ultra-array hybridization buffer (Ambion, Austin, TX). The final post-hybridization
wash was at 50°C in 0.5 × SSC, 0.5% SDS similar to standard Northern blot procedures.

Research Genetics GF400 mouse microarrays (Invitrogen, Carlsbad, CA) employed for
these studies contained 4300 unique mouse cDNA accessions (both genes and ESTs) that
average 1500 bp in length, generally with one spot per cDNA. Several advantages are
notable with the use of cDNA arrays. First, the gene sets chosen by Invitrogen are highly
enriched in expressed sequences (improving our ability to characterize the biological
consequences of expression differences). Furthermore, the longer hybridization sequences vs
oligos allow for higher stringency in the hybridization and wash procedures, for greater gene
specificity, and better characterization of genes on the array (Dai et al, 2005). Generation of
the complex probe is performed by linear reverse transcription, that is, without additional
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steps or amplification procedures that potentially skew probe populations. Thus, the higher
sensitivity of cDNA arrays using radioactive detection (Bertucci et al, 1999) is particularly
advantageous in the identification of differences in ethanol-regulated transcription, known to
demonstrate only modest regulation (Treadwell and Singh, 2004). Background hybridization
values (typically very low) were subtracted from each hybridization value. Some arrays
were excluded from analysis based on correlation coefficients values below 90% for
‘replicate’ arrays (ie Female WSP-1 Air Array 1 vs Female WSP-1 Air Array 2).

Microarray Data Analysis
Microarrays were exposed to storage phosphor screens for 2 h and scanned at high
resolution with a Cyclone phosphorimager (Packard Bell-Perkin Elmer, Shelton, CT). Data
from all samples were log2-transformed, converted into z-scores, multiplied by two and
added to eight so that each array had a mean of eight, a variance of four, a SD of two
(WebQTL, Wang et al, 2003b). This conversion procedure results in a 1 unit expression
difference corresponding to a twofold change in expression. The level of expression of each
gene or EST was determined using OptiQuant software and imported into Pathways v4
software (Research Genetics, Carlsbad, CA). Raw expression values were then exported,
normalized, and analyzed using Vector Xpression 3.1 (Invitrogen, Carlsbad, CA).
Differential regulation was determined by comparing groups in the following manner with
duplicate arrays. For male WSR mice, EtOH regulation was determined by comparing four
WSR arrays from eight male air-exposed WSR mice to four WSR arrays from eight male
EtOH-exposed WSR mice. An uncorrected Student's t-test (n = 4 for each group, two-tailed,
α = 0.05) was used to identify a large group of differentially regulated transcripts (Rodd et
al, 2006). Similar to that report, we chose to relax the stringency of our analysis to increase
the likelihood of identifying broad gene categories that are regulated by EtOH, recognizing
the possibility of an increase in false positives.

All significantly regulated transcripts were used in an unsupervised hierarchical cluster
analysis (average linkage, Euclidian distance) with 100 resampling iterations to determine
Bootstrap values for each node using the TIGR Multiple Experiment Viewer (TMEV)
software (The Institute For Genomic Research, see reference Saeed et al, 2003).
Multivariate analysis of variance (MANOVA) of microarray data was done using 50–50
MANOVA (Langsrud, 2002). Additional multivariate analysis using k-means clustering was
carried out using TMEV with the number of clusters set to 10, average linkage, and
Euclidian distance metric.

To identify cellular pathways and biological themes that were affected during EtOH
withdrawal, we used EASE (http://david.niaid.nih.gov/david/ease.htm) to assign genes to the
categories of the Gene Ontology Consortium (www.geneontology.org) as described in
Ashburner et al (2000) and to test statistically (EASE Score, a modified Fisher's exact test)
for significant coregulation. This approach identified over-representation of regulated genes
(based on spotted clones) within each category. Selected gene expression differences were
confirmed by qRT-PCR analysis (see Supplementary Methods in supporting information
online for details).

Assessment of EtOH-Induced Brain Damage
For histological analysis, whole brain was fixed and paraffin-embedded. Adjacent 6 μm
coronal sections of the forebrain area that included the dorsal hippocampus and parietal
cortex were made. Dead or dying neurons were identified in H&E stained sections (for
details, see Supplementary Methods in supporting information online). Three contiguous
images were captured (904 × 675 μm each) that encompassed the parietal cortex (at co-
ordinates Bregma –1.94 to –2.06) of both the right and the left hemispheres using an
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AxioPlan2e microscope (Carl Zeiss MicroImaging Inc., Thornwood, NY) at × 100
magnification. Counts were determined in the lateral parietal cortex, after visual
examination for regions of consistent cell damage. Full thickness of each image was
sampled five times counting live, dead, and ambiguous cells using MetaMorph software
(Universal Imaging Corporation, Downingtown, PA, USA). All cells were counted because
cellularity and vulnerability may be dissimilar in different layers. All counts were conducted
with the investigator blind to treatment, selected line, and sex.

Statistical Analyses
Data were analyzed using Prism v4.0 software (GraphPad Software Inc., San Diego, CA),
SYSTAT 11 (SYSTAT Software Inc., Point Richmond, CA), and Vector Xpression 3.1
(Invitrogen, Carlsbad, CA). Differences of P<0.05 were considered statistically significant.
Results are presented as the mean±SEM. Individual gene expression differences were
analyzed by two-tailed t-test between EtOH treated and control samples from each gender
and line. Brain damage assessment consisted of three-way ANOVA (sex-treatment ×
selected line). Weight change during EtOH exposure experiments were analyzed by three-
way ANOVA (sex × treatment × selected line). BECs during EtOH exposure were analyzed
by two-way ANOVA (sex × selected line), using Bonferonni's test in post hoc analysis.

RESULTS
Chronic EtOH Exposure and Withdrawal

Over the course of the 72 h of EtOH exposure, BECs were monitored daily and EtOH vapor
levels were modified to achieve BECs of 2.1–2.8 mg/ml (46–62 mM). Notably, these blood
levels are within the range (0.5–5.6 mg/ml; 10–125 mM) typically seen in alcoholic patients
(Adachi et al, 1991). Thus, the average BECs during the chronic exposure paradigm were in
the highly intoxicated range as follows: female WSP, 2.42±0.12; male WSP, 2.79±0.09;
female WSR, 2.14±0.07; male WSR, 2.71±0.06 (mg/ml mean ± SEM, with replicate-1, -2
collapsed). BECs in this range would consistently result in severe withdrawal in WSP, but
very modest to no withdrawal in WSR as indexed by HIC, a sensitive measure of neuronal
hyperexcitability (see Beadles-Bohling and Wiren, 2006). Two-way ANOVA of BEC levels
showed a significant sex effect (F(1, 48)=23.941, P<0.0001) with no interactions of line by
sex. Bonferroni post-test analysis showed both WSP and WSR males had higher BECs than
female WSP and WSR (P<0.01, P<0.001; respectively). With regard to weight loss, three-
way ANOVA of line, sex, and EtOH treatment effects on percent weight change over 72 h
of EtOH or control exposure show significant effects of sex (F(1, 99)=12.591, P=0.001) and
treatment (F(1,99)=97.447, P=0.0001) and a significant interaction of sex by treatment
(F(1, 99)=4.160, P=0.044). Post hoc analysis showed EtOH treated animals had more weight
loss during exposure (P<0.0001); males had modestly more weight loss during exposure
than females (10 vs 14% respectively, P=0.009), consistent with their higher EtOH levels.

Gene Expression Differences During EtOH Withdrawal
We examined the effect of withdrawal from chronic EtOH exposure on brain gene
expression in both sexes of WSP and WSR mice, with the expectation that the use of
selected lines would aid in our identification of potential mediators of neuroadaptive
responses to chronic EtOH underlying the large behavioral difference in EtOH withdrawal
severity between the lines. Expression analysis was performed with samples isolated from
PFC, since the PFC is activated by withdrawal (Kerns et al, 2005). Additional rationale for
analysis in PFC included findings of expression differences in human alcoholics (Flatscher-
Bader et al, 2006; Johansson et al, 2007; Lewohl et al, 2004), reports that PFC is a target of
brain damage associated with chronic alcohol abuse (Pfefferbaum et al, 1997; Sullivan and
Pfefferbaum, 2005), and that PFC can be dissected reproducibly. We used an uncorrected P-
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value to decrease the chance of excluding EtOH-regulated transcripts (false negatives).
Confirmation of differences by qRT-PCR analysis (Supplementary Methods and
Supplementary Figure 2 in supporting information online) with samples derived from
animals distinct from those employed for the microarray hybridizations indicated a percent
positive that was consistent with reports in the literature using other array platforms and
analytical approaches (see Tang et al, 2006; Treadwell and Singh, 2004). We selected genes
for confirmation from pathways identified as influenced by withdrawal, particularly those
involved in cell death and anti-inflammatory processes. Of the 10 selected significantly
regulated sequences from the different conditions identified in the microarray hybridization
described below, qRT-PCR analysis confirmed seven in this subset, which is notable in that
we did not employ an arbitrary cutoff for the level of regulation for these analyses. We were
able to confirm EtOH regulation as low as 0.28 (log 2 ratio; Diablo, female WSP) using
qRT-PCR which, along with the 70% confirmation of microarray results with qRT-PCR,
gives us a high degree of confidence in the array dataset. Overall in our laboratory, we have
confirmed ~80% of regulated genes identified in microarray analysis using this approach
(data not shown).

Alcohol-Withdrawal Differential Gene Expression in Male and Female WSP and WSR
A total of 295 EtOH up and downregulated transcripts were identified in the characterization
of the transcriptional response to EtOH withdrawal in the four comparisons (male WSP,
male WSR, female WSP, female WSR). We identified 59 EtOH-regulated genes in female
WSP, 55 EtOH-regulated genes in male WSP, 117 EtOH-regulated genes in female WSR,
and 90 EtOH-regulated genes in male WSR. The 10 most up or downregulated named
sequences are included in Table 1 (for a complete list of EtOH-regulated genes, see
Supplementary Table 1). Several genes involved in protein secretion or degradation/
ubiquitination were among the most highly differentially expressed (Table 1), indicating one
pathway activated by chronic EtOH exposure and withdrawal also previously identified by
us (Schafer et al, 2001) and others (Liu et al, 2005). Many genes identified with
significantly different expression levels have been identified previously as regulated by
EtOH, or in a variety of models of neurodegenerative diseases (eg adenylate cyclase 7 and
Ncr1, also see Supplementary Table 4 in supporting information online for additional
characterization of concordance). We also identified 200 genes differentially regulated
between naïve WSP and WSR mice (sexes collapsed based on selected line) and 186 genes
differentially regulated between naïve male and female mice (lines collapsed based on sex).
Seventeen percent of the 295 EtOH-regulated genes were identified as differentially
regulated between naïve males and females, while 22% of the EtOH-regulated genes were
differentially regulated between naïve WSP and WSR mice (Supplementary Table 3),
suggesting that basal differences in expression between sexes or selected lines does not
dramatically influence the transcriptional response to EtOH we observed.

Confirmation of expression differences by qRT-PCR analysis (Supplementary Figure 1 in
supporting information online) showed that although the same broad pathway was
influenced in a sex-specific fashion, the identical genes were not necessarily regulated in the
same way in both WSP and WSR (for either gender). In some cases, regulation of a specific
gene was identified in both lines, but for other genes regulation was noted in only one of the
selected lines (demonstrating the potential for gender × phenotype interactions). We
confirmed Diablo, and Bclaf1 upregulation by EtOH in female WSP. Upregulation of Hbxip
and down-regulation of Cx3cl1 was confirmed in male WSP. Smad3 upregulation was
confirmed in both WSP and WSR males. Usp38 upregulation by EtOH in female WSR and
down-regulation by EtOH in male WSR was confirmed as was Mapk9 upregulation by
EtOH in female WSR mice.
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To characterize further patterns of expression differences, false color heat maps were
generated for the transcripts that demonstrated significant EtOH regulation in any of the four
conditions (Figure 1a). Each column represents combined data from eight arrays for one
experimental analysis (four control vs four EtOH, for each sex F, M, and withdrawal
phenotype P, R) to visualize the transcriptional response to EtOH withdrawal in each
individual condition. Genes are depicted based on the expression ratio for the effect of EtOH
vs control with shades of color to indicate EtOH withdrawal upregulation (red),
downregulation (green) or no difference (black) for a given gene. Ordering of the genes was
established arbitrarily in female WSR. Qualitative examination of the false color heat map
suggested that gender, not the WSP or WSR phenotype, correlated best with the
transcriptional response to EtOH.

Unsupervised hierarchical cluster analysis was then performed to determine the similarity of
global expression profiles in significantly regulated genes (Figure 1b). The top dendrogram
displays similarity of gene expression for the four experimental groups; relatedness of the
arrays is denoted by distance to the node linking the arrays. The two most dissimilar
experimental clusters in overall differential gene expression after chronic EtOH withdrawal
from all experimental conditions were split primarily upon the sex and not the withdrawal
phenotype of the mice (ie female FP and FR were grouped together as related, as were male
MP and MR). Thus, clustering analysis identified gender, not selected line phenotype or
genotype, as contributing the strongest influence on expression patterns, consistent with the
false color heat map qualitative analysis in Figure 1a. Bootstrap analysis (shown in the inset)
confirmed the importance of gender, where black nodes indicates 100% support of the tree
topology for separation based on sex, and yellow nodes indicates 60–70% support for
similarity of the two selected lines (Figure 1b, inset).

Additional statistical characterization of expression profile differences was performed using
multivariate analysis of variance (MANOVA) of microarray data with 50–50 MANOVA
(Langsrud, 2002), an algorithm designed to adapt MANOVA to situations with a high
number of dependent variables (eg gene expression) relative to observations (eg array
experiments). In the two-way analysis of gender and line on EtOH-regulated transcripts, we
identified significant effects of sex (P<0.00001), line (P<0.0001), and a significant
interaction (gender × line, P=0.015). These results suggest the importance of both line and
sex in the response to EtOH, but because of the significant interaction, each experimental
group was analyzed separately.

Clustering analysis can also be used to identify groups of genes that demonstrate similar
expression profiles. To group similar gene expression patterns, genes (represented by rows
in the overview image) were clustered according to a similarity of expression profile as a
consequence of treatment for each sex and withdrawal phenotype. The gene-tree shown at
the left of the image in Figure 1b corresponds to the degree of similarity of the pattern of
expression for specific genes across all experiments. To identify specific groups of genes
that demonstrated the strongest correlations in more detail, k-means clustering of genes
significantly regulated by EtOH was used. Ten clusters were identified in this analysis; three
of ten clusters identified genes with a strong differential response between sexes (Figure 2;
the remaining clusters are shown in Supplementary Figure 2 in supporting information
online). Genes that showed expression differences that were in opposite directions and thus
demonstrating the largest sexually dimorphic response are clustered in Figure 2a. Figure 2b
showed a cluster of genes that were upregulated by EtOH in females while the cluster in
Figure 2c identified genes downregulated in females. In all clusters identified, gender was
more predictive of response to withdrawal than the selected line since none of the groups
clustered genes according to selected line differences.
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Gene Pathway Enrichment Analysis
To characterize meaningful signaling pathways that were impacted by EtOH in each sex and
selected line in addition to identification of specific genes, computational characterization
with GO database analysis was used to group significantly regulated genes into similar
biological or molecular functional categories. For this analysis, we employed Expression
Analysis Systematic Explorer (EASE) using the list of genes significantly differentially
regulated from each EtOH comparison. EASE analysis identified GO groups statistically
over-represented in the class of regulated sequences based on presence on the array for each
comparison (see Supplementary Table 2 in supporting information online). For
visualization, specific signaling categories or redundant pathways identified with EASE
analysis were collapsed into related broad classes (Figure 3). Importantly, this process of
classification again demonstrated distinct responses between males and females.
Examination of the results revealed a notable finding in that apoptotic/cell death signaling
was strongly targeted in females compared to males. In this category, representation in
females was over fourfold higher in terms of the percentages of genes involved than in
males. Females also demonstrated more regulated transcripts relating to DNA and RNA
binding and actin binding. In contrast, analysis in males compared to females showed more
EtOH-regulated transcripts related to the ubiquitin/protein degradation pathways and
calcium ion binding. Genes that were identified as EtOH-regulated in multiple comparisons
are presented in Supplementary Table 3 in supporting information online. In addition,
characterization of biological pathways influenced by EtOH using Pathway Architect
software also showed a sexually dimorphic response irrespective of withdrawal severity
phenotype (data not shown), most notably with respect to activation of HNF4 in female
WSP and WSR, a transcription factor reflecting oxidative stress and free-radical generation
and known to mediate superinduction of iNOS (Guo et al, 2006).

Enhanced Alcohol-Induced Brain Damage in Females
With consideration of the gender-dependent response to withdrawal from chronic EtOH
observed in gene expression, the consequence of activation of these functional pathways
would indicate a process of EtOH-induced brain damage in females that was distinct from
males. As biological confirmation of the identified transcriptional response, we therefore
assessed brain damage following chronic EtOH exposure in both sexes. Brains were
examined 10 days after withdrawal as the withdrawal process, and not EtOH exposure per
se, plays a major role in alcohol-induced toxicity (Favalli et al, 2002). The 10-day time point
was based on the time associated with neuronal damage following a prototypical excitotoxic
insult (Panegyres, 1998), which is considered an important mediator of alcohol-induced
brain damage (Harper and Matsumoto, 2005; Prendergast et al, 2004). To quantify the effect
of chronic EtOH withdrawal on brain damage in both sexes, we evaluated histopathology in
the lateral parietal cortex. Parietal cortex as a region of interest offered the advantage that, in
addition to PFC, it has also been shown to demonstrate damage in human alcoholics
(Gazdzinski et al, 2005) and after EtOH withdrawal in rodents (Favalli et al, 2002). In
addition, the lateral parietal cortex is part of the network involved in inhibitory control along
with the PFC (Watanabe et al, 2002), is a discrete region as opposed to the PFC with seven
cortical layers, and was also identified in a visual screen performed to assess brain regions
demonstrating neuronal damage. For evaluation of neuro-degeneration following EtOH-
induced brain injury, coronal sections were stained with hematoxylin and eosin (H&E) (also
see Supplementary Methods). Dead cells were clearly identified as cells with an angular
pyknotic nucleus and a hypereosinophilic cytoplasm (Figure 4; note cell morphology in
zoomed images as insets). Counting of both dead and live cells was performed as described
in Methods. Three-way ANOVA (sex, line, treatment) showed significant effects of sex
(F(1, 57)=2.259; P=0.026), interaction of EtOH treatment by sex (F(1, 57)=13.788; P<0.0001),
and interaction of sex by line (F(1, 57) = 4.637; P=0.036). Given our a priori hypothesis of
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divergent cell death between sexes, t-tests were performed for each gender and line. Results
showed an increased percentage of dead cells in females that was significant in both WSP
(P=0.0003) and WSR (P<0.05) mice. In contrast, both WSP and WSR males exhibited a
modest decrease in cell death in EtOH withdrawn mice that did not reach significance.

DISCUSSION
We have characterized changes in brain gene expression during peak withdrawal following
chronic EtOH exposure in both sexes of WSP and WSR selected lines of mice. We
identified sex as a more important modulator of the transcriptional response during EtOH
withdrawal than withdrawal severity phenotype. The sexually dimorphic response was noted
in both false color heat mapping and with unsupervised hierarchical cluster analysis, with
100% support for separation based on sex in bootstrap analysis. Examination of both
significantly regulated individual genes and of the pathways statistically over-represented in
EASE and k-means cluster analysis demonstrates a distinct response in males vs females.
Among the more note-worthy changes, analysis indicated gene expression differences in
females consistent with enhanced cell death and a pro-inflammatory response in the brain. In
contrast, males exhibited more EtOH-responsive genes related to the ubiquitin pathway and
peptidase/proteolysis, cell proliferation, and anti-inflammatory responses, suggesting the
possibility of reduced neurotoxic signaling. We evaluated brain damage after withdrawal
from chronic EtOH exposure and have confirmed that females have enhanced cell death vs
males.

This sexually dimorphic response was observed in both WSP and WSR selected lines (ie
females>males, irrespective of withdrawal severity phenotype or genotype), and was
somewhat unanticipated given the large difference in withdrawal severity between the WSP
and WSR lines. On further consideration, this result should not have been surprising as there
is a large body of evidence in both human and animal models showing profound differences
between males and females with respect to a variety of neurological disorders, with gender
being one of the strongest predictors of disease severity (Holden, 2005). Sex differences are
observed in many EtOH-related behaviors, including EtOH sensitivity and consumption,
liability for and the development of EtOH dependence, and differences in withdrawal
severity (Brady and Randall, 1999; Carroll et al, 2004; Devaud and Chadda, 2001; Prescott
et al, 2005; Sershen et al, 2002; Wang et al, 2003a). Thus, female rodents tend to consume
more alcohol yet have reduced withdrawal severity, including in the WSP and WSR mice
(Kosobud and Crabbe, 1986). Gender differences have also been reported in terms of
alcohol handling; females tend to have increased body fat vs water compared with males,
thus altering the volume distribution of alcohol (Addolorato et al, 1999). Females also have
reduced levels of alcohol dehydrogenase, a key liver enzyme involved in alcohol
metabolism, and removal (Baraona et al, 2001). Notwithstanding these sex differences,
EtOH exposure was modestly higher in males in the studies reported here, yet males showed
less severe brain damage. Additionally, analysis of percent weight change during EtOH
exposure that showed males had modestly more weight loss than females, indicating that the
brain damage seen in EtOH exposed females was not due to weight loss.

To confirm the biological relevance of the expression profiling results, we assessed brain
damage following 10 days of withdrawal, and show significantly increased cell death in
females in both WSP and WSR mice. In contrast, both WSP and WSR males showed a non-
significant decrease in the incidence of cell death when compared to controls, suggesting
that reduced neurotoxicity might be occurring. These findings provide strong support of the
microarray analysis and the expression differences identified, with a functional outcome
confirmed by histological assessment. Even though the sexually dimorphic response in
overall neuronal death was observed irrespective of the selected line (females
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always>males), female WSP mice exhibited higher rates of cell death than female WSR
mice. Thus, the withdrawal severity phenotype and/or genotype likely plays a modulatory
role in the severity of brain damage, and in the overall transcriptional response to EtOH
withdrawal. Reports indicate that brain damage observed in settings of excitotoxic damage is
not due to seizures per se (Hopkins et al, 2000), and the mice used in these studies were
purposely not evaluated for withdrawal severity. Notably, other data suggest that, in the
absence of EtOH, males might be more susceptible to excitotoxic brain damage than
females, for example during ischemic stroke (Alkayed et al, 1998). It should be noted that
the histological analysis reported here was carried out in a region distinct from the region
analyzed by microarray (ie lateral parietal cortex vs PFC) and, therefore, may not directly
reflect results from the microarray analysis. Also, the time point of the histological analysis
of brain damage was selected based on the time course of progression from excitotoxic
insult to brain damage (Panegyres, 1998), but other genes regulated during later periods of
withdrawal may also account for some of the damage we observed. Nevertheless, these
results do support and are consistent with a distinct biological outcome between males and
females following chronic EtOH withdrawal.

Potential functional or regulatory relationships between significantly regulated genes were
identified by k-means clustering. Genes that showed expression differences that were in
opposite directions and thus demonstrating the largest sexually dimorphic response are
clustered in Figure 2a. Included in this cluster of genes is Glul (glutamine synthetase), which
catalyzes the metabolism of glutamate to glutamine and results in decreased synaptic
glutamate levels. Overexpression of Glul has recently been shown to be strongly correlated
with resistance to withdrawal seizures in a variety of genetic models (Letwin et al, 2006);
here Glul was generally elevated in females and reduced in males after chronic EtOH
withdrawal, consistent with the decreased severity of EtOH withdrawal seizures observed in
females (Devaud and Chadda, 2001; Kosobud and Crabbe, 1986). Mapk9 (JNK2) is also
elevated in females and reduced in males, and is critical for activation of the mitochondrial
death pathway in apoptosis and for pro-inflammatory functions in microglia (Waetzig et al,
2005). Figure 2b shows a cluster of genes that were upregulated by EtOH in females. Of
interest in this cluster is Adcy7 (adenylyl cyclase type 7), which is associated with
alcoholism in humans and sex-specific depression in transgenic and knockout mice (Hines et
al, 2006). Acvrl1 (Alk1) is downregulated in females (Figure 2c). Interestingly, Acvrl1 is
known to activate Smad signaling through the phosphorylation of Smad1 (Inman et al,
2002). Down-regulation of Smad signaling is of interest here as we have identified Smad3 as
upregulated by EtOH in males in both WSP and WSR selected lines.

Expression levels of selected genes were analyzed by qRT-PCR analysis to corroborate
microarray results. Confirmation of Diablo upregulation in female WSP mice is interesting
because of its role in promoting cell death by binding to inhibitor of apoptosis proteins,
promoting the activation of caspase 3 (Chai et al, 2000). Additionally, upregulation of
Bclaf1 in female WSP is also pro-apoptotic as overexpression of Bclaf1 in HeLa cells
induced apoptosis (Kasof et al, 1999), while upregulation of Mapk9 in female WSR
indicates enhanced apoptosis and microglia activation. In contrast, upregulation of Hbxip in
male WSP is anti-apoptotic as Hbxip forms a complex with Survivin to prevent caspase-9
activation (Marusawa et al, 2003). Although histological analysis does not clearly identify
whether apoptosis or necrosis is more important in the cell death characterized after chronic
alcohol exposure, the genes identified in the array analysis suggest a role for apoptotic
signaling. Of note, there are few reports identifying genes specifically important in necrotic
cell death (and are thus difficult to ascribe this function to); in fact, there is significant
overlap in the genes involved in necrotic and apoptotic cell loss (Raza et al, 2004). Thus, the
results presented here can be indicative of activation of either or both pathways. The
downregulation of Cx3cl1 in male WSP, which encodes a brain chemokine thought to
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recruit T-cells and monocytes (Bazan et al, 1997), is characteristic of an anti-inflammatory
response. Smad3 was confirmed as upregulated in both WSP and WSR males, and
upregulation is of interest because Smad3 has been shown to inhibit Class II MHC
expression (Dong et al, 2001) resulting in deactivation of microglia (Gordon, 2003),
characteristic of an anti-inflammatory response. Smad3 is also known to bind androgen
receptor and prevent androgen activated transcription (Rahman et al, 2004), which may
provide insight into mechanism(s) for the differential response to EtOH we have observed
between males and females. A recent study profiling the gene expression changes of
microglia exposed to different activating agents (Thomas et al, 2006) identified several
genes that were also regulated by chronic EtOH withdrawal in this study, including Za20d2,
Nical, Mef2c, and Cstf3. Combined, these results suggest that there may be sexually
dimorphic activation of microglia, contributing to increased neuronal damage in females.

In conclusion, we have demonstrated for the first time that CNS gene expression differences
during withdrawal from chronic EtOH exposure are profoundly affected by gender.
Examination of individual gene expression differences and the signaling pathways that were
influenced indicated the likelihood of enhanced cell death in females. In fact, brain damage
was elevated in females but not males, irrespective of genetic background or the withdrawal
severity phenotype. Thus, our studies are consistent with some reports demonstrating that in
human alcoholics, females have increased susceptibility to brain damage associated with
alcohol abuse (Hommer et al, 2001; Mann et al, 2005), and may help to resolve a
controversy surrounding the role of gender in brain damage (Wuethrich, 2001). Collectively,
the findings reported here indicate a fundamentally distinct neuroadaptive response in
females when compared to males during chronic EtOH withdrawal, with females
demonstrating enhanced neurotoxicity. Such brain damage might underlie debilitating
cognitive dysfunction and motor deficits observed in some alcoholics. In addition, disruption
of the PFC normal inhibitory functions (ie inhibition of unnecessary or unwanted behavior)
may contribute to excessive drinking and the self-sustaining nature of alcoholism. Thus, the
enhanced cell death signaling we observed selectively in females may also have behavioral
relevance. Characterization of distinct responses to alcohol between males and females may
provide therapeutic insight, and further studies on the effects of alcohol abuse in both sexes
are warranted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Heat map and hierarchical cluster analysis of significantly differentially expressed genes.
Each column represents data from eight array hybridizations, using male and female WSP
and WSR selected lines profiled at peak withdrawal following chronic EtOH exposure. (a)
EtOH-regulated genes (in one or more comparison) were sorted based on female WSR
EtOH expression ratio. (b) Two-dimensional unsupervised hierarchical clustering analysis
was performed on EtOH-regulated genes. Experimental groups (arrays), represented by
columns, and genes, represented by rows, were clustered according to their similarities in
expression pattern. Top of dendrogram shows analysis of similarity of overall array
expression profiles. In the zoomed region, bootstrap analysis using 100 resampling iterations
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confirmed tree topology, grouping arrays based on sex rather than withdrawal phenotype.
FP=female WSP, FR=female WSR, MP=male WSP, MR=male WSR.
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Figure 2.
K-means clustering of differential gene expression. K-means clustering (clusters = 10,
average linkage, Euclidian distance) was employed to identify functional relationships
between genes. Several clusters were identified with greater similarity between females with
different withdrawal phenotype (none were identified showing greater similarity between
both genders of a single selected line), suggesting a divergent transcriptional response to
EtOH in females vs males. (a) Clustering identified genes with a sexually dimorphic
response to withdrawal from chronic EtOH exposure, with upregulation in females, and
downregulation in males. (b) Female upregulated genes (upregulation in female WSP and
WSR). (c) Female downregulated genes (downregulation in female WSP and WSR).
Additional clusters can be seen in Supplementary Figure 3 in supporting information online.
No clusters were specifically identified as phenotype-divergent (eg none demonstrated
clustering of male and female WSP).
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Figure 3.
Summary of compiled GO categories based on sex. The 176 of 295 regulated genes with
known functions were classified according to their gene ontology annotation terms for each
group. Several GO categories were identified in each comparison as significantly over-
represented in the population based on presence on the array platform after EASE analysis.
GO categories were collapsed into the broader categories presented here, with genes
significantly regulated during EtOH withdrawal placed into eight functional categories.

Hashimoto and Wiren Page 20

Neuropsychopharmacology. Author manuscript; available in PMC 2011 January 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Assessment of brain damage in male and female WSP and WSR following chronic EtOH
exposure and withdrawal for 10 days. H&E staining was performed and arrows indicate
eosinophilic staining characteristic of dead or dying cells (× 100 magnification). Zoomed
regions (indicated by square inset region) showing morphology and staining of dead neurons
from EtOH females or control males are included. (a) H&E stained sections from control or
EtOH withdrawn female WSP mice. The percentage of damaged cells after EtOH
withdrawal was significantly elevated in female WSP (FP; ***P<0.0003) mice. (b)
Similarly in WSR females (FR), EtOH withdrawal resulted in increased cell death
(*P<0.05). (c) In contrast to females, EtOH withdrawal in WSP male (MP) mice resulted in
a non-significant decrease in dead or dying cells. (d) Likewise, analysis in male WSR (MR)
mice revealed a modest decrease in cell death. Data are mean±SEM. Bar = 100 μm for
photomicrographs; 14 μm for zoomed images.
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