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Studies of gene expression abnormalities in psychiatric or neurological disorders often involve the use of
postmortem brain tissue. Compared with single-cell organisms or clonal cell lines, the biological environ-
ment and medical history of human subjects cannot be controlled, and are often difficult to document fully.
The chance of finding significant and replicable changes depends on the nature and magnitude of the
observed variations among the studied subjects. During an analysis of gene expression changes in mood
disorders, we observed a remarkable degree of natural variation among 120 samples, which represented
three brain regions in 40 subjects. Most of such diversity can be accounted for by two distinct expression
patterns, which in turn are strongly correlated with tissue pH. Individuals who suffered prolonged agonal
states, such as with respiratory arrest, multi-organ failure or coma, tended to have lower pH in the brain;
whereas those who experienced brief deaths, associated with accidents, cardiac events or asphyxia,
generally had normal pH. The lower pH samples exhibited a systematic decrease in expression of genes
involved in energy metabolism and proteolytic activities, and a consistent increase of genes encoding stress-
response proteins and transcription factors. This functional specificity of changed genes suggests that the
difference is not merely due to random RNA degradation in low pH samples; rather it reflects a broad and
actively coordinated biological response in living cells. These findings shed light on critical molecular
mechanisms that are engaged during different forms of terminal stress, and may suggest clinical targets of
protection or restoration.

INTRODUCTION

Major depression and bipolar disorder are two of the most
common and most debilitating psychiatric disorders, represent-
ing an enormous social, economic, and public health burden.
Despite decades of intensive research, the cause of these
disorders remains elusive (1). Functional studies have not
identified a focal brain region or a particular neurotransmitter

system as the primary site of abnormality. Genetic studies,
taken as a whole, have not generated replicable evidence for
specific chromosomal regions that harbor the culpability genes
(2) or for allelic variations that show robust association in most
populations, nor have they explained a major fraction of the
risk (3). Gene expression patterns, on the other hand, are likely
to undergo recognizable changes in specific brain regions to
initiate, sustain or modify the altered biological states that
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accompany the behavior or emotional phenotypes, thus pro-
viding an excellent opportunity to characterize the neurological
basis of mental disorders (4). Recent technical innovations in
high-throughput methods, such as DNA microarrays, have
made it possible to carry out global surveys of gene expression
changes. While tens of thousands of genes can be monitored
simultaneously, the number of samples measured is typically
fewer than a hundred. This is especially true in comparative
studies of mood disorders that make use of postmortem brain
tissues, where the demanding processes of recruiting, psychia-
tric evaluation, case–control matching, tissue dissection and
RNA extraction and quality control, put a substantial constraint
on the number of subjects that can be included in any given
study. The power of finding truly significant and representative
expression changes depends on the extent of the expression
differences, the sample size and the amount of variation among
the studied subjects. Compared with single-cell organisms,
such as E. coli or yeast cells, or cultured cell lines, the bio-
logical environments of human subjects cannot be controlled
by the experimenters, and their full medical histories are often
very difficult to document objectively. Furthermore, technical
limitations can introduce significant amounts of additional
variation (5). Because of these concerns, one of the earliest and
most important tasks is to characterize all major sources of
variation in gene expression in postmortem brain samples, and
to understand their impact on downstream analyses. In this
study, we compared postmortem brain samples from three brain
regions of 40 individuals, evaluated the possible heterogeneities
in gene expression among them, and tried to correlate the
observed patterns with both biological and technical factors
commonly examined in such studies.

RESULTS

We used Affymetrix U95Av2 Genechips to analyze RNA
samples from the anterior cingulate area (AnCg), dorsolateral
prefrontal cortex (DLPFC), and cerebellum (CB) of nine
patients with bipolar disorder (BPD), 11 patients with major
depressive disorder (MDD) and 20 normal controls. After data
pre-processing, which included normalization and averaging
over two replicate arrays for each sample, we calculated the
Pearson’s correlations between all possible pairs of samples by
using the expression values of all genes, and displayed the 40-
by-40 correlation values in a color-coded grid where samples
are placed in the same order in the left-to-right direction and
the top-to-bottom direction. (Fig. 1A–C, for AnCg, DLPFC,
and CB samples, respectively). These ‘similarity heat maps’
not only allow direct visual assessment of sample heterogeneity
and comparability, but also reveal that most samples can be
clustered into two main classes. Only a small number (one to
three) of RNA samples cannot be classified into the two groups
with certainty, for example, the AnCg sample of one type 1
subject (see below) exhibits the pattern characteristic of type 2
subjects, while the DLPFC samples of two type 2 subjects, and
the CB samples of three type 2 subjects can be assigned to type
1. However, each of these cases involves a different subject,
and all are contradicted by quantitative reverse transcription–
polymerase chain reaction (qRT–PCR, see below). The
majority of the assignments are maintained when we adopt

Figure 1. Color-coded pairwise correlation matrices among 40 AnCg (A),
40 DLPFC (B) and 40 CB (C) samples. The ordering of samples are the same
in the left-to-right direction and the top-to-bottom direction. The 17 type 2
samples are grouped in the upper left corner, as marked by the yellow lines.
(B) also includes the Affymetrix chips for the three human cortical samples
reported in Enard et al. (15), which are labeled as ‘1’, ‘2’ and ‘3’.
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