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Alcohol dependence is characterized by tolerance, physical dependence, and craving. The neuroadaptations underlying these effects of

chronic alcohol abuse are likely due to altered gene expression. Previous gene expression studies using human post-mortem brain

demonstrated that several gene families were altered by alcohol abuse. However, most of these changes in gene expression were small.

It is not clear if gene expression profiles have sufficient power to discriminate control from alcoholic individuals and how consistent gene

expression changes are when a relatively large sample size is examined. In the present study, microarray analysis (B47 000 elements) was

performed on the superior frontal cortex of 27 individual human cases (14 well characterized alcoholics and 13 matched controls). A

partial least squares statistical procedure was applied to identify genes with altered expression levels in alcoholics. We found that genes

involved in myelination, ubiquitination, apoptosis, cell adhesion, neurogenesis, and neural disease showed altered expression levels.

Importantly, genes involved in neurodegenerative diseases such as Alzheimer’s disease were significantly altered suggesting a link between

alcoholism and other neurodegenerative conditions. A total of 27 genes identified in this study were previously shown to be changed by

alcohol abuse in previous studies of human post-mortem brain. These results revealed a consistent re-programming of gene expression

in alcohol abusers that reliably discriminates alcoholic from non-alcoholic individuals.
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INTRODUCTION

Chronic alcohol abuse produces persistent changes in brain
function which are manifested as tolerance, physical
dependence, craving, and other behavioral changes. These
changes in brain function likely emanate from alterations in
gene expression, which in turn may underlie the cellular
adaptations to chronic alcohol abuse (Nestler, 2000). The
importance of understanding changes in gene expression in
alcoholism can be appreciated by the impact of gene
expression profiling in other diseases, most notably cancer,
where studies have lead to improved pharmacotherapies
(Okutsu et al, 2002; Taxman et al, 2003; Zembutsu et al,
2002) and to a molecular classification of disease which

promises to be more accurate and informative than
traditional diagnostic tests (Bueno et al, 2004; Kim et al,
2002; Mor et al, 2003). Gene expression profiling is only
beginning to be applied to psychiatric illnesses (Geschwind,
2003; Marcotte et al, 2003; Mirnics et al, 2000; Tkachev et al,
2003). Initial studies indicate that changes in brain gene
expression in schizophrenia or alcoholism are much smaller
than are seen in cancer (Bull et al, 2001; Lewohl et al, 2001;
Mayfield et al, 2002; Mirnics et al, 2000; Smith, 2002) and it
is possible that individual differences due to other factors
will overpower the differences due to the disease. A
relatively large sample size is critical to identify genes with
consistent expression changes at a higher confidence level.

Previously, we and others applied cDNA and oligonucleo-
tide microarray techniques to identify genes with altered
expression following long-term alcohol consumption
(Flatscher-Bader et al, 2005; Lewohl et al, 2000; Liu et al,
2004; Mayfield et al, 2002; Sokolov et al, 2003). Genes
involved in myelination, trafficking, ubiquitination, and
mitochondrion function showed consistent changes at the
transcriptional level. However, these studies used either
pooled RNA (Lewohl et al, 2000; Mayfield et al, 2002) or
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relatively small sample sizes (seven cases/group) (Liu et al,
2004). Individual variability could not be assessed at all or
with certain confidence. To address these concerns, we
combined cDNA microarrays comprised of B47 000
elements with a partial least squares (PLS) statistical
procedure to identify consistent changes in alcoholics (14
cases) compared with controls (13 cases). The current study
focused on the superior frontal cortex. The frontal cortex
has been an interesting area of research due to the most
severe brain damage in this region of alcoholic human
brain. This region is closely related to the reward system
involved in development of alcohol dependence. This region
is also crucial for cognitive, executive and other important
functions that are impaired in alcoholics. Our previous
study compared frontal cortex and motor cortex (Liu et al,
2004) and found that gene expression changes were more
consistent across individuals in alcoholic frontal cortex than
motor cortex. The goal of the present study was to identify
genes or families of genes that show altered expression level
in the alcoholic human frontal cortex, and to evaluate the
potential influence of individual variation on gene expres-
sion patterns.

MATERIALS AND METHODS

Case Selection

Brain samples (superior frontal cortex) were obtained from
the Brisbane Node of the National Health and Medical
Research Council (NHMRC) Brain Bank and the Tissue
Resource Centre at the University of Sydney, Australia
(http://www.braindonors.org/). A total of 27 cases including
14 alcoholic and 13 control cases (matched as closely as
possible by age and post-mortem interval (PMI)) were
selected (Table 1; see Supplementary Table 4 for detailed
clinical information). There were no significant differences
between the control and alcoholic groups for either age or
PMI (Student’s t-test). The 27 cases represent two cohorts of
donors (C¼ control; A¼ alcoholic). Cases C1–C7 and A1–
A7 were included in a previous study (Liu et al, 2004),
whereas C8–C13 and A8–A14 were additional cases
obtained from the Australian brain banks. Neither age nor
PMI differed significantly between the two sets of controls
or alcoholics (Student’s t-test).

Alcoholics were classified based on the quantity of alcohol
consumed, according to the NHMRC (480 g of alcohol per
day), instead of the criteria established by the American
Psychiatric Association (DSM-IV) or the World Health
Organization (ICD-10). Many alcoholic patients in this
study consumed significantly more than 80 g/day for most
of their adult life (Supplemental Table 4). Cerebral atrophy
was observed in three alcoholic cases. All alcoholic cases
included in our study were actively drinking until death
except case A7 who was abstinent for 2 years prior to death.
Control cases either abstained from alcohol completely or
were social drinkers. Alcoholics with medical complications
such as liver cirrhosis, Wernicke Korsakoff Syndrome, or
other concomitant diseases were not included in the study.
Brain samples were acquired from qualified pathologists
under full ethical clearance #97/36, and informed written
consent was obtained from the next of kin.

RNA Extraction and Amplification

Total RNA was extracted from the superior frontal cortex of
each case using a modified guanidine isothiocyanate
extraction method (Chomczynski and Sacchi, 1987). RNA
quality was assessed using an Agilent 2100 Bioanalyzer
(Agilent, Palo Alto, CA). In all, 2 mg of extracted total RNA
was used for the following amplification procedure.
Universal Human Reference RNA (comprised of 10 different
human cell lines) was purchased from Stratagene (La Jolla,
CA). Both brain and reference RNA was amplified as
described (Mayfield et al, 2003). Briefly, total RNA (1mg)
was denatured together with T7-oligo dT primer (0.2 mg) at
701C for 5 min and then chilled on ice. Reverse transcription
(20 ml reaction) was catalyzed by SuperScript II (Invitrogen,
Carlsbad, CA) at 421C for 2 h. Reagent mix (80 ml) for the
second cDNA strand synthesis was added and incubated at
161C for 2 h. Double-stranded cDNA was purified and
dissolved in 8ml of DEPC-H2O. In vitro transcription was
performed in a 20 ml reaction at 371C for 6 h using T7
MegaScript kit (Ambion, Austin, TX). Amplified antisense
RNA was purified using the RNeasy Mini kit (QIAGEN,
Valencia, CA). The quality and concentration of amplified
antisense RNA was determined using the Agilent 2100
Bioanalyzer. Amplified RNA (2 mg) was utilized for each
hybridization.

Table 1 Case information. PMI, Post-Mortem Interval in Hours; ‘C’ in Case IDs for Control Cases and ‘A’ for Alcoholic Cases

Case ID C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

Age (years) 85 55 54 56 58 62 78 70 32 79 61 59 67

Sex M M M M M M F F F M M M M

PMI (h) 38 38 56 10 27 18 22 18 48.4 8.5 27 12 34

Case ID A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14

Age (years) 34 29 70 36 58 79 70 44 59 43 57 67 49 42

Sex M M M M M M F M M M M M M M

PMI (h) 31 24 15 29 28.5 20 17 22 15 21.5 67 46 16 35

Neither PMI nor age is different between control and alcoholic group (p40.05, two-sample student t-test).
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Array Fabrication

The cDNA microarray slides were prepared at the micro-
array core facility at the University of Texas at Austin. A set
of B47 000 sequence-verified IMAGE cDNA clones
(ResGen, Carlsbad, CA) were PCR-amplified and spotted
onto poly-L-lysine-coated microscope glass slides. The
arrays were post-processed using succinic anhydride as
described except that the UV crosslink step was skipped
(DeRisi et al, 1997).

Array Hybridization and Normalization

Array hybridization and normalization was performed as
described previously (Mayfield et al, 2003). Briefly,
amplified RNA (2 mg) was denatured and reverse trans-
cribed in the reaction containing amino allyl-modified
dUTP. Then the RNA strand was degraded and subse-
quently cDNA was purified and concentrated. Amplified
brain RNA samples were always labeled with cyanine 3
(Cy3; channel 1) while the amplified universal human
reference RNA was labeled with cyanine 5 (Cy5; channel 2).
Hybridization of labeled cDNA with array was carried out in
the dark at 651C for about 16 h. Slides were washed and then
scanned with an Axon GenePix 4000 scanner (Axon, Union
City, CA). Images were subsequently analyzed using Axon
GenePix 4.0 software (Axon, Union City, CA).

Genepix 4.0 default feature detection parameters were
used for spot detection. Pixel homogeneity within a spot
was determined by calculating the Pearson correlation
coefficient of pixel intensities from both channels in each
spot on the array. The resulting regression correlation was
set at 0.6 and above. Channel 2 (Cy5) was normalized for
each array in the Longhorn Array Database (LAD) at the
University of Texas at Austin (Killion et al, 2003). The
normalization was based on the assumption that the log-
transformed ratio of net channel 2 intensity to net channel 1
intensity for each spot was centered on zero. The norma-
lized ratio of medians was the raw ratio of medians divided
by the calculated normalization factor. Expression values on
different batches of arrays were normalized to have the
same median expression level across batches. Undetected
spots on the array were flagged and excluded from the
analysis. In most cases a spot/feature on the array was
flagged when the spot intensity was below the detection
limit of the scanner. Occasionally, spots had high local
background or ran together with adjacent spots on the
array. Such spots were also flagged.

Data Reduction and Statistical Analysis

PLS analysis was employed to derive expression-based
latent variables (linear combinations of gene expression
ratios) that covary maximally with a categorical variable
coding alcoholic vs nonalcoholic samples. The latent
variable values derived from the expression data using the
coefficients of the model were used to indicate group
separation. The loadings of the individual gene expression
ratios on the best discriminating latent variables were used
as indicators of the importance (weight) of each gene in the
relationship. For class prediction procedure, a linear
discriminant analysis (LDA) procedure was carried out for

prediction analysis. In this procedure, all cases except one
were used as a training data set to identify predictor genes.
The number of predictors (genes) used in the LDA analysis
can not exceed number of cases (26 cases in cross-validation
analysis). Genes were rank-ordered by PLS loading scores
and sequentially reduced to determine the number of genes
used for this analysis. The top 15 genes provided maximum
discrimination. The ‘left-out’ case was then classified based
on the expression levels of the 15 selected genes. PLS and
LDA analysis were performed using in JMP IN software
(SAS Institute Inc., Cary, NC). For clustering analysis by
principal component analysis (PCA), the first two principal
components were plotted to indicate group separation. PCA
analysis was done using STATISTICA software (StatSoft
Inc., Tulsa, OK). The k-nearest neighbor method was used
to compute missing values (using 10 genes as neighbors).

Gene Selection

A classification system was developed in which differentially
expressed genes were divided into two classes. Class I genes
were qualitatively different, that is, they were predominantly
detected in one group but not the other, while class II genes
were consistently detected in both groups. Thus, class I
genes represent those that were more likely ‘turned off’ or
‘turned on’ as a result of alcohol abuse, whereas class II
genes represent consistently expressed genes for which
quantitative differences in expression could be determined.

An empirically derived rule was established for defining
Class I genes. Genes were selected that were consistently
expressed in the controls but not the alcoholics, or were
consistently expressed in the alcoholics but not the controls.
‘Consistently’ detected genes in a given group were defined
as those detected on over 50% of the arrays of that group.
Genes were then selected that were consistently detected in
one group but not the other. In addition, only those genes
that were detected over twice as frequently in one group
compared to the other were considered Class I. Thus, Class I
genes were those detected on at least eight more arrays in
one group than the other. A higher threshold (n48) would
risk missing true positives, whereas a lower threshold
(no8) might include false positives. Supplementary Figure
5 shows the distribution of the number of genes as a
function of the difference in the frequency of detection
between the two groups (control minus alcoholic).

Multiple criteria were used to define Class II genes. First,
only the genes detected on over 80% of the arrays in both
groups (at least 11 alcoholics and 10 controls) (15 762
genes) were included. The rationale for using an 80%
detection rate was based on studies demonstrating that
accurate estimations of missing values typically requires at
least 80% of present calls (Kim et al, 2005; Troyanskaya
et al, 2001). Class II were then defined as those consistently
detected in both groups having absolute PLS loadings scores
of 42.0 and t- probabilities of o0.05. In addition, genes
that were o20% differentially expressed between the groups
were excluded from further analysis. Genes that were
not consistently detected across all cases could be due to
pre-existing individual variability and/or potential varia-
bility in detection. This was particularly true for low
abundance transcripts.
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RESULTS

DNA microarrays were used to compare gene expression
profiles in the frontal cortex between control and well-
characterized alcoholic cases (Table 1). We have devoted
considerable effort to obtain high-quality RNA from human
autopsy brain tissue and all samples were tested for quality
and purity as described previously (Lewohl et al, 2001;
Mayfield et al, 2002; Mayfield et al, 2003). As described in
the Materials and Methods section, we utilized two data
sets in the current study. Cases C1–C7 and cases A1–A7
were included in a previous report (Liu et al, 2004), whereas
C8–C13 and A8–A14 represented additional cases in
the current database. Prior to collapsing the two data sets
we first determined their similarity. There were no
significant differences in age or PMI between the two data
sets (see ‘Case Selection’ in Materials and Methods section).
We also compared the direction of expression changes
(alcoholic compared to control) and found that approxi-
mately 70% of the detected genes common to both data
sets (B20 000) changed in the same direction. This degree
of overlap differed significantly from that expected by
chance (po0.0001, w2 test). In addition, we compared
t-probability distributions between the two groups of
controls and between the two groups of alcoholics
(Supplementary Figure 6a and b, respectively). Both plots
illustrate that the number of null comparisons increases as
a function of p-value (an opposite trend would indicate a
high number of differentially expressed genes) (Storey and
Tibshirani, 2003), suggesting that there was a high level of
similarity between groups of controls and alcoholics.
Finally, we examined the differentially expressed genes in
the 14 additional cases to determine if the major findings
from Liu et al (2004) could be replicated. Using the
same analysis procedures (Bayesian analysis) as reported
previously (Liu et al, 2004), we identified a total of 2816
differentially expressed genes. Significant overlap was
observed in the functional annotations of the differentially
expressed genes between the two data sets (Supplementary
Table 5). Also, the differentially expressed genes identified
in the additional set of cases accurately distinguished
between control and alcoholic cases as observed previously
(Liu et al, 2004; Supplementary Figure 7). Based on these
similarities we combined the two data sets for comprehen-
sive analysis.

The average number of genes (cDNA spots) detected in
the alcoholic group was significantly less than the control
group (15%; see Supplementary Figure 8). A total of 15 762
genes were identified that were consistently expressed in at
least 10 out of 13 controls and 11 out of 14 alcoholic cases.
PLS analysis was used for data reduction and to identify the
set of genes that best distinguish control from alcoholic
cases. Figure 1 shows the discrimination between control
and alcoholic cases based on the first latent variable scores
in PLS analysis. The mean latent variable scores derived
from this analysis differed significantly between control and
alcoholic cases (po0.001, two-sample Student’s t-test).
Although the greatest differences in expression between
control and alcoholic cases tend to be associated with high
loading scores (absolute value), a large set of genes with
relative small differences in expression have high loadings
(Supplementary Figure 9).

As in other psychiatric diseases, changes in gene
expression observed in the brain of alcoholics are relatively
small (20–50%) (Supplementary Figure 10). A leave-one-out
procedure was performed to determine if gene expression
profiles have sufficient power to discriminate control from
alcoholic individuals. For this analysis, one of the 27 cases
was left out as a test case and the remaining 26 cases were
used as a training set. Based on the PLS loadings, the top 15
genes were selected and used to predict the group
classification of the left-out case. The same process was
used for each case. Among 27 predictions, only one case was
misclassified. An example of one of the 27 predictions is
shown in Figure 2. The unknown sample (A14 in this case)
was accurately predicted as an alcoholic case.

To define cellular pathways altered in alcoholism, both
Class I and Class II genes were identified (see Materials and
Methods for classification criteria). A total of 46 genes were
consistently expressed only in the control but not in
alcoholic cases, while only three genes were consistently
observed only in the alcoholic but not control cases (Class
I). A close examination of those 49 genes excluded the
possibility that the difference in the detection resulted from
factors other than a difference in intensity. PLS analysis was
not appropriate for this set of genes due to undetectable
expression in alcoholics or controls. Among the 15 762
genes consistently expressed in both groups, 484 genes were
differentially expressed (Class II). Genes in both classes
were combined (531 genes). Among the genes with altered
expression levels, over half of them were downregulated in
the alcoholics (304/531 genes). This reflects a possible
suppression of many cellular functions, such as cell
adhesion and lipid metabolism shown in Table 2. The
complete list of genes is shown in Supplementary Table 6. A
total of 232 of the 531 differentially expressed genes are well
documented in the literature. Given that only a small

Figure 1 Discrimination of control and alcoholic cases. PLS analysis was
performed on 15 762 consistently expressed genes. Latent variable scores
discriminate control from alcoholic cases (approximately 85% of the
variation in the groups (control vs alcoholic) is explained by the first latent
variable). Filled circles indicate control cases and filled triangles indicate
alcoholic cases. The numbers correspond to the case identifications in
Table 1.
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number of Class I genes are annotated, we decided to
analyze the functional grouping only with the combined
data set based on their functional annotations in the
literature (Table 2). The full list of genes in each group is
shown in Supplementary Table 7. Consistent with previous
studies, many of these genes are associated with myelina-
tion, immune/stress response, ion channels, lipid metabo-
lism, synaptic transmission, trafficking, and ubiquitination.
In addition, genes involved in cell adhesion and apoptosis
are also significantly downregulated. Interestingly, five

genes in the neural disease-related group are known to be
involved in Alzheimer’s disease. Apoptosis, cell adhesion,
and ubiquitin-mediated protein degradation are three
groups with highest average PLS loading scores (data not
shown).

In order to verify our current results, the list of candidate
alcohol-responsive genes identified in this study was
compared with published studies. Only alcohol studies
using autopsy human brain were included in this compari-
son (Flatscher-Bader et al, 2005; Lavoie and Butterworth,
1995; Lewohl et al, 2000; Mayfield et al, 2002; Sokolov et al,
2003). Two of these five published reports are from our
laboratory; however, different cases and methodologies
were used in those studies. The first study used both cDNA
arrays (UniGEMV; Genome Systems Inc.) and oligonucleo-
tide arrays (HuGeneFL; Affymetrix Inc.) (Lewohl et al,
2000). The second study used cDNA arrays (UniGEM V2.0;
InCyte Genomics Inc.) (Mayfield et al, 2002). In addition,
both studies used pooled RNA from cases that did not
overlap with the cases included in this study. The accession
number for each gene used in different studies was
converted to the current UniGene Cluster ID (Build #180)
to reflect the fact that a same gene (UniGene Cluster ID)
may be represented by different clones (accession numbers)
in different studies. Out of the 232 named genes, 27 genes
have been identified in previous studies (Table 3). Among
those 27 genes, 21 were found to be regulated in the same
direction, and in general, to a similar extent. In particular,
the downregulation of peripheral myelin protein 22 has
been observed in both microarray and real-time PCR
studies (Flatscher-Bader et al, 2005). The other six genes
showed opposite direction of regulation.

To determine the contribution of individual variability to
gene expression patterns and whether changes in only a
subset of those genes could discriminate alcoholics from
non-alcoholic controls, a PCA was performed using the
Class II genes in each functional group. The first two
principal components are plotted to illustrate the clustering
of individual cases (Figure 3). Four representative
functional groups are shown (cell adhesion, neural
disease-related genes, synaptic transmission, and ubiqui-
tin-mediated protein degradation). As expected, control and
alcoholic cases are largely separated in all functional
groups. Interestingly, three alcoholic cases are consistently
different from other alcoholic cases. Available clinical
information indicates several unique features of these three
cases. Case A4 was also dependent on morphine in addition
to alcohol while none of the other cases were poly-drug
abusers. Case A7 had showed strong alcohol withdrawal
symptoms and was abstinent for 2 years prior to death,
whereas case A8 had been treated for depression. It is
possible that these factors can contribute to the gene
expression patterns.

Aging and PMI can induce gene expression changes in
human brain (Lu et al, 2004; Schramm et al, 1999). To
determine if the gene expression changes identified in this
study were correlated with these factors, a linear regression
model was fitted to gene expression level and age or PMI.
After correction for multiple comparisons, none of the 482
regulated genes was significantly correlated with age or PMI
at a false discovery rate of less than 30% (q-valueo0.30)
(Storey and Tibshirani, 2003). In addition, a hierarchical

Figure 2 Example of class prediction using the top 15 genes identified by
PLS analysis. All cases except one (A14 in this example) were used as the
training set. The left-out case (A14) was then classified based on the top 15
genes with highest PLS loadings in training data set. The arrow indicates the
correct prediction of the left-out case (A14) on the plot of first two
canonicals. See Supplementary Table 8 for the list of 15 genes. Filled circles
indicate controls cases and filled triangles indicate alcoholic cases.

Table 2 Functional Groups of Differentially Expressed Genes

Functional groups Up Down Total

Apoptosis 3 8 (1) 11

Carbohydrate metabolism 1 5 (2) 6

Cell adhesion 2 18 (1) 20

Cytoskeleton 5 7 (1) 12

Immune/stress response 11 (1) 13 (2) 24

Ion channels 2 6 8

Lipid metabolism 2 11 (1) 13

Mitochondrial proteins 5 8 13

Myelination-related genes 1 10 11

Neural disease-related genes 3 11 14

Neurogenesis/development 15 20 35

Protein turnover/modification 20 30 (1) 50

Synaptic transmission 6 12 (2) 18

Trafficking proteins 10 (1) 18 28

Transcription-related genes 17 26 43

Ubiquitin-mediated protein degradation 9 12 21

Total 79 153 232

Up, number of up-regulated genes; down, number of down-regulated genes.
Number of Class I genes in each functional group is indicated in the parenthesis.
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clustering of the 27 cases based on the 482 Class II genes
revealed that cases formed clusters based only on the
history of alcohol consumption, but not age or PMI
(Figure 4). This is further supported by the fact that even
cases within the same group (control or alcoholic group)
did not form clusters based on age or PMI.

DISCUSSION

The current data set provides the largest study to date of
gene expression in human alcoholism and extends findings
from earlier studies (Flatscher-Bader et al, 2005; Lewohl

et al, 2000; Liu et al, 2004; Mayfield et al, 2002; Sokolov
et al, 2003). Importantly, this study revealed novel genes
involved in cell adhesion, apoptosis, and other neural
diseases that were altered by long-term alcohol abuse.

Array experiments characteristically have many measured
variables (genes) and relatively few observations (experi-
ments) and the statistical techniques utilized in this study
are particularly well suited for these types of data (Datta,
2001; Datta, 2003). It should be noted that expression
analysis using PLS techniques have been used to classify
and discriminate among tumor types (Nguyen and Rocke,
2002b, c), and to predict clinical outcome and patient
survival with a high degree of accuracy (Nguyen and Rocke,

Table 3 Transcripts from Current Study which have been Reported in Previous Studies of Human Alcohol Abuse

UniGene cluster ID

% change

(Build #183) Annotation Published Present Reference for published value

Hs.518267 Transferrin �150 �49 Lewohl et al (2000)

Hs.143261 Calpain 3, (p94) �75 �36 Lewohl et al (2000)

Hs.517582 MCM5 minichromosome maintenance deficient 5, cell
division cycle 46

�54 �30 Mayfield et al (2002)

Hs.144197 UDP glycosyltransferase 8 (UDP-galactose ceramide
galactosyltransferase)

�50 �46 Lewohl et al (2000)

Hs.19383 Angiotensinogen (serine (or cysteine) proteinase inhibitor,
clade A (alpha-1 antiproteinase, antitrypsin), member 8)

�50 Turned off Lewohl et al (2000)

Hs.534322 Major histocompatibility complex, class II, DR beta 4 �45 �48 Lewohl et al (2000)

Hs.496684 Lysosomal-associated membrane protein 2 �42 �40 Sokolov et al (2003); Flatscher-
Bader et al (2005)

Hs.482730 EGF-like repeats and discoidin I-like domains 3 �40 �33 Lewohl et al (2000)

Hs.124611 Sparc/osteonectin, cwcv and kazal-like domains
proteoglycan (testican)

�37 �21 Flatscher-Bader et al (2005)

Hs.104839 Tissue inhibitor of metalloproteinase 2 �33 �24 Flatscher-Bader et al (2005)

Hs.471441 Proteasome (prosome, macropain) subunit, beta type, 2 �32 �20 Flatscher-Bader et al (2005)

Hs.372031 Peripheral myelin protein 22 �32 �44 Lewohl et al (2000); Flatscher-
Bader et al (2005)

Hs.135705 SWI/SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily a, member 5

�31 �27 Sokolov et al (2003)

Hs.7879 Interferon-related developmental regulator 1 �31 �32 Sokolov et al (2003)

Hs.529890 Calnexin �17 �30 Sokolov et al (2003)

Hs.168762 Unc-51-like kinase 2 (C. elegans) �20 �27 Sokolov et al (2003)

Hs.167017 Gamma-aminobutyric acid (GABA) B receptor, 1 55 29 Flatscher-Bader et al (2005)

Hs.1787 Proteolipid protein 1 (Pelizaeus-Merzbacher disease,
spastic paraplegia 2, uncomplicated)

�100 �46 Lewohl et al (2000)

Hs.273621 2’,3’-cyclic nucleotide 3’ phosphodiesterase �100 �20 Lewohl et al (2000)

Hs.162585 Solute carrier family 12 (sodium/potassium/chloride
transporters), member 2

�40 �21 Mayfield et al (2002)

Hs.89643 Transketolase (Wernicke-Korsakoff syndrome) �19 �36 Lavoie and Butterworth, (1995)

Hs.99886 Complement component 4 binding protein, beta �52 25 Flatscher-Bader et al (2005)

Hs.406062 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex,
11, 14.7kDa

�32 45 Flatscher-Bader et al (2005)

Hs.368641 Stearoyl-CoA desaturase (delta-9-desaturase) 27 �37 Mayfield et al (2002)

Hs.385913 Acidic (leucine-rich) nuclear phosphoprotein 32 family,
member E

54 �23 Sokolov et al (2003)

Hs.435570 Cyclin-dependent kinase-like 5 90 �26 Sokolov et al (2003)

Hs.528803 Ubiquinol-cytochrome c reductase core protein II 45 �24 Lewohl et al (2000)
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2002a; Perez-Enciso and Tenenhaus, 2003). However, cancer
studies report relatively large changes in expression and this
statistical technique has not been applied to data sets with
modest expression changes such as those observed in
alcoholism (typically 20-50%) (Lewohl et al, 2000; Liu et al,
2004; Mayfield et al, 2002). Our data suggest that chronic
alcohol abuse affects multiple genes in multiple functional
systems. Changes at the gene expression level reflect a
possible pre-existing gene expression differences or an
alteration as a result of alcohol consumption. An under-
standing of mechanisms of manifestations of alcoholism
must encompass these small but abundant and widespread
changes in cellular regulation.

Alcohol’s effects on gene expression in the central
nervous system have been widely studied in animals, using
both array and nonarray techniques (reviewed by Worst
and Vrana, 2005). In contrast, there are only limited studies
with human subjects, largely due to the shortage of high-
quality autopsy human brain available for alcohol research
and other challenges in studies of autopsy human brain
(Mirnics et al, 2004; Mirnics and Pevsner, 2004). To validate
our array findings, we compared our results with those in
the existing literature. Interestingly, most of the published
results show a decrease in mRNA levels, consistent with our
findings of downregulation of particular biological groups,
for example, the myelination (four genes) and calpain/

calpastatin systems. The agreement between the current
study and the literature is remarkably good considering the
differences among the studies in methodologies, array
platforms, individual cases, and other factors.

Myelin deficiency in the frontal cortex of alcoholic human
brain was noted in a previous morphological study (Harper
and Kril, 1989), and myelination-related genes have also
been identified with altered expression levels in this and
other studies (Lewohl et al, 2000; Liu et al, 2004; Mayfield
et al, 2002; Sokolov et al, 2003). In the present study, among
11 myelination-related genes, 10 were downregulated and
only one was upregulated. A major component of the
myelin sheath, proteolipid protein 1, and several minor
components (UDP glycosyltransferase 8, CNP, CD9 antigen,
and claudin 11) were all downregulated. These results
further support the conclusion that myelin structure is
compromised by chronic alcohol abuse.

A striking finding of this study was that 18 of the 20
identified cell adhesion genes were downregulated. Cell
adhesion molecules play critical roles in the development of
the central nervous system, synapse formation, and immune
responses (Hirano et al, 2003; Huntley et al, 2002; Lee and
Benveniste, 1999; Milner and Campbell, 2002; Scheiffele,
2003). For instance, neurotrimin and activated leukocyte
cell adhesion molecule are necessary for outgrowth of
neurites and deficiency in scavenger receptor class B

Figure 3 PCA analysis of gene expression levels for individual functional groups. The first two principal components are plotted. Case A4, A7, and A8
consistently differ from the other alcoholic cases in all functional groups. Green circles represent controls cases and red triangles represent alcoholic cases.
Cases A4, A7, and A8 are identified by number. The number of genes included in the PCA analysis is shown in parentheses.
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(member 2) can cause neuropathies. Ethanol has been
shown to change neural cell–cell adhesion in vitro (Char-
ness et al, 1994). Downregulation of genes in this group may
contribute to the compromise of neuronal functions in
alcoholic human brain.

Several genes have been proposed to be risk factors for
both alcoholism and Alzheimer’s Disease, for example,
transferrin (van Rensburg et al, 2004, 2000; Zambenedetti
et al, 2003). Genes including calpain3, presenilin 1 and a
glial specific gene (PRKC, apoptosis, WT1, regulator) are all
related to Alzheimer’s Disease and were regulated in the
current alcohol study (Guo et al, 1998). These findings
partly support the idea that different brain disorders may
show similar changes in gene expression, and such changes
reflect a ‘nonspecific brain tissue malfunction’ (Mirnics and
Pevsner, 2004). However, this is purely speculative and
further investigations will be necessary to make inferences.

In the PCA analysis of functional subgroups, case groups
could be distinguished based on the expression of as few as

12 genes. This supports our previous conclusion that
relatively small expression changes in the frontal cortex of
alcoholic human brain are quite consistent across indivi-
duals and likely represent important alcohol-responsive
genes. The hierarchical clustering of 27 cases identified two
primary clusters, one comprised of control cases and the
other alcoholic cases. One exception was A8 which was the
only case that had been treated for another psychiatric
disorder (depression). Depression alters gene expression
(Sibille et al, 2004) and may explain the deviation from the
alcoholic cluster. Overall, clustering of 27 cases only by
history of alcohol consumption but not age or PMI suggests
strongly the accuracy of our list of genes as candidate
alcohol-responsive genes.

In summary, our present study identified a number of
novel candidate alcohol-responsive genes in alcoholic
frontal cortex. These genes are involved in cellular functions
such as cell adhesion and other neural diseases. This study
together with others suggest that the molecular pathology of
alcoholism is manifest as changes in several key functional
pathways that can be defined by gene expression profiles.
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