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Objective: An international effort is in
progress to discover candidate genes and
pathways associated with psychiatric disorders, including two of the most serious diseases, schizophrenia and mood disorders,
through the use of new technology—microarrays. Instead of studying one gene at
a time, microarrays provide the opportunity to analyze thousands of genes at once.
Method: This article reviews the steps in
this discovery process, including the acquisition and characterization of high-quality
postmortem brain tissue, RNA extraction,
and preparation and use of microarray
technology. Two alternative microarray
methods and factors affecting the quality
of array data are reviewed.
Results: New analytical strategies are being developed to process the massive data
sets generated by microarray studies and
to define the significance of implicated
genes. Array results must be validated by
other methods, including in situ hybridiza-

tion and real-time polymerase chain reaction. Identified genes can also be evaluated in terms of their chromosomal
locations and possible overlap with regions of suggestive linkage or association
identified with genome-wide linkage analysis in psychiatry and in terms of overlap
with genes identified by microarray studies in animals administered psychoactive
drugs. Microarray studies are only the first
major step in the process. Further efforts
in the investigation involve multiple strategies for studying function and gene structure, including transgenic and knockout
animal studies.
Conclusions: Microarrays present a methodology that can identify genes or pathways for new and unique potential drug
targets, determine premorbid diagnosis,
predict drug responsiveness for individual
patients, and, eventually, initiate gene
therapy and prevention strategies.
(Am J Psychiatry 2003; 160:657–666)

T

here is currently no fundamental understanding of
the genes that increase the risk for psychiatric disorders.
Despite success in developing new compounds based on
receptor subtypes (1, 2), a significant number of patients
with these disorders remain resistant to treatment (3, 4),
and there is no systematic way to determine which of a variety of treatments will be efficacious for a given patient.
Limited progress has been made in identifying new and
unique drug targets in these illnesses, and no objective
validated diagnostic markers for these diseases have been
found (5–7).
It is now clear that psychiatric disorders such as schizophrenia and depression are not caused by a single gene
abnormality but, instead, by a set of abnormal genes (1).
Complex trait disorders, such as schizophrenia and depression, are multifactorial diseases attributed to polygenic (more than a single gene) and epigenetic (e.g.,
changes in gene expression that are heritable but do not
entail a change in DNA sequence) factors. Of the many
challenges in research into complex trait disorders, one of
the limiting factors is the time required to screen large
numbers of genes. Recent advances in technology, in-
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cluding high-throughput methods such as microarrays,
allow the screening of tens of thousands of genes (up to
30,000) in humans in a relatively short period of time (8).
To date, a limited number of published studies in schizophrenia (9–18) and in mood disorders (10, 19) have used
microarrays to identify candidate genes and relevant
metabolic and signaling pathways. At present, there is an
early consensus of the possible role of presynaptic and
myelin-related genes in the pathophysiology of schizophrenia (15–17, 20). This review focuses on methods used
in microarray technology and describes its relative strengths
and weaknesses.
The central genetic dogma states that genomic DNA
(Appendix 1) is first transcribed into mRNA, after which
mRNA is translated into protein. Proteins are critical to a
wide range of intra- and extracellular activities, including
enzymatic, regulatory, and structural function. Microarrays monitor the transcriptome, the collection of mRNA in
a cell. Estimates suggest that 50% of human transcriptome
is expressed in the brain (21). Changes in mRNA expression can, but not always, result in phenotypical and morphological differences. Alterations in patterns of expreshttp://ajp.psychiatryonline.org
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TABLE 1. Flow Chart of the Process for Discovering Candidate Vulnerability Genes by Using Microarray Technology
Step
Description
1. Acquire and characterize high-quality postmortem brain
tissue; match patients and comparison subjects
2. Process and store tissue
3. Dissect multiple disease-implicated brain regions
4. Extract total RNA from tissue
5. Evaluate RNA quality
6. Prepare microarrays and brain tissue samples
7. Run Affymetrix GeneChips or spotted cDNA microarrays in
two independent laboratories; evaluate data and rerun
samples on low-quality chips
8. Validate cellular localization of microarray results by using
real-time polymerase chain reaction and in situ
hybridization
9. Analyze data and statistical approaches for stringent criteria
for significance of differentially expressed genes between
tissue from patients and comparison subjects; compile list
of candidate genes that meet criteria
10. Determine functional significance of each identified
candidate gene by using web-based data review
11. Cluster genes functionally in terms of known metabolic and
signaling pathways
12. Evaluate identified candidate genes in terms of their
chromosomal locus and possible overlap with replicated
microsatellite whole genome scan “hot spots” of mood
disorder and schizophrenia patients
13. Determine overlap of the candidate gene list with genes
identified in microarray studies of animals receiving
psychoactive drugs
14. Redo entire experiment with new cohort of patients and
matched comparison subjects

sion of multiple genes can offer new data concerning
regulatory mechanisms and biochemical pathways. Novel
genes and pathways that have never been linked to the
pathophysiology of psychiatric illnesses can emerge from
microarray studies to provide new insight into the disease
process and potential unique therapeutic drug targets.
Molecular genetic studies, in combination with the extensive new body of sequence information for the human
genome, are revolutionizing the way in which cellular processes are investigated (22). New types of experiments are
possible, and discoveries are being made on an unprecedented scale. High-density DNA microarrays allow the parallel and quantitative investigation of complex mixtures of
RNA and DNA (for reviews, see references 8, 21–27).

Acquisition, Characterization, and
Processing of Postmortem Brain Tissue
Table 1 summarizes the flow of the discovery process for
candidate vulnerability genes with microarray technology.
The first steps in the process, involving the acquisition,
characterization, processing, and storage of the highestquality brain tissue, are critical to the successful use of microarrays (28). Major fundamental advances in psychiatry
and neuroscience depend on the quality and use of brain
banks. The federally funded Alzheimer’s Center program
has developed 29 brain banks that have been critical to its
success. More than 10 brain banks focused on psychiatric
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disorders have been established in the United States and
the United Kingdom. It is important to develop systematic
standardized procedures for diagnostic reliability, clinical
characterization of patients and comparison subjects, and
reliable sources of tissue. Obtaining tissue, contacting
next of kin for informed consent, matching patients and
comparison subjects, dissecting/freezing, and processing
tissue, and establishing a database, and tracking samples
are important components.

Processing and Storage of Brain Tissue
Acquisition of postmortem brain tissue requires establishment of a cooperative interaction with coroner’s offices,
hospitals, and eye and tissue banks. Multiple daily contacts
with these sources are essential to obtain postmortem material. The institutional research boards must obtain informed consent from next of kin before receiving the tissue.
Once the brain tissue has been acquired, the brain can be
sliced and each slice placed in a plastic envelope, photographed on each side, and flash frozen at –120°F between
precooled aluminum plates. A neuropathologist should examine the tissue for abnormalities, including hemorrhage,
infarcts, tumors, and plaques and tangles.
Characterization of the patients and healthy comparison subjects is particularly important and needs to include a review of the coroner’s notes and psychiatric and
other medical records, with all information recorded in a
database. Family interviews can provide information on
psychiatric symptoms, substance abuse, and family psychiatric history. Additional database information should
include age, gender, postmortem interval, brain pH, manner of death, toxicology analysis, psychiatric symptoms,
substance abuse (including tobacco), age at onset of illness, and DSM-IV diagnosis. Ideally, each patient should
be individually matched with important variables from
healthy comparison subjects.

Regional Dissection
A great deal of information has accumulated from brain
imaging (with and without pharmacological probes) and
postmortem investigations to strongly implicate specific
brain regions in the pathophysiology of mood disorders
and schizophrenia (29–31). For example, several articles
have supported the importance of the dorsolateral prefrontal cortex in schizophrenia and the limbic system in
mood disorders (30, 32–34). A thorough literature review
of these implicated regions is indicated to help determine
the areas that are to be dissected from the brain. One approach is to use one side of the brain for microarray studies and the other side for parallel studies, including in situ
hybridization to determine cell site specificity of the array
findings. Methods have been perfected for placing frozen
tissue into fixative in a manner that retains histological
quality for in situ hybridization histochemistry (35).
Am J Psychiatry 160:4, April 2003
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RNA Extraction of Total Cellular RNA
From Brain Tissue and Preparation
for Microarray Hybridization
Microarrays are hybridization experiments involving
comparison of relative amounts of cellular mRNA from
two tissue samples. The terms “hybridize” and “hybridization” mean that a single strand of DNA or RNA consisting
of unpaired nucleotide bases bonds to a respective complementary nucleotide strand of DNA or RNA. Genomic
DNA is usually first transcribed into mRNA in the cell nucleus and subsequently translated into proteins in the cell
cytoplasm. The amount of mRNA in the cell is thought to
represent the transcription of the gene. Hence, the extraction, stabilization, and purification of total RNA that includes mRNA are important factors affecting the quality of
the microarray results. Total RNA is extracted from the tissue, and the quality of the total RNA is verified by electrophoresis and spectrophotometry. The mRNA is labeled
and hybridized to the array for quantification. This is
achieved by introducing a fluorescent marker during the
preparation of mRNA that can be detected and quantified
by a laser scanner.

Methods for Profiling Gene Expression
The exploitation of hybridization in microarray analyses
sharply accelerated the search for defective genes. Hybridization is based on the Watson-Crick model of base pairing
of nucleic acids such that adenine (A) binds to thymine (T)
(or uracil [U], in the case of RNA), and cytosine (C) binds to
guanine (G). Each probe on a microarray is designed to hybridize with unknown target mRNA. In this review, the
term “probe” refers to known oligonucleotides (sets of
short sequences of linear nucleotides) or cDNA (complementary DNA) fragments immobilized on microarray
slides. (Some authors outside the oligonucleotide chip
community tend to use the reverse terminology.) When
samples labeled with fluorescence are applied to microarrays, hybridization or binding reactions take place between each probe and the target mRNA. Each microarray
probe recognizes cDNA sequences by base pairing (hybridization). After a series of washes to eliminate unbound nucleotides and nonspecific bindings, only the target probe
complexes remain bound. Intensity of the fluorescent signal for each probe reflects the abundance of the target RNA
in the RNA sample.

Microarray Gene Expression Profiling
A number of functional methods for determining gene
expression have been developed, including microarrays,
total gene expression analysis (TOGA), massive parallel
serial sequencing (MPSS), subtraction hybridization
(SBF), and serial analysis of gene expression (SAGE) (SAGE
is a first-pass screening method that can be used in paralAm J Psychiatry 160:4, April 2003

lel with microarrays) (36–38). This review, however, will focus on microarrays that involve synthetic oligonucleotides
or complementary DNA sequences immobilized on membranes or solid surfaces.

Oligonucleotide Probe Array Method
Affymetrix GeneChip arrays (Affymetrix Inc., Santa
Clara, Calif.) are high-density oligonucleotides (probes)
that are synthesized on a glass slide (22, 39). The GeneChip differs from other techniques in that the probe is
generated on the slide rather than being created first and
placed on the slide, as with spotted arrays. Affymetrix uses
a process similar to that used in the production of solidstate semiconductors. Essentially, this method entails
adding one base at a time in sequence to create the desired oligonucleotide. Synthesis involving protective
chemistry and lithographic masks allows the placement of
specific nucleotides in preferred locations to form multiple arrays on a single glass surface. The computer registers
where each fragment or specific gene is located on the
slide matrix. The known probe cDNAs that are fixed to the
matrix are allowed to bind with the unknown mixture of
target cDNAs. This technology allows the comparison of
the expression of thousands of genes at a time between biological samples.

cDNA or Oligonucleotide Spotted Array Method
A second microarray method involves the use of robots
to place or “spot” cDNA or oligonucleotides of characterized genes or ESTs (expressed sequence tags known to be
expressed in the tissue but not yet characterized as genes)
nucleotide sequences to a slide or membrane. The genetic
material to be identified (cDNA or oligonucleotides) is
washed over and allowed to hybridize to the spotted arrays, after which it is excited with lasers to activate a fluorescent signal. Scanning confocal microscopes measure
the signal intensities of the hybridization. The measurements are then translated into ratios to provide relative
comparisons of mRNA from different samples. The
strength of the spotted arrays is that they can be customized to measure different mRNA variants.
Robots are used to control the position and spotting of
the cDNA or oligonucleotides. This produces accurate
high-density arrays. With this method, experimental and
reference samples are typically labeled with red or green
fluorochrome. Both are hybridized on the same microarray, and a measurement is obtained from each DNA site
on the array. The intensity differences of the two fluorescent images are read out as differences in gene transcript
abundance between the experimental and reference tissue (patient brain tissue and healthy comparison tissue).
Radioactively labeled targets may also be used (40). Several companies such as CodeLink (41) have developed
spotted oligonucleotide microarrays consisting of nucleotide (50–80-nucleotide) probes.
http://ajp.psychiatryonline.org
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Strengths of Microarrays
The strength of microarrays is that they provide the
means to repeatedly measure the expression levels of a
large number of genes at a time. Relatively small amounts
of total RNA can be analyzed.

Limitations of Microarrays
Microarrays are primarily a screening tool. Although
traditional methods that measure gene expression (e.g.,
Northern blotting, RNase protection assays) are relatively labor intensive, they provide high resolution and
can be used to validate or extend microarray data. Several limitations to microarrays are noted. A major limitation is a decreased sensitivity of the arrays to the detection of genes with low expression levels (low-abundance
genes). Another disadvantage is that microarrays do not
measure posttranslational modifications (e.g., phosphorylation) (21). Still another drawback is that it is possible to confound microarray results through a process of
cross-hybridization in which specific components of the
arrays will cross-hybridize because of sequence similarity of the probes as defined by Affymetrix. This is actually
more of a problem with spotted DNA arrays since there is
no attempt to spot onto the arrays only the portions of
genes that are different from their family members. Affymetrix can, in principle, avoid this problem by using
oligos corresponding to only the regions that differ in sequence between closely related genes. Finally, tissue heterogeneity remains a persistent challenge for microarray
studies, particularly in brains in which there are multiple
densely packed cell types. This is also true for Northern
blots, SAGE, and any other non-in-situ method. Microarray measures of heterogeneous cell expression may decrease the sensitivity of microarrays by masking changes
in gene expression (42). To overcome this problem, lasercapture microdissection techniques are used that can
measure the expression of single cells, providing the capability of isolating homogenous samples from heterogeneous blocks of tissue (42). Microarrays and lasercapture microdissection, used in parallel, provide complementary information concerning cell-specific gene
expression changes representative of larger blocks of
tissue.

Verification of Quality of mRNA
It is necessary to optimize the integrity of RNA, especially in studies of the postmortem brain. In this regard,
pre- and postagonal status should be recorded. It has
been generally agreed that the preservation of mRNA is
affected by its preagonal state. Coma, pyrexia, and hypoxia are considered to affect specific mRNA. mRNA is
preserved for long periods in postmortem tissue, and the
postmortem interval (time from death until freezing of
the tissue) has little effect on the stability of RNA for at
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least 48 hours. Since the preservation of mRNA correlates
with brain pH, measurement of brain tissue pH is considered to be a useful initial screening procedure in the
assessment of samples (43, 44). Longer postmortem
intervals do not appear to affect brain pH (data in
preparation).
The evaluation of RNA sample quality is essential for interpreting microarray results. In experiments using Affymetrix GeneChips, 3′:5′ ratios (ratios of signal intensities
of probes designed specifically for each end region of a
gene) of housekeeping genes (genes whose expression is
essential for cell function) are useful as indicators of
mRNA integrity in the genes. The percentage of present
call (percentage of genes detected as present in samples of
total genes on the microarray) can also be used in evaluating RNA integrity in microarray experiments. When there
is a problem in either RNA integrity or in another part of
the microarray experiment, the percent of present call is
detected as low. Correlation between arrays can be a particularly sensitive indicator for RNA integrity (data in
preparation). On the basis of our analyses, arrays from
samples with better RNA integrity correlate better with
each other.
Additional variables need to be considered in microarray methods. Repeated freezing and thawing of RNA samples leads to degradation of the sample. Storage of RNA
samples at below –70°C is essential. Conversion of samples to cDNA, rather than maintaining samples as RNA for
a long time, will aid in the preservation of samples rather
than maintaining samples as RNA for a long time.
Other microarray quality-control parameters include
the use of multiple array experiments to eliminate noise in
the data (e.g., technical duplicates in which the sample is
relabeled and hybridized to a new chip) or biological replicates. Similarity of expression profiles of replicate experiments helps to validate the quality of the study. All samples not meeting rigorous standards for high-quality data
should be rerun.

Validation and Localization
Microarray methods are essentially for screening, and
results obtained from them need to be validated. In situ
hybridization (ISH) histochemistry provides one of the
important confirmations of the expression of genes in the
brain and can be used at multiple levels of resolution to
confirm the presence of relevant mRNA in a region of the
CNS, its localization to subnuclei or layers, and the
classes of cells in which it is expressed. In determining
cell class, it is important to have tissue in a sufficiently
well-preserved state to permit immunocytochemistry.
Radioactive in situ hybridization histochemistry can be
applied in a quantitative manner to confirm expression
levels demonstrated by array studies and can be used to
quantify numbers of neurons in cases in which the concentration of signal over cell somata is sufficiently dense
Am J Psychiatry 160:4, April 2003
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and well localized (see examples of both in references 45
and 46). The limiting factor for in situ hybridization studies is the time taken to prepare oligonucleotide or complementary RNA probes for novel mRNA and the concentrated effort required to do in situ runs on multiple
candidates.

Real-Time Polymerase Chain Reaction
Real-time polymerase chain reaction (RT-PCR) is another relatively high-throughput technique used for the
quantification of steady-state mRNA levels. It provides
high sensitivity so that rare sequences can be detected. It
may also be used to detect messages from small sections
of tissue so that subsections of the brain can be examined
independently. Real-time polymerase chain reaction
involves polymerase chain reaction amplification of a
segment of the gene from mRNA that has been turned into
cDNA and measurement by fluorescence of the polymerase chain reaction product formed by interactions of a
green dye with the double-stranded DNA product. This
method is sensitive and inexpensive.
Other real-time polymerase chain reaction methods,
such as the TaqMan probe assay (Applied Biosystems, Foster City, Calif.) with florescent-labeled probes, have been
developed. These technologies increase specificity of realtime polymerase chain reaction detections by way of mechanisms that activate the fluorescent signal only when the
fluorescent-labeled probe is specifically bound to a target
sequence.

SAGE: An Alternative to Microarray Methods
In psychiatry, there is a strong incentive to use SAGE to
complement microarrays, both in terms of dealing with
the sensitivity limitations of microarrays and the need to
identify novel transcripts. The SAGE method is designed
to produce estimates of the relative concentration of the
mRNA pool in a tissue. This high-throughput strategy
uses sequencing of short fragments of mRNA on a large
scale (many tens of thousands to hundreds of thousands
of such RNA pieces are thereby uniquely identified). It is
largely seen as a means of gene expression profiling for a
tissue both to determine if a tissue makes an mRNA and
in the quantification of each RNA (36, 47). The SAGE
method can be used to quantify various mRNAs in a tissue; however, it can require pooling tissue blocks across
individuals (in order to be able to build a library large
enough to detect rare mRNAs). SAGE is also very expensive. Advantages include that it does not require knowing
all the transcripts beforehand, as in the case of microarrays. In one recent study, SAGE was used to evaluate the
sensitivity of Affymetrix U95a human chips. It is estimated that GeneChips reliably detect 30% of hippocampal transcriptome when a gross hippocampal dissection
is used as the source tissue (47).
Am J Psychiatry 160:4, April 2003

Bioinformatics
Defining Criteria for Significance
of Identified Genes
New methods of data analysis are being developed to efficiently process the massive amount of data produced by
microarray studies. Systematic mathematical strategies
that can be applied to large numbers of research designs
become critical to correctly handle the extraordinarily
large data sets. There are three algorithms in current use
for oligonucleotide microarray expression analysis: MAS5
(Microarray Suite version 5, Affymetrix), dCHIP (48), and
RMA (Robust Microarray Analysis) (49). These software
packages condense the 20 Affymetrix probe pairs of a set,
corresponding to each gene, into one value. Whatever
package is used, the resulting condensed value can then
be used for later statistical analyses.
With a simple two-group comparison, a t test or a Wilcoxon test is commonly used as a statistical indicator of
the effect size. However, both tests have limitations in that
multiple tests (thousands of observed genes) are usually
performed for each sample, thus raising the possibility of
false discovery, and the t test must be repeated for multiple group comparisons, increasing the number of statistical tests performed. To minimize the false positive and
false negative discovery of candidate genes in a microarray, other selection criteria can be implemented, such as
coupling a fold change (ratio of experimental gene expression divided by comparison gene expression) and statistical requirement together. Often investigators use signal
intensity, assuming some proportionality to gene abundance, as another criterion for selection of genes to follow
up for validation, functional, or structural studies.
A regression approach can be useful when evaluating
differences between group means for gene expression (especially when more than two groups are being compared)
and when there is consideration of variables such as diagnosis, gender, and brain region. Covariates can be built
into regression analyses by using age, family history, agonal factors, and tissue factors such as pH, postmortem interval, and time to cooling of the tissue. During evaluation
of more than two groups, a simple regression approach
through an analysis of variance procedure is useful for incorporating repeated measurements obtained from the
same sample (technical duplicate) and from different
brain regions of the same patient. Currently, microarray
statistical analysis software is freely available through
academic ventures such as BioConductor (http://www.
bioconductor.org).

Interpretation of Changes in Gene Expression
Microarrays have traditionally used fold change (the ratio of experimental gene expression divided by comparison gene expression) as an index of the magnitude of differences in gene expression between samples (50). Many
factors, including data standardization and the abunhttp://ajp.psychiatryonline.org
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FIGURE 1. Process for Discovery of Candidate Vulnerability Genes and Their Biological Investigationa
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The top section of Figure 1 summarizes a strategy for discovering candidate vulnerability genes. When a gene is identified as a potential candidate, studies move to the next stage of biological validation (bottom section).

dance of genes, may confound fold change; therefore,
other rigorous statistical approaches (see Bioinformatics)
are necessary in addition to fold-change measurements
(48, 50, 51). When a set of genes is identified by microarray
experiments (i.e., stringently and significantly differentiated from matched comparison subjects), it is useful to describe each gene in terms of its chromosomal locus, functions, effects of psychoactive drugs, and significance in
psychiatric disorders. Also needed is information about the
similarity of gene sequences between human and animal
genomes. Perhaps most important is the issue of whether
the gene is involved in specific known metabolic or signaling pathways. What other genes are interacting with the
gene of interest? Are other genes in the pathway also differentially expressed? Most microarrays contain a specific
number of genes that can be categorized in 40 or more defined metabolic or signaling pathways.
Additional information is gained from microarray analysis of multiple brain regions, including data concerning
whether classes of genes are globally dysregulated in many
areas or only in a particular region. Analyzing multiple
brain regions in two independent laboratories can serve to
reduce false experiment-wide error rates, since the entire
experiment is essentially replicated with multiple biological samples.

Functional Significance of Genes
in Terms of Metabolic and Signaling Pathways
Once the task of identifying candidate genes is completed, the process of delineating the biological significance of the observed differential gene expression
patterns begins. It involves identifying the function of individual genes or their products, clustering them to reveal

662

http://ajp.psychiatryonline.org

their relation to each other and predicting functions of
gene clusters with previously unknown functions, deducing their causal relationship to the disease under study,
and defining the biochemical mechanism/pathway they
could likely disrupt or through which they exert their influence and/or participate in the disease process (GO project
[http://www.geneontology.org]). The functional attributes
of each known gene or gene product (protein) fall into
three basic categories: 1) molecular function (e.g., growth
factor), 2) cellular components (cellular location) (e.g.,
cytoskeleton), and 3) biological process (physiological
pathway) (e.g., energy metabolism) (Gene Ontology Consortium 2000). Many additional sources of relevant information are available, including the National Center for Biotechnology Information (NCBI) (http://www.ncbi.
nlm.nih.gov), the NINDS/NIMH Microarray Consortium
(http://arrayconsortium.cnmcresearch.org), and the German Genome Resource Center (http://www.rzpd.de).

Changes in Gene Expression Due to Medication
and Epigenetic Factors
Psychoactive medication can have a significant influence on genes associated with signaling and metabolic
pathways. It is important to determine which medications
patients have received, their dose, lifetime exposure, and
the medications taken at the time of death. The potential
alterations in gene expression in postmortem brain tissue
due to psychoactive drugs can be evaluated with microarray studies in rodents and nonhuman primates receiving
long-term doses of medications. Epigenetic processes can
be also evaluated in terms of their impact on expression
changes for a given gene.
Am J Psychiatry 160:4, April 2003
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Identifying Candidate Vulnerability Genes
The top section of Figure 1 summarizes a strategy for
discovering candidate vulnerability genes. Microarrays
provide a unique high-throughput methodology for identifying a set of significant genes that are differentially expressed in psychiatric subjects in relation to matched
comparison subjects. These genes can be validated with
real-time polymerase chain reactions and their cellular location identified by in situ hybridization studies. One can
then review replicated genome-wide survey-identified
“hot spots” and genes located in these regions of interest.
Although a number of genes occur at these hot-spot loci,
the microarray-identified genes that are found at these
loci may be of particular interest. A third source of candidate genes comes from the use of microarrays in animal
models of psychiatric disease. For example, behavioral
paradigms such as learned helplessness and the forced
swim test (52) and drug treatment models in which animals are administered phencyclidine (53), amphetamine
(40, 54, 55), or long-term treatment with antidepressants,
mood stabilizers (56–58), or typical or atypical neuroleptics (20) provide important resources for microarray
studies in psychiatric illness. It is possible to develop Venn
diagrams to define genes that are similarly differentially
expressed, for example, in all three classes of mood stabilizers (e.g., lithium, valproate, or carbamazepine). Finally,
candidate vulnerability genes can be derived from our
knowledge of the pathophysiology of circuits, neurotransmitter systems, and the pharmacology of the disease.
Genes become candidates of major interest when they are
1) identified by microarray screens in patient postmortem
brain tissue, 2) occur on replicated whole genome-wide
hot spots, 3) are implicated in diseased rodent or nonhuman primate models, and 4) relate to metabolic or signaling pathways known to be involved in the disease.

Investigative Analyses of Candidate
Vulnerability Genes
When a gene is identified as a potential candidate, studies move to the next stage of biological validation (Figure
1, bottom section). Further efforts in the investigation involve multiple strategies for studying structure and gene
function. In some cases, the gene in question is a wellknown one, and the fundamental question is whether it is
contributing to the disease process because of alterations
of its structure or in its level of expression. In other cases,
the gene is either totally unknown or can be assigned to a
general class of gene families but without direct evidence
of its biological role. In such cases, beyond addressing the
potential structural questions, one needs to begin to address its function. One approach involves tissue culture
strategies. Ascertaining the functional role of a given gene
by using transgenic or knockout animal models represents
an ultimate test of its hypothesized role.
Gene-sequence analysis can be conducted in an
attempt to identify single nucleotide polymorphisms
Am J Psychiatry 160:4, April 2003

(SNPs), variations that occur in human DNA, in the coding
or in the promoter domain of the gene, splice variations,
or actual mutations. By using BLAST (Basic Local Alignment Search Tool, National Center for Biotechnology Information, Bethesda, Md.), one can search the existing databases for genes with sequence similarity in human and
other published animal genomes. This information may
greatly help identify important functions of the gene (59).
Tissue culture strategies. Cell culture studies have
been heavily used to evaluate the function of mRNA that is
seen as interesting in microarray studies. This approach to
understanding the biology of mRNA has considerable
value, yet can be expensive, limited to certain cell types,
and may reveal only a fraction of that mRNA’s function
across cells or in an organ. However, a careful analysis may
open many doors to a functional view of the effects of activation or inhibition of a gene, its mRNA, and the protein
derived from it. This is especially true if the functions of
the gene and its products are not known except for their
sequences. The tissue culture expression of an mRNA and
its derived protein is a good step into biology and may
then lead to other studies, such as transgenic animals,
knockins, and knockouts of this mRNA’s gene.
Animal models. Using microarrays to learn the pattern
of gene expression in the brain (and other tissues) is a first
and critical step. Substantially different hypotheses can
then evolve from in situ hybridization studies, revealing a
pattern that demonstrates expression in every cell versus
a subset of cells. For example, a gene that is neuronal and
is primarily expressed in the extended amygdala may lead
us to hypotheses about a role in emotional reactivity,
whereas a gene that is present at all synapses may lead to
hypotheses relating to signaling or synaptic plasticity. The
neuronal site expression pattern will then guide the choice
of animal models to be pursued. For example, a gene
highly expressed in emotional circuits will call for studies
using models of anxiety-like behaviors (the elevated-plus
maze, light-dark box, fear conditioning). By contrast, a
gene highly expressed in the hippocampus might suggest
a possible role in learning and memory (e.g., the radialarm maze or Morris water maze).
A powerful strategy for investigating the function of a
given gene is the use of transgenic and knockout mice.
These approaches involve artificial interference with the
level of expression of a gene in an organism, ranging from
completely eliminating expression (knockout) to significant overexpression by using a transgenic approach.
These tools are intrinsically very demanding in that they
require the production, characterization, and maintenance of novel lines of mice. However, these approaches, if
properly used, can reveal gene functions that cannot be
elucidated by means of any of the nongenetic approaches.
There have been significant improvements of these techniques that have resulted in enhanced control over the regional specificity of the gene expression as well as the timhttp://ajp.psychiatryonline.org
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TABLE 2. Investigations of the Function and Structure of
Candidate Genes Following Identification by Microarray
Technology
Step
1.

2.
3.
4.
5.
6.
7.

Description
Review web-based data sequence for similarity of candidate
genes to the human genome and other completed animal
genomes for clues concerning functional and metabolic
and signaling pathways
Examine effects of known and unknown identified genes in
transgenic and knockout animal studies
Examine cell culture studies for candidate gene function
Analyze structure of candidate genes and identify sequence
variants, including single nucleotide polymorphisms (SNPs)
in promoter and exon regions
Consider microarray studies of single cells in selected brain
regions using laser capture microdissection to increase
homogeneity of the RNA sample source
Consider association studies in human groups
Use these newly identified genes as unique targets for
therapeutic drug development for schizophrenia and
mood disorders

ing of the altered expression (60–62). Control over timing
and spatial expression substantially increases the ability
to deduce the functions of the candidate gene. Together,
this combination of tools allows a group of investigators to
move a particular gene from a candidate with altered expression associated with an illness to a specific target with
much better characterization of patterns of neural expression, regulation, and function. Table 2 summarizes postarray investigations, including the function and structure
of identified candidate genes.

Future Developments
1. In the near future, DNA microarrays will provide a
method for simultaneously monitoring levels of nearly
every gene transcript in the human genome. This is
particularly useful in the mammalian brain, which is
divided into many anatomically distinct regions. Affymetrix has used information from the draft of the
human genome to design arrays (U133) that contain
39,000 gene transcripts.
2. Advances in spotted DNA arrays include the greater
availability and quality of full-length cDNA clones
for spotting on chips. Longer oligonucleotides are
also starting to be used with standard spotting technology.
3. Other new applications of microarrays involve the
study of binding sites for transcription factors on a
genome-wide level (8).
4. New discoveries in combinatorial chemical processing promise to advance microarray technology. These
include new digital light processors and simplified
synthesis of nucleic acids (25).
In summary, data from microarray experiments can provide powerful information to help determine the causes of
psychiatric illness, the mechanisms by which psychoactive
drugs work, and what gene products may be unique targets
for therapy in these disorders.
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APPENDIX 1. Glossary of Selected Genetic Terms
DNA (deoxyribonucleic acid)—carrier of inherited information; DNA
makes RNA, and RNA makes protein
cDNA (complementary DNA)—a copy of DNA
hybridize—to bind complementary base pairs of DNA molecules
in situ hybridization—a hybridization procedure to confirm the
presence of relevant mRNAs and define the localization and cell
class
knockout—eliminating expression of a gene, usually in a mouse
mRNA (messenger RNA) —translated into protein
nucleotides—basic subunits of DNA
oligonucleotides—short linear stretches of nucleotides
probe—in this review, probe refers to the known cDNA or
oligonucleotides affixed to the array surface
real-time polymerase chain reaction—a high-throughput method to
quantify mRNA levels
RNA (ribonucleic acid)—a molecule that is formed as an intermediate
between DNA and protein in the process of gene expression
SNPs (single nucleotide polymorphisms)—variations that occur in
human DNA
target—in this review, target refers to the labeled unknown material
that is bound to the cDNA or oligonucleotide on the array
transcript—mRNA that encodes a protein
transcription—the process of copying DNA into RNA
transcriptome—all expressed mRNA in a cell
transgenic—producing overexpression of a gene, usually in a mouse
translation—synthesis of protein from RNA
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