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Abstract

Microarray technology provides a unique tool for the determination of gene expression at the level of messenger RNA

(mRNA). The simultaneous measurement of the entire human genome (thousands of genes) will facilitate the uncovering

of specific gene expression patterns that are associated with disease. One important application of microarray

technology, within the context of neurotoxicological studies, is its use as a screening tool for the identification of

molecular mechanisms of toxicity. Such approaches enable researchers to identify those genes and their products (either

single or whole pathways) that are involved in conferring resistance or sensitivity to toxic substances. This review

addresses: (1) the potential uses of array data; (2) the various array platforms, highlighting both their advantages and

disadvantages; (3) insights into data analysis and presentation strategies; and (4) concrete examples of DNA array

studies in neurotoxicological research.
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INTRODUCTION ON ROLE OF GENE
EXPRESSION IN TOXICOLOGY

Neurotoxicological research into gene–environment
interactions stands at the beginning of a new era. The
tremendous increase in genetic information—knowl-
edge of both sequence and function—requires that
traditional methods of examining one gene at a time
be supplemented with high throughput screening tools.
To take full advantage of the increases in genomic
information, methods have been developed that exam-
ine hundreds or thousands of genes simultaneously.
As a research community, we need to appropriately
embrace these new technologies, like microarrays.
These new methods will not replace traditional hypoth-
esis-based testing of single-gene products, but serve as

discovery tools that allow entire genomes to be exam-
ined for the role of gene products in neurotoxicology.

The flow of genetic information is depicted in Fig. 1.
The sequencing and organization of the genome is
referred to as genomics. Technologies in this area focus
on DNA sequencing and the association of DNA poly-
morphisms (nucleotide variations) with health and dis-
ease. Functional genomics is concentrated on the study
of expressed gene sequences, and therefore, utilizes
technological tools that assess mRNA levels. The intent
of functional genomic studies is to better understand how
patterns of gene expression (tissue-specific identity and
levels of expression) determine normal and abnormal
physiological states. Concerted efforts are underway to
develop and popularize technologies that will directly
assess global protein expression by two-dimensional
electrophoresis and mass spectrometry, in a new field
termed proteomics. This latter field is important in its
own right, but will not be addressed in the present review.
Global examination of modified proteins (cf. Conrads
et al., 2002) has also been postulated but at present this is
not an easily achieved technological reality.
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Microarray technology provides a unique tool for the
determination of gene expression at the level of mes-
senger RNA (mRNA). The simultaneous measurement
of large fractions of the genome (thousands of genes)
facilitates the uncovering of specific gene expression
patterns that are associated with disease. Another
important application of microarray technology is in
‘‘toxicogenomics’’, which is predicated on the premise
that each individual possesses unique patterns of gene
expression that, in turn, exhibit individual responses to
a particular toxic substance. Finally, within the context
of neurotoxicological studies, the technique can pro-
vide a screening tool for the identification of molecular
mechanisms of toxicity, differentiating between cell-
specific responses and enabling the researcher to iden-
tify those genes and their products (either single genes
or entire pathways) that are involved both in conferring
resistance or sensitivity to toxic substances.

The present review: (1) addresses the potential uses
of array data; (2) describes the various array platforms,
highlighting both their advantages and disadvantages;
(3) provides insight into data analysis and presentation
strategies; and (4) provides concrete examples of DNA
array studies in neurotoxicological research. Through-
out the review, wherever possible, examples will be
drawn from genome-wide studies in neurotoxicology,

though it must be stated from the outset that the
toxicology field has not fully embraced this powerful
technique. This has occurred for a number of different
reasons—because of the expense of this experimental
approach, unfamiliarity with the technique, and/or
because of its perception as being a non-hypothesis
driven ‘‘fishing expedition’’. Accordingly, a major aim
of this review is to describe concepts necessary to
readily understand gene array technology, with the
intent and hope that the technique will be adapted
for neurotoxicological applications and become a rou-
tine tool for research in this field.

A key component of future toxicology research will
be the study of allostatic gene expression (environ-
ment-induced changes in gene expression) indicative
of disease and/or pharmacological or environmental
exposure. This concept is explained in Fig. 2 (see
below). Keep in mind that every cell (with a few
exceptions such as germ and red blood cells) in the
body contains the same genetic information (genetic
legacy). The identity of a cell or organ is determined by
the subset of that genetic heritage (the cell-specific
gene set), which is expressed in a tissue-specific fashion.
Similarly, whether a particular cell/tissue type (e.g.
liver tissue) is in a state of health or disease can depend
on which genes are being expressed and at what levels.

Fig. 1. The flow of genetic information. Genetic information flows from DNA into mRNA through transcription and then from mRNA to

protein through translation. Proteins can be further modified post-translationally to alter their function. The technology for assessing the full

complement of nucleic acids or proteins at that level is given in italics.
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The causes of deleterious gene expression patterns can
be internal or external (e.g. resulting from internal
stress hormones or following external toxin exposure).
If there is a normal homeostatic set point that is typical
of health, then there is likely to be an altered pattern
that is typical of disease or toxicological insult.
Allostatic gene expression is defined as drug- or envir-
onment-induced changes in gene expression that is
indicative of disease and/or pharmacological or envir-
onmental exposure. This concept of allostasis refers
to the observation that a physiological system, when
repeatedly perturbed from its homeostatic ‘‘normal’’
condition, will respond to the new condition and sub-
sequently adopt a new allostatic condition.

How, then, does an investigator identify this altered
pattern or allostatic gene expression? We have already
established that it will be inefficient to take a single-
gene approach. Moreover, many of these epigenetic

effects will result from altered expression patterns
of constellations of genes, as opposed to changes
affecting single genes. Under traditional approaches,
this pattern recognition is not possible. Now, however,
several technology platforms permit discrimination of
gene expression patterns. These platforms are helping
to generate compendia of gene expression data that can
aid researchers in identifying pathways and uncharac-
terized genes.

ALTERED GENE EXPRESSION IN
TOXICOLOGY

One relatively simple example of the toxicological
interaction of varying cell types is represented by
neuron–glial relationships. The understanding of mole-
cular signals that regulate neuron–glial interactions has

Fig. 2. State-specific gene expression. The portion of the genome used not only defines the nature of a cell, but also its response to toxic

agents. Homeostatic gene expression is the ‘‘normal’’ pattern of gene expression within a cell that determines its identity and function.

Allostatic gene expression is the new pattern of gene expression in response to a toxic agent. The changes in this pattern of gene expression,

as compared to the homeostatic state, contribute to the altered function/dysfunction of the cell. Shaded shapes represent different

transcripts, and their relative size indicates expression level.
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increased greatly with the advent of molecular and
cellular biological techniques, as well as genetically
modified mice. Studies in which cell ablations are
genetically targeted with ectopic gene expression, and
gene knockouts performed with single-cell specificity,
have established the distinct roles played by different
cell types and genes during development. For example, a
primary genetic disorder of astrocytes has been invoked
in the etiology of Alexander disease, which is charac-
terized by astrocyte cytoplasmic inclusions referred to as
Rosenthal fibers, in association with increased expres-
sion of heat-shock proteins (Brenner et al., 2001).
Sequence analysis of DNA samples from patients with
Alexander disease phenotypes point to non-conservative
mutations in the coding region of glial fibrillary acidic
protein (GFAP), establishing a primary genetic disorder
that is linked to astrocytes. In the mature CNS, the
astrocyte is an active participant in a variety of homeo-
static functions (Sonnewald et al., 2002), and is perhaps
involved in the processing of information in the CNS
(Vesce et al., 1999), a staggering departure from the old
dogma that the astrocyte serves only as physical support
for juxtaposed neurons. Furthermore, toxins that
uniquely afflict astrocytes play an important role in
the pathogenesis of neurodegeneration, as exemplified
by altered glutamate metabolism and glutamatergic
neurotransmission in hyperammonemia and hepatic
encephalopathy (HE) (Norenberg, 1995). Thus, char-
acterization of changes in cell-specific gene expression
with cDNA microarray techniques offers a unique
means for identifying single- or multiple-gene products
associated with cell-specific neurotoxicity.

Fig. 2 depicts the genetic legacy and neuron–astro-
cyte interactions that mediate homeostatic interactions
within the CNS, with different genes being represented
by the colored shapes. Under ‘‘normal’’ conditions
(parallel outside tracks in Fig. 2), cell-specific RNA
and protein expression in astrocytes and neurons vary
both in type (represented by symbols) and abundance
(size of symbols). Some genes are uniquely expressed
in a specific cell type, for example, GFAP and tyrosine
hydroxylase are uniquely expressed in astrocytes and
catecholamine neurons, respectively (triangle and dia-
mond in Fig. 2). Other genes are expressed in multiple
cell types but at different abundances (denoted by the
circle and rectangle), as exemplified by lower levels of
the tripeptide glutathione (GSH) in neurons compared
to astrocytes (Sagara et al., 1993). Microarray technol-
ogy can be profitably used in the development of a
global understanding of gene expression abnormalities
that contribute to neurotoxicity and progression of
neurodegenerative changes, for differentiating between

responsive genes in acute and chronic toxin exposure,
and in delineating cell-specific gene expression patterns
(parallel inside tracks in Fig. 2) that contribute to
perturbed interactions between neurons and astrocytes.
These genes include those regulating cell differentiation
(during development), oxidative stress and energetics,
inflammatory responses, neurotransmitter transport,
neurotrophic factors, cell death pathways, and cytoske-
letal proteins, just to name a few. Obviously, however,
this mixed cell identity and function also creates the
need for neuroanatomical discrimination within some
experiments (differentiating neuron from astrocyte or
differentiating gene expression invarying neuron types).

A recent example of microarray use in neurotoxi-
cological research combines toxic drug administration
with a genetic knockout model (Krasnova et al., 2002).
Transgenic mice overexpressing Cu/Zn superoxide
dismutase (SOD) and wild-type mice were treated with
neurotoxic doses of amphetamine and gene expression
in the striatum was assayed by macroarrays at a series
of time points. The subset changes seen by microarray
were confirmed by quantitative RT-PCR. This allowed
for standard statistical comparisons between transgenic
SOD and wild-type mice over the 24 h after amphe-
tamine administration. For example, the induction
of Activin A was shown to be significantly lower in
transgenic SOD mice, suggesting a greater oxidative
load in wild-type mice. This paper combines many of
the aspects discussed next of experimental design, data
analysis and post hoc confirmation.

GENERAL APPROACH TO DNA ARRAY
TECHNOLOGIES

With the completion of the human and other genome
projects (and the identification of 30,000þ potential
human genes), traditional models of examining one
gene at a time are being supplemented by large-scale
screening technologies. DNA hybridization arrays are
a common form of screening technology and allow the
analysis of hundreds to thousands of genes in parallel
(Lockhart and Barlow, 2001). In the past, Northern
blotting, dot blots, in situ hybridization, and quantita-
tive reverse transcription-polymerase chain reaction
(QRT-PCR) were the common methods for investigat-
ing changes in gene expression. While these approaches
remain in common use, they suffer a pervading problem
of low throughput.

Hybridization array technology, on the other hand,
offers to bypass many of the limitations of these
techniques by simultaneously creating labeled copies
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of multiple RNAs and then hybridizing them to many
different, gene-specific, DNA molecules. The nomen-
clature has developed whereby the labeled sample
RNA is termed the target and the individual gene
sequences placed on the array are termed probes.

Although arrays are increasingly used for gene
expression analysis, there are caveats to their use.
One limitation to this technology is that arrays only
measure relative levels of mRNA expression (Sample
A has 100% more of the specific RNA than Sample B),
and not absolute amounts (Sample A has 1000 copies
of the RNA and Sample B has 500 copies of the
transcript). Moreover, most hybridization arrays are
not designed to differentiate between alternatively
spliced transcripts of the same gene and, in some cases,
between highly homologous members of a gene family.
Finally, a change in messenger RNA does not neces-
sarily correlate with a change in protein expression
(Anderson and Seilhamer, 1997), and the translated
protein often requires further modification to realize its
full activity. These latter two points are a common, and
legitimate criticism of array technology because it
measures an intermediate step (mRNA levels) and
not functional product (active protein). However, until
proteomic technologies (Fig. 1) become universally
accessible to the research community and dramatically
increase in sensitivity and reproducibility, hybridization

arrays are the best opportunity for studying gene
expression on a genomic scale.

ARRAY PLATFORMS

Several different hybridization array formats have
been developed. Current array formats can be cate-
gorized into three groups: macroarrays, microarrays,
and high-density oligonucleotide arrays (GeneChips).
While terms like microarray and GeneChips are
sometimes used interchangeably, and microarray is
often used to describe the technology in general, we
also use the term microarray to describe a distinct
DNA array format. The varying hybridization array
platforms differ according to the material used to
construct the platform (matrix), type of probe on
the array, probe number/density, array size, and type
of label. An understanding of the strengths and weak-
nesses of each platform is necessary to decide which is
appropriate for an individual investigator’s research
aims.

Macroarrays

Macroarrays (Fig. 3) are generally defined by the
deposition of probes onto membranes or plastic and by

Fig. 3. Macroarray. Macroarrays are the most basic form of hybridization array. The predominant features of macroarrays are that they use

radioactivity as a label, probes are deposited on either a membrane or plastic base, and experiments can typically be performed without

specialized equipment.
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the use of radioactivity for detection. The term macro-
array, as opposed to microarray (discussed in the next
section), also refers to the lower probe density on these
arrays. While density varies among arrays, the term
macroarray is useful because of other inherent differ-
ences of these membrane-based arrays. Currently,
cDNA clones, PCR amplicons, or oligonucleotides
are spotted onto membranes using spotting robots or
ink-jet like printers. Macroarrays are unique among
hybridization arrays in that they generally use radio-
active target labeling. After labeling the target, control
and experimental samples are hybridized to individual
and separate arrays and phosphorimagers detect the
bound target-probe complexes. These arrays, typically
containing between 200 and 8000 genes, are commer-
cially available for a wide variety of organisms and
genes, and can be obtained from a number of compa-
nies. ‘‘Custom’’ macroarrays can also be constructed
in-house and may contain as few as a dozen or as many
as thousands of genes.

A major advantage of the macroarray is that any
laboratory that has conducted Northern blots or Southern
blots can easily conduct this type of experiment.
Moreover, the macroarray does not require access to
any special equipment, except for the relatively ubi-
quitous phosphorimager. The macroarray experiment
requires that at least two different samples of RNA be
radioactivity-labeled and then used to query identical,

but separate, membranes. This has an obvious disad-
vantage because the use of two different membranes
provides an opportunity for hybridization error and
therefore experimental variability. The advantages of
macroarrays make it the prime approach for initial
forays into functional genomics before moving on to
other, higher throughput, formats.

Microarrays

Microarrays (Fig. 4) can be differentiated from
macroarrays (Fig. 3) in three ways. First, microarrays
generally use glass microscope slides as a matrix and,
second, they use fluorescent dye-labeling detection.
Third, microarrays tend to have a larger number and
higher density of probes than macroarrays. As with
macroarrays, probes are made from clones, PCR ampli-
cons, or oligonucleotides and spotted robotically onto
the matrix surface. Targets are labeled with different
fluorescent dyes (typically Cy3 or Cy5). This allows a
competitive hybridization scheme to be used where
both samples are hybridized to the same glass slide. By
using competitive hybridization of separate targets
to the same array, a major source of variability, hybri-
dization, is eliminated. For experimental designs
incorporating multiple different samples, only one
dye and sample is used on each array to facilitate data
analysis later. Machines which allow for simultaneous

Fig. 4. Microarray. Microarrays consist of probes spotted onto microscope slides. Targets are labeled with different fluorescent dyes and

competitively hybridized to the same array. Final imaging requires a fluorescent scanner that can excite and detect at multiple wavelengths.
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hybridization of multiple arrays have been developed
making large experiments more practical. Like macro-
arrays, an ever-expanding number of microarrays are
commercially available. Many research institutions
are currently investing heavily in the equipment to
produce custom microarrays in-house; however,
there are relatively few of these facilities that are
generating publication quality, reproducible reagents
for general use. In this regard, the NIEHS has estab-
lished a National Center for Toxicogenomics (NCT;
can be viewed at http://www.niehs.nih.gov/nct/
org.htm). NIEHS and its Microarray Center provide
resources and support for Intramural investigators.
Moreover, a Toxicoinformatics Group develops the
NCT’s National Toxicoinformatics Database and
provides liaison and coordination with other genomic-
related databases that are developing nationally and
internationally.

High-Density Oligonucleotide Arrays
(Affymetrix)

High-density oligonucleotide arrays, also called
GeneChips (Fig. 5) differ from other formats in that
the probe is generated in situ on the surface of the
matrix. The leader in this type of array is Affymetrix
(Santa Clara, CA), a company that uses a unique

combinatorial synthesis method. This method makes
use of a process called photolithography to construct
probes on the array surface by building oligonucleo-
tides one base at a time directly onto the chip surface.
Because the combinatorial synthesis scheme has a
finite efficiency at each step, synthesis of oligonucleo-
tides longer than 25 bases is problematic. As a result
of using these 25-mer oligonucleotides for gene
expression analysis, mismatches and spurious target-
probe binding can take place because of the limited
specificity and binding affinity for a 25-residue
oligonucleotide. To overcome this problem, a series
of oligonucleotides that differ by a one base mismatch
from the gene-specific probe are also included on the
array and can be used to determine the amount of
mismatch hybridization, which can then be subtracted
from the signal. These arrays, which are available only
from Affymetrix, contain up to 40,000 genes and
1,000,000 oligonucleotide features (including multiple
mismatch controls for each gene) and provide the
highest density of probes of any array. GeneChips
have found a great deal of use in academic research
settings. The major limitations of this technology
is that the arrays themselves can only be made by
Affymetrix and that dedicated hybridization and ima-
ging equipment are required, making this a compara-
tively expensive approach.

Fig. 5. GeneChips. GeneChips, or high-density oligonucleotide arrays, are made by in situ construction of oligonucleotide probes. This

type of array uses multiple probes per gene as well as mismatch probes to determine the specificity of target-probe binding.
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EXPERIMENTAL DESIGN

Experimental design in neurotoxicological studies of
gene expression remains critical for production of high
quality and relevant data. The simplest studies involve
comparing a control group of animals to a group that
has received some sort of toxicological insult. While this
can be a useful approach, more complex experimental
designs can be useful in determining not only which
genes change in expression but, those that are directly
linked to toxicological effects. Two strategies that can be
used are multiple groups and correlation to other data.
For multiple groups a series of toxicological doses are a
typical example. Genes are then profiled by microarrays
and those exhibiting a dose–response relationship can be
identified. Combining microarray data with other bio-
chemical or anatomical measurements of toxicity can be
profitable in providing more direct linkages between a
change in gene expression and the toxic end result. This
style of experiment has seen a great deal of use in the
cancer field in attempts to provide prognostic molecular
markers of tumor progression (e.g. Beer et al., 2002).
Other traditional experimental models such as time-
courses, and transgenic animals can also be used to help
refine microarray studies.

In combination with careful model selection, two
critical parameters of experimental design are the
timing of sample collection and the variability of array
results. For example, when studying a toxicological
insult that results in cell death, RNA samples must be
collected before cell death and degradation in order to
assess mechanisms of toxicity rather than the end
results of cellular death.

One inherent aspect of hybridization arrays that
affects experimental design is the variability of the
array results. Thousands of genes are measured for
their relative expression levels on a single array, result-
ing in a large number of dependent variables with only
one measurement. This can lead to a large number
of false-positive and false-negative results. The first
approach to deal with this variability is to perform
replicate experiments. While this increases the costs
of already expensive experiments, it is absolutely
required. Replicate experiments can either be per-
formed with the same RNA or with RNA from different
cells or animals. This allows assessment of technical
and biological variability, respectively. Lastly, while
replicate arrays and careful data analysis (described in
the next section) can produce genes that have a low
probability of being false positives, post hoc confirma-
tion of gene expression changes, either at the level of
mRNA or protein, must be included in an experimental

design. Studies which report only a list of genes are,
correctly, becoming regarded as only preliminary
results and not worthy of publication in and of them-
selves. Confirmation of array results by other means
also allows for standard statistical assessment of
the gene expression changes discovered with the hybri-
dization array. It is in the confirmation role that
one-gene-at-a-time approaches serve to complement
the discovery role of screening methodologies like
hybridization arrays.

DATA ANALYSIS

Data analysis is a critical component of hybridiza-
tion array experiments and poses a number of chal-
lenges due to the large amount of data generated even
in a single experiment. The most basic goal of array
data analysis is to identify genes that are differentially
regulated. As stated previously, hybridization arrays
are prone to false positives and therefore analysis
strategies attempt to decrease this error rate without
overly increasing false negatives. A large number of
analysis methods are being developed (Hess et al.,
2001; Miles, 2001; Brazma and Vilo, 2000). There
is also a great deal of information available on micro-
array data analysis on the Internet, two good portal
sites are: http://www.sciencemag.org/feature/plus/sfg/
index.shtml, and http://linkage.rockefeller.edu/wli/
microarray/. While data analysis is a complex subject
that cannot be fully addressed here, the basic steps of
array data analysis: image analysis, normalization,
presence calling, differential expression calling and
data presentation are described below. For the sake
of simplicity, the most basic, empirical approach to
data analysis is described.

Image Analysis

The initial steps in data analysis are background
subtraction and normalization. The principals of both
are similar to the techniques used with conventional
nucleic acid or protein blotting. Background subtrac-
tion corrects for non-specific background noise and
permits comparison of specific signals. For illustration,
if the signal intensities for the control and experimental
spots are 400 and 600, respectively, it would appear
that the experimental value is 50% higher. However, if
a background of 200 is subtracted from both signal
intensities, the experimental value is actually 100%
higher than control (200 versus 400). Background
is often taken from the blank areas on the array.
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A complication to background subtraction is that
differences in background across the array can affect
some spots more than others. An alternative is to use
either a local background for the area around each spot
or designate spots with the lowest signal intensities for
background determination. The latter may be a more
accurate determination of non-specific background
because it represents the non-specific binding of targets
to probe. Background intensities from blank areas
(no nucleic acids) do not contain probe, and therefore
are arguably a different form of background.

Normalization

Normalization is the process by which differences
between separate arrays are accounted for. All hybri-
dization array experiments require the use of normal-
ization for accurate comparisons. For example, when a
pair of macroarrays representing control and treated
samples show a difference in overall or total signal
intensity, such differences can arise from unequal
starting amounts of RNA or cDNAs, from labeling
reactions of different efficiencies, or from differences
in hybridization. Any of these factors can skew the
results. One method of normalization is to use house-
keeping gene(s)—a gene thought to be invariant under
experimental conditions—for comparison. If the signal
for this gene is higher on one array than the other, it can
be used to normalize the data. Housekeeping genes
may be problematic because they themselves vary
under some experimental conditions (Lee et al.,
2002). To overcome the variability of these genes,
researchers turn to a ‘‘sum’’ approach for normaliza-
tion. This strategy is based on the precept that the total
amount of labeled target should be the same in all
samples. That is, even though individual genes will
have selected increases and decreases, on balance,
the total hybridization signal should be constant.
Therefore, equilibrating the sum of the intensities
for all control and experimental spots can be used to
normalize arrays. In a similar vein, the median value
of signal intensities can be used. This value is less
susceptible to distortions caused by outlying signals.
More complex methods of normalization are being
developed such as those that apply Lowess intensity-
dependent normalization, which is even less likely to
be skewed by outliers (Yang et al., 2002).

Gene Calling

The next step in data analysis is to determine which
genes were detected by the array analysis. When using

large-scale arrays, there will be probes for genes that
are not expressed in the sample, or are expressed below
the level of detection. In fact, arrays are inherently
much less sensitive than RT-PCR. This means that
there must be some method for ‘‘calling’’ a gene as
being detected by the array. For array experiments,
the approach to calling a gene as present can be a set
threshold, expressed as a percentage above back-
ground. According to our experience, a 50% above
background threshold has worked well for macroar-
rays, though this is purely an empirical judgment.
High-density oligonucleotide arrays take advantage
of the multiple oligonucleotide pairs (mismatch and
match) for each gene to compute the presence of a
gene. Not all users of hybridization arrays perform
this gene-calling step. However, implementation of a
gene-calling scheme can increase the quality of the
end results by eliminating low intensity signal noise,
which represents fluctuations in background signal and
not biological events. Gene-calling methods can be
adjusted to suit the needs and tolerance to variability of
the individual experiment.

Differential Expression

Once genes have been designated as being detected
by the array, the next step is to determine which genes
were changed in their expression by the experimental
condition. Differential expression calls are more pro-
blematic than simply determining whether or not a
gene is present. There are many methods available for
this task, but there are no universally accepted stan-
dards (for example, Tusher et al., 2001; Zhang et al.,
2002; Zhou and Abagyan, 2002). For illustration, we
will describe the most basic non-statistical method.
The normalized signal for each gene is converted into
a ratio of the treated signal intensity over the control
signal intensities, the expression ratio. An arbitrary
expression ratio cutoff can then be set (e.g. 50%
increase or 33% decrease) which a gene must meet
in all of the replicate arrays. While this approach was
useful in early hybridization array studies, it is not
based on statistical principles and is dependent on the
original signal intensity. It is for this reason that
statistical methods of differential gene calling are
being developed (Miles, 2001). Researchers using
hybridization arrays find this part of data analysis
one of the most daunting aspects of the experiments.
Many methods and software packages are being devel-
oped for this purpose. Until the field comes to accept
a common standard, however, confirming changes
observed on hybridization arrays by other means

K.E. Vrana et al. / NeuroToxicology 24 (2003) 321–332 329



(quantitative RT-PCR or immunoblotting, for example)
remains the standard for definitively demonstrating
changes in gene expression.

Pattern Recognition/Clustering

A secondary goal of array experiments can be to
look for groups of genes that behave similarly across a
series of treatments (i.e. clustering analysis). Again,
there are a number of clustering methods, but none
has been definitively shown to be superior to others.
k-means, self-organizing maps, hierarchical techni-
ques, and principle component analysis are examples
of these types of analysis (Alon et al., 1999; Ben Dor
et al., 1999; Raychaudhuri et al., 2000; Tamayo et al.,
1999). The key point is to use the wealth of informa-
tion for the many independent gene determinations
to uncover novel patterns of biological effects. In
fact, neurotoxicology research will be a particularly
fruitful arena for the application of clustering ana-
lysis. For instance, in the field of toxicogenomics,
patterns of altered gene expression will prove to be
diagnostic of classes of toxicants. Therefore, routine
screening of compounds may ultimately involve
application of clustering techniques to simple surrogate
systems.

Data Presentation and Archiving

After all the work in obtaining and analyzing micro-
array data, only the steps of presentation and archiving
are left. Data presentation standards are still evolving
and the key to successful presentation is clarity. Data is
often presented in scatterplots and various clustering
plots. While there are no traditional modes of pre-
sentation, the data must be presented in a clear manner
that highlights the points of interest and does not
swamp the reader with the shear weight of these large
datasets. Efforts are underway to provide public repo-
sitories of gene expression data, along the general
lines of GeneBank. The Gene Expression Omnibus
(GEO) is the National Center for Biotechnology
Information program for providing a publicly housed
repository of large-scale gene expression data (Edgar
et al., 2002). Unlike genomic data, expression data
is highly dependent on the experimental and data
analysis methods used to generate it. In order to
develop a standard nomenclature and set of informa-
tion to fully describe a microarray experiment, the
minimum information about a microarray experiment
(MIAME) standard has been promulgated (Brazma
et al., 2001).

PRACTICAL EXAMPLES OF THE USE OF DNA
ARRAYS IN NEUROTOXICOLOGY

RESEARCH

Microarray technology has been used to assess toxin-
induced gene expression abnormalities in cancer biol-
ogy (Clarke et al., 2001; Nuwaysir et al., 1999), and
hepatotoxicity (Baker et al., 2001; Gerhold et al., 2001;
Bartosiewicz et al., 2001). It has also been widely used
in drug abuse studies. For example, microarray tech-
nology was instrumental in identifying a diverse num-
ber of genes that contribute to methamphetamine-
induced dopaminergic neurotoxicity in the ventral
mid-brain (Barrett et al., 2001; Xie et al., 2002). These
include genes associated with energy metabolism
(cytochrome c oxidase subunit 1, reduced nicotinamide
adenine dinucleotide ubiquinone oxidoreductase
chain 2, and phosphoglycerate mutase B), ion regula-
tion (members of sodium/hydrogen exchanger and
sodium/bile acid cotransporter family), signal trans-
duction (adenylyl cyclase III), and cell differentiation
and degeneration (N-myc downstream-regulated
gene 3 and tau protein), as well as free radicals and
transcription factors (Cadet et al., 2001).

Dopaminergic neurodegeneration associated with
the exposure to the heroin analog designer drug N-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
is associated with aberrant expression of genes regu-
lating oxidative stress (oxidative stress-induced protein
A 170, cytochrome P450 1A1 and Osp94), inflamma-
tion (cytotoxic cytokines such as IL-1, IL-6, TNF-a),
protective cytokines (IL-10), glutamate receptors
(NMDA but not AMPA receptors), neurotrophic fac-
tors (GDNF, EGF), nitric oxide synthase and transfer-
rin receptor (Mandel et al., 2000), as well as activation
of JNK1/2 MAP kinases followed by induction of
apoptosis regulating genes, such as caspase-1 and
caspase-3 (Chun et al., 2001). Myelin-related genes
have been shown to be down-regulated in chronic
alcoholism consistent with the reduction in cerebral
white matter in alcoholics (Lewohl et al., 2001). A
number of distinct cocaine exposure models, from our
laboratories, have illuminated a constellation of genes
noteworthy for their regulatory roles (Freeman et al.,
2001a,b; 2002a,b). Specifically, members of key signal
transduction pathways are altered by cocaine exposure
(e.g. PYK2, MEK1, PKA, PKC, etc.). Interestingly,
these genes are not universally regulated. That is,
different genes are induced (or reduced) depending
on the brain region, the animal model, or the mode of
cocaine administration. The tremendous throughput
power of the DNA array will allow us to accumulate
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the large amounts of information necessary to make
sense of these rather disparate patterns of gene expres-
sion in response to the same drug.

There are numerous neurotoxicological studies
where total RNA is extracted from a single- or multi-
ple-brain regions, or from cells cultured in vitro,
followed by routine Northern blot preparation with
standard protocols of a relatively small number of
genes. However, surprisingly, wide-scale gene expres-
sion studies with DNA arrays have not been routinely
used in neurotoxicology, and a search of the literature
(Medline, 1996–2002) identifies only a handful of such
studies. One such study was recently conducted in
immortalized human fetal astrocytes in which lead
(Pb) was shown by microarray technology to induce
vascular endothelial growth factor (VEGF) expression
via a PKC/transcription factor AP-1-dependent and
hypoxia-inducible factor 1 (HIF-1)-independent sig-
naling pathway (Hossain et al., 2000). Our own studies
have used macroarrays to identify altered gene expres-
sion following dopamine-induced neurotoxicity
(Stokes et al., 2002). In particular, an unbiased DNA
array screen highlighted two growth arrest/DNA
damage-associated genes (GADD45 and GADD153)
as early response factors in this form of neurotoxicity.
The results are noteworthy in that while the GADD
genes have previously been associated with UV light-
induced cell toxicity, this is the first time they have
been linked to neuronal cell death. These studies
document the feasibility and usefulness of DNA array
techniques in studying sequential changes of distinc-
tive gene expression patterns in the brain as a function
of treatment, and lend credence to the utility of the
technique in studies on molecular mechanisms that
mediate progression of neurotoxic-induced degenera-
tion associated with a host of compounds (metals,
pesticides, food-derived toxins, etc.). In particular,
these types of experiments will provide two types of
gene discovery or hypothesis-generation approaches
for the neurotoxicology field. First, the array-based
screening of ESTs will provide important new infor-
mation on these anonymous expressed genes. In addi-
tion, array studies with known genes will ascribe new
functions to previously described genes and provide
new insights into existing metabolic pathways.
Furthermore, a compendium of global gene expression
measurements from DNA microarray analysis of
the CNS can be profitably used to identify gene
expression signatures defining common genes that
mediate neurotoxic injury, as well as molecular finger-
printing associated with specific classes of compounds
(organophosphates, metals, etc.).

THE FUTURE OF MICROARRAYS IN
NEUROTOXICOLOGY

Microarrays offer great promise to field of neuro-
toxicology. The greatest technical challenges for the
future are to improve the reproducibility of array
studies and for the field to develop standard methods
of data analysis, presentation, and archiving. The most
difficult scientific challenge ahead is to combine these
large-scale gene expression study results with other
experimental results and the existing literature in
meaningful ways. Currently, microarray studies often
result in long lists and tables. For this research to be
truly powerful, this mass of data must eventually take
the form of new principles and pathways that better
describe the effect of toxins on the central nervous
system and possible therapeutic interventions.
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