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 Accumulative evidence suggests that increasing numbers
of human diseases, both acquired and genetic, result funda-
mentally from alterations in DNA sequence, or altered gene
expression patterns. With the completion of the Human Ge-
nome Project, the possibility of linking specific genes to the
susceptibility of particular diseases is improving. However,
most diseases are complex and polygenic, resulting from the
cooperation of a variety of genes in the initiation and progres-
sion of the diseased state. Therefore, gene expression studies
or functional genetics are needed to elucidate the underlying
molecular mechanisms that determine the physiological state
of the cell, particularly in disease.

 Currently, Northern [1] and dotblot analysis [2,3], reverse
transcriptase-coupled polymerase chain reaction (RT-PCR),
differential display [4] and serial analysis of gene expression
(SAGE) [5] are techniques used for studying gene expression
at the mRNA level. However, these techniques are time con-
suming and are associated with a number of shortfalls. Tradi-
tionally, information on specificity and relative abundance of
expression products are derived by semi-quantitative tech-
niques such as the Northern and dotblot analyses and ribonu-
clease protection assays, which often require large amounts
of RNA for the study of a limited number of genes. The more
sophisticated methods of differential display and SAGE have
been used to screen a larger subset of complementary DNA
(cDNA) clones. However, these too suffer from limitations
such as cost and technical issues (i.e., are labor intensive, can
require complex sample preparation, and particularly with
SAGE, dependence on the availability of high-throughput se-

quencing and the complete annotation of the genome) render-
ing these techniques non-conducive for rapid, comprehensive
genomic investigation.

 A new and advanced technology has emerged allowing
the study of gene expression on a global level: the microarray.
The microarray enables the parallel screening of a plethora of
genes [6,7] and facilitates the comparative analysis of a large
number of samples [8,9]. This technology has countless ad-
vantages over conventional techniques including economy of
size (i.e., miniaturized arrays), high sensitivity, the use of non-
toxic chemicals and the capacity for simultaneously analyz-
ing thousands of genes with the minimal amount of sample.
The microarray is proving to be a powerful research tool in
gaining insight into the molecular biological study of genes in
the tissues of interest. The main large-scale application of the
microarray is comparative expression analysis, however, in-
terest in the analysis of DNA variation is increasing. Other
potential and current applications for this technology include
diagnostics and genotyping, and pharmacogenetics.

 This technology, however, is still in its infancy and a
number of issues and drawbacks attenuate the power of the
microarray. These issues include: (i) Conceptual, to design
experiments that fully exploit the power of genome-wide ex-
pression analysis and maximize the meaningful information
that can be extracted; (ii) Technical, to control for environ-
mental (e.g., temperature) and biological (e.g., heterogeneity
of population examined) factors that may compromise gene
expression patterns; (iii) Statistical, to validate the data ob-
tained and enable comparisons between arrays; (iv) Logisti-
cal, to effectively and efficiently deal with the vast amounts
of data generated; (v) Confirmational, to perform essential
follow-up studies for the authentication of the microarray data
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and finally the (vi) Cost of the microarray project itself. Still,
these problems are likely to be resolved with experience,
economies of scale, collaborations and cooperation between
laboratories, free-market competition and time.

THE MICROARRAY TECHNOLOGY
 The principle of the microarray experiment is the reverse

of the Northern blot analysis, where mRNA extracted from
the tissue of interest is used to generate a labeled sample, of-
ten referred to as the “target”. This target is hybridized onto a
high density, ordered array of tens of thousands of transcript
sequences (“probes”) immobilized onto an impermeable, rigid
support, such as glass, thereby allowing the detection and quan-
tification of a large number of gene transcripts simultaneously.
Many different microarray systems have been developed both
by academic institutions and commercial companies. How-
ever, two conceptually different systems have predominated

categorized primarily by the material arrayed: complemen-
tary DNA (cDNA) and high-density oligonucleotide arrays.
When referring to oligonucleotide arrays information will
largely pertain to the Affymetrix GeneChip® unless otherwise
specified. Figure 1 demonstrates the fundamental differences
between the two types of microarray platforms in regard to
sample preparation, design and production of the arrays, and
the data images generated which are discussed in detail be-
low.

The cDNA Array:  Schena and colleagues [10] pioneered
the first cDNA array in 1995, which was generated by the
robotic printing of double stranded cDNAs (up to 2 kb in
length) as spots at defined locations on glass microscope slides.
Nylon filters are also used as platforms for the cDNA
microarray. The spots range from 100-300 mm in size and are
set an equal distance apart. The arrayed cDNAs are usually
amplified PCR products derived from cDNA clone sets, con-
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TABLE 1. LIST OF AVAILABLE MICROARRAYS

Company             Name                Type of Array           Arrays available and Comments
-----------------   -----------------   ---------------------   -------------------------------------------

Affymetrix, Inc.    GeneChip®           High density            Human, rat, mouse, drosophila, Arabidopsis,
                    Expression Arrays   oligonucleotide         yeast, E.coli. Rat toxicology/neurobiology
                                        genome arrays (can      arrays available. Customized array service
                                        contain about 12,000    available.
                                        genes per chip)

SuperArray, Inc.    GEArray and         Nylon membrane cDNA     Cell cycle, apoptosis, cytokine, chemokine
                    GEArray Q series;   arrays (GEArray has     and receptor, cancer, PathwayFinder, tumor
                    Pathway-specific    20 cDNA fragments       &  metastasis, angiogenesis, adhesion and
                    Gene Expression     spotted in duplicate.   ECM. Both array types are available as kits
                    Arrays              GEArray Q series has    containing 2, 4, and 12 membranes.
                                        96 genes)

Clontech            Atlas Arrays        Nylon membrane cDNA     Human: 3.8K &  8K, cancer, apoptosis,
                                        macroarrays, glass      cardiovascular, cell cycle,
                                        slide arrays and        cytokine/receptor, oncogene/tumor
                                        plastic films           suppressor, hematology/immunology,
                                        (Plastic films and      neurobiology, stress, toxicology. Rat: 1K,
                                        glass slides have       stress, toxicology. Mouse: 1K, cancer,
                                        long oligos)            stress, toxicology

Agilent             Agilent Catalog     cDNA microarrays        Human gene expression arrays, CDNA arrays
                    Microarray kits,    and in situ             spotted using pre-defined cDNA clone sets
                    Agilent Custom      oligonucleotide         from Incyte Genomics. Oligonucleotide
                    Oligonucleotide     arrays (inkjet          arrays feature either 25-mer or 60-mer in
                    Microarrays         printed)                situ oligonucleotide synthesized probes on
                                                                glassslides in either 8.4K or 22K format.
                                                                Customized service available.

Sequenom            SpectroCHIP         Silicon chip            Designed for genotyping.
                                        containing high
                                        density array of mass
                                        spectrometry analysis
                                        sites

Incyte Genomics     GEM series of       CDNA microarray         Human, rat, arabidopsis, mouse. CDNA arrays
                    microarrays                                 using sequence-verified cDNA clones

Nanogen             NanoChip            Electronic chip for     Ideal for SNP (single nucleotide
                    Microelectronic     RNA and DNA analysis,   polymorphism), STR (short tandem repeat)
                    Array               is 99-site array        and point mutations research for clinical
                                                                diagnostics

NEN Life Sciences   MICROMAX            cDNA slide microarray   Cuts down on starting material, utilizes
Products, Inc.                                                  1-4 µg total RNA

The list comprises some of the types of microarrays currently available. Information provided includes the companies that distribute these
arrays, the type of array, number of elements per array, and other available services or kits.
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taining sequence-verified genes and expressed sequence tags
(ESTs) [11], or custom cDNA libraries [12] (see application
notes from ABgene). Theoretically, greater than 30,000 genes
can be spotted onto a standard glass microscope slide, although
10,000 to 20,000 spots are usual. Commercially available
cDNA arrays are also available. Table 1 is a sample listing of
the vendors of commercially available arrays, however, a com-
prehensive list of vendors (and industry links) of microarray
instrumentation and accessories such as spotters, scanners, and
analysis software is maintained by Leming Shi, PhD.

The spotted cDNA array enables the flexibility in tailor-
ing arrays, particularly smaller customized arrays, for specific
research needs. However, this technology can suffer from spot-
ting errors and inconsistencies. The filtered cDNA arrays have
the advantage of being relatively affordable, requiring no spe-
cific equipment for use. These types of arrays have also proven
useful when examining tissues of limiting amounts of RNA.
These features combined make the filtered cDNA arrays at-
tractive for the researcher and are widely accessible to a greater
number of laboratories.

The Oligonucleotide Array:  The oligonucleotide array
[13] is generated by the in situ synthesis of short 25mers by
either photolithography onto a silicon chip (or GeneChip®
developed by Affymetrix) or by ink-jet technology (developed
by Rosetta Inpharmatics). An alternative is to print
presynthesized oligonucleotides ranging from 60-100mers onto
glass slides. The GeneChip® contains between approximately
7,000 and 20,000 functionally known genes and ESTs per ar-
ray (Table 1 lists some of the available GeneChips®). Each
gene or EST on the array is represented by between 11 and 20
different oligonucleotide sequences designed to be exactly
complementary to different parts of the coding region for that
gene. These are known as the perfect match (PM) probes. Each
of these PM oligonucleotide probes is paired with a mismatch
(MM) probe identical to the PM probe except for the alter-
ation of the central base, a feature designed to enable correc-
tion for non-specific hybridization.

The oligonucleotide array offers the advantage of speed
in generating an array as no time is expended in the handling
of cDNA resources. However, the designing of the oligonucle-
otide set can be time consuming and is dependent upon public
databases that are, at present, not complete for all genomes.
The oligonucleotide probe is often designed to represent the
unique sequence of the transcript reducing cross-hybridiza-
tion and allowing the detection of splice variants and homolo-
gous genes. Use of multiple, short probes for measuring ex-
pression in a single gene in the GeneChip® improves the hy-
bridization specificity and reduces the rate of false positives
through averaging over the available probes and the
GeneChip® requires much less starting material in compari-
son to the cDNA slide array.

Ideally, using both types of arrays could maximize the
information gained. The GeneChip® could be used for gene
hunting directing the researcher towards gene families and co-
regulated genes, or signaling pathways that may be modified
as a result of the stimulus or condition. These groups of genes
could then be spotted onto a customized cDNA array allow-

ing the further interrogation and examination of the genes of
interest. Although this would be idyllic, it is nonetheless ap-
preciated that such endeavors are not so simple and the high
cost of the commercially available microarrays, the sophisti-
cated equipment and software and the availability and cost of
clone libraries make such undertakings unapproachable for a
majority of academic laboratories. However, shared microarray
facilities and commercial services are surfacing making the
technology more affordable and widely accessible.

THE MICROARRAY EXPERIMENT
Controls: One challenge facing the scientist performing
microarray experiments is the designation of suitable controls.
Controls are needed to ensure that significant experimental
biases are not introduced at any step during the experiment.
Spiked controls used in sample preparations and sophisticated
internal controls on the microarray are adopted for quality
control measures, ensuring that the samples and microarray
hybridizations are optimal.

Good experimental design is essential and it is important
to ensure that samples for comparison are as closely matched
as possible, such that the only difference is the stimulus, drug
or factor being examined. However, a number of issues arise
including the definition of normal and overcoming the het-
erogeneity of the cell population [14]. Normal is not always
easy to define. Variations can exist in both the patient (e.g.,
ethnicity, sex, age, genetic background, disease states) and the
sample (e.g., anatomical location, developmental stage, de-
gree of inflammation), which are likely to affect the gene ex-
pression profiles. For tissue samples and biopsies comprising
a variety of different cells, the solution may be in laser cap-
ture microdissection (LCM) or by culturing a pure population
of the cells of interest. However, LCM and in vitro culture are
associated with a number of problems. These include the dam-
age of RNA as a result of formalin fixing (frozen sections are
better for RNA but are often difficult to prepare and histology
can be compromised), the samples generated by LCM can be
small and in vitro culture of cells may not reflect that which
occurs in vivo producing different gene expression profiles.
However, in situ hybridization following microarray analysis
may reveal the specificity of the transcript to a particular cell
type in the tissue examined.

For experiments where no appropriate control exists (e.g.,
across the board comparisons of tumors between patients), a
reference sample is often employed for cDNA arrays. The ref-
erence is total RNA harvested from a variety of tissue sources
and is designed to hybridize to as many genes on the microarray
as possible. This enables the quantitative measurement of ex-
pression for any given gene as well as allowing comparisons
of microarray data between experiments.

Sample Preparation, Labeling, and Hybridization:  The
targets for microarrays are usually labeled products prepared
from mRNA samples, although genomic DNA may also be
analyzed [15]. Frequently, total RNA pools are extracted and
utilized to maximize the yields of mRNA that can be obtained
from any given amount of tissue. The purity of the RNA is
critical to ensure the greatest hybridization performance as
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contaminating cellular proteins and DNA can result in signifi-
cant levels of non-specific binding of fluorescent labeled
probes.

Samples for hybridization to either microarray platform
are generated by reverse transcribing the extracted and puri-
fied mRNA or total RNA using a modified oligonucleotide
d(T) primer (such as the T7-d(T)

24
 primer, see the Affymetrix

technical manuals) to produce a double stranded cDNA (ds

cDNA) (Figure 1). The ds cDNA can then be amplified by in
vitro transcription (IVT) using a T7 RNA polymerase pro-
moter [15] (see also the RNA amplification protocol and the
Affymetrix technical manuals) to produce an amplified RNA
product or cRNA. The IVT reaction linearly amplifies the tar-
get making possible the profiling of transcripts from the mi-
nutest amount of sample. Current protocols for sample prepa-
ration for microarray hybridization utilize between 5-20 µg of
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Figure 1. Schematic overview of spotted cDNA microarrays and high-density oligonucleotide arrays.  cDNA microarrays: Array preparation:
inserts from cDNA collections or libraries are amplified and the PCR products printed at specified sites on glass slides using high-precision
arraying robots. These probes are attached by chemical linkers. Target preparation: RNA from 2 different tissues or cell populations is used to
synthesize cDNA in the presence of nucleotides labeled with 2 different fluorescent dyes (eg: Cy3 and Cy5). Both samples are mixed in a small
volume of hybridization buffer and hybridized to the array, resulting in competitive binding of differentially labeled cDNAs to the correspond-
ing array elements. High resolution confocal fluorescence scanning of the array with two different wavelengths corresponding to the dyes used
provides relative signal intensities and ratios of mRNA abundance for the genes represented on the array. High-density oligonucleotide
microarrays: Array preparation: sequences of 16-20 short oligonucleotides (typically 25mer) are chosen from the mRNA reference sequence
of each gene, often representing the unique part of the transcript. Light-directed, in situ oligonucleotide synthesis is used to generate high-
density probe arrays containing over 300,000 individual elements. Target preparation: Total RNA from different tissues or cell populations is
used to generate cDNA carrying a transcriptional start site for T7 DNA polymerase. During IVT, biotin-labeled nucleotides are incorporated
into the synthesized cRNA molecules which is then fragmented. Each target sample is hybridized to a separate probe array and target binding
is detected by staining with a fluorescent dye coupled to streptavidin. Signal intensities of probe array element sets on different arrays are used
to calculate relative mRNA abundance for the genes represented on the array. Modified and reprinted with permission from Nature Cell
Biology (Vol. 3, No. 8, pp. E190-E195) Copyright ©2001 Macmillan Publishers Limited.
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total RNA depending upon the labeling method used. For tis-
sues with limiting amounts of RNA (about 1 µg) or cells ob-
tained from laser-capture microdissection, or even to the level
of a single cell [14,16] a second round of target amplification
by IVT or post-hybridization amplification may be adopted.

For cDNA arrays, fluorescent dyes can be incorporated
directly into the cDNA during the reverse transcription of the
RNA or amplified RNA in cases of limiting starting material.
The fluorescent dyes most commonly used because of cost
and availability are the cyanine dyes: Cy3 and Cy5; which
have good photostability, and are widely separated in terms of
their excitation and emission spectra. However, these dyes are
large molecules that do not integrate easily into the reverse
transcription reaction, and the incorporation of these dyes dur-
ing sample preparation is not equal thereby making it neces-
sary to perform reciprocal labeling of duplicate samples with
swapped dyes. Some of the problems associated with the Cy-
dyes are circumvented by improved dye technology now avail-
able. Examples include the Fairplay™ Microarray Labeling
Kit (Stratagene, La Jolla, CA; the kit enzymatically modifies
the cDNA prior to chemically linking the Cy-dye) and the
Alexa Fluor Dyes (Molecular Probes, Eugene, OR), which
are designed such that they do not interfere with enzymatic
interactions or target binding sites once incorporated into the
cDNA. Indirect labeling post reverse transcription techniques,
such as the use of DNA dendrimer probes (Genisphere,
Hatfield, PA) are also an option. These techniques have shown
improved uniformity of dye incorporation, sensitivity and con-
sistency [17].

For detection of gene expression using the Affymetrix
GeneChip®, the sample is labeled during the IVT process
which occurs without introducing significant bias. This results
in a biotinylated cRNA product that is then fragmented to pro-
duce short targets. A secondary detection method is used where
a streptavidin-conjugated fluorescent marker is bound to the
biotinylated, fragmented cRNA, prior to hybridization to the
GeneChip®. The secondary labeling strategy amplifies the
signal enabling the detection of low abundance transcripts.

The cDNA slide array utilizes a system of competitive
hybridization (Figure 1). Two samples, each labeled with dis-
tinct fluorescent dyes (for example Cy3 (colored green) and
Cy5 (colored red)) are simultaneously hybridized to the same
microarray. The normalized Cy3/Cy5 ratio of each gene on
the array reflects the relative abundance of the relevant tran-
scripts in relation to each other. For two samples representing
experimental and control, where, for example, the experimental
sample is labeled with Cy3 (green) dye and the control sample
is labeled with Cy5 (red) dye, green spots on the microarray
represent those genes upregulated compared to control, red
represents those genes that are downregulated in the experi-
mental sample, and yellow encodes those genes of equal abun-
dance in both experimental and control samples. Unlike cDNA
microarrays, the hybridization of sample to the Affymetrix
GeneChip® is not competitive; control and experimental
samples are hybridized to separate chips (Figure 1) and com-
parisons of the two are performed in subsequent analysis. The
differential fluorescent intensities are represented as alterations

in transcriptional profiles between the compared samples.
Signal Detection and Data Extraction:  Detection of the

hybridized targets is achieved by fluorescence scanning fol-
lowing laser excitation of the fluorophores (cDNA slide and
oligonucleotide arrays) or phosphor imaging (cDNA filter ar-
rays). The cDNA slide and oligonucleotide arrays can pro-
duce well-defined, clearly delineated signals resulting in im-
ages amenable to data extraction by highly developed, digital
image processing techniques.

The image processing steps in the analysis of a microarray
are similar for both types of microarrays. The first step is
gridding or addressing in which the exact locations of the in-
dividual spots or transcript signals are determined. The next
step is to classify the microarray pixels as either foreground
(corresponding to a spot/transcript signal) or background. Fi-
nally the foreground is extracted, contributions due to back-
ground intensity are subtracted, and calculations of spot or
transcript intensity are made. Oligonucleotide microarrays
require an additional calculation prior to obtaining transcript
intensity values. In this final step the transcript intensity val-
ues represented by the PM sequences are corrected for non-
specific hybridization as measured by the MM sequences.

In practice each of the steps of addressing, classification
and signal extraction can be highly problematic. Artifacts on
the arrays can complicate the addressing and classification
stages, while irregularly shaped spots can cause problems in
the foreground extraction process. A variety of software tools
utilizing different mathematical algorithms to perform
microarray image analysis and circumvent some of these prob-
lems are available [18], both commercially and from public
sources. A comprehensive list is maintained by Yuk Fai Leung.

Data extractions from film or phosphor images of radio-
active hybridizations present a number of additional problems
for image analysis. Nylon filters frequently undergo non-lin-
ear warping of the matrix resulting in a lack of geometric regu-
larity of the array. This makes it difficult to overlay grids to
accurately specify target locations. The disintegrating nuclide
spreads detectable particles distorting the signal morphology
making difficult the application of automatic detection and
signal extraction procedures. Due to the radiation spread, lo-
cal background for individual signals is difficult to determine,
as the transition from signal to background is not readily dis-
cernible [19]. Other potential problems associated with the
nylon membrane include the regular stripping and re-use of
the membrane, which may result in the removal of some of
the original probe present on the membrane making compari-
sons between samples using the same nylon filter unreliable
and undesirable.

A vast amount of data is generated from the microarray
experiment. Data management becomes a critical issue im-
portant particularly when performing further downstream data
analyses. Databases for the storing and retrieval of gene ex-
pression data from any given experiment and array type, and
for any organism or artificial source serve as important re-
sources particularly for the dissemination of the gene expres-
sion data for public forum and exchange of accurate informa-
tion, and for subsequent independent verification of the data

© 2002 Molecular VisionMolecular Vision 2002; 8:259-70 <http://www.molvis.org/molvis/v8/a33>

263



at a later stage if required. A number of gene expression data-
bases have been generated and are accessible to the public,
including the Gene Expression Omnibus (provided by the
National Center for Biotechnology Information), which is a
repository for gene expression and hybridization array data.
Another database to consider is MGED provided by the
Microarray Gene Expression Data Group, which also provides
standards for the representations of microarray expression data
(MIAME and MAGE), information and discussion on ontol-
ogy and normalization methods.

DATA ANALYSIS OF MICROARRAYS
The list of microarray software includes references to soft-
ware which can be used to perform analysis of the intensity
data derived from the image analysis for a given microarray
experiment consisting of one or more arrays. The general
microarray experiment compares experimental samples against
one another or against a common reference sample, where the
aim is to discriminate between the various experimental
samples based on their differential expression. Examples of
experiments include measuring gene expression in a number
of different tissues, or in the same tissue at several different
points in time. For both cDNA and oligonucleotide arrays a
necessary first step in the analysis of the microarray intensity
data, is within-array and between-array normalization. This
process aims to remove the effects of factors other than gene
expression from the data. These factors can arise from various
sources, including different dye hybridization efficiencies in
the case of cDNA microarrays, and different scanner settings
in the case of both types of arrays. Such noise factors can
mask transiently expressed genes and reduce comparability
of the array data [20]. A simple and common normalization
method for microarrays is global normalization where it is
assumed that the array to array bias, and/or the green to red
bias in cDNA arrays, is a constant factor across the whole

array. Under such an assumption the data are normalized by
subtracting a constant on the log scale to get normalized val-
ues. However, the bias is often seen to be intensity dependent,
or dependent on the location of the spots on the arrays. As
such normalization methods which apply an intensity and/or
location dependent correction are preferable [21,22]. After nor-
malization, differences between the intensity of a pair of ar-
rays in the case of the oligonucleotide arrays, or between the
red and green intensities in the case of cDNA arrays, can be
related directly to differential gene expression.

In a simple pairwise comparison of gene expression be-
tween two samples, an experimental (T) and control (C), the
results can be shown in a plot of the log intensity ratio
M=log

2
(T/C) versus mean log intensity A=(1/2)log

2
(TC), for

each gene on the array [22]. Figure 2 shows an example of
such a plot. An M vs A plot is equivalent to a 45° rotation of a
conventional scatter plot, along with appropriate scaling of
the co-ordinates. Scatter plots are dominated by the high de-
gree of correlation between the two samples. For the purpose
of detecting differential expression, the true interest in a scat-
ter plot is not this correlation but the points that deviate from
the 45° line. An M vs A plot increases the visibility of these
points, thereby making it easier to observe the differential
expression between the samples. The log scale is used due to
the large range of intensity values, spanning several orders of
magnitude. In general the expression levels of most of the genes
in the two samples do not change, thereby resulting in the
majority of the points being scattered symmetrically around
the horizontal line M = 0. Differentially expressed genes will
appear away from this line, with those having the greatest in-
tensities appearing to the right of the plot.

Given such a plot the next task is to determine the bound-
ary between significantly differentially expressed and un-
changed genes, given the natural and experimental variability
of the microarray experiment. Major sources of variability of
the data include normal physiological gene expression varia-
tions [23] (where normal variance for many tightly regulated
tissue-specific genes can be within 20-30%) and noise that
may be introduced by slide heterogeneities, printing irregu-
larities, spotting fluctuations and poor sample hybridization
[24,25]. Many studies apply an arbitrary fold-change thresh-
old to define significant differential expression, usually 2-fold.
This is essentially a ranking method, which while intuitive,
suffers from the limitation of not detecting truly differentially
expressed genes, which have changed by less than the arbi-
trary cut-off. It is preferable that genes are determined to be
differentially expressed on the basis of a statistical test, with
an associated confidence level. For a sufficient number of rep-
licates for both treatment and control samples there are meth-
ods for estimating a measure of significance of the observed
differences between samples. Examples include estimating the
false discovery rate [26], and calculating adjusted p-values
[27]. These methods and others like them simulate the under-
lying distribution, against which it is then possible to test the
measured gene expression differences and assign a signifi-
cance value to them.
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Figure 2. M versus A scatter plot.  M vs A for microarray intensity
data from treatment (T) and control (C) samples, where M is the log
intensity ratio M=log

2
(T/C), and A is the mean log intensity. In this

case average log
2
(PM) for each probe set was used as the measure of

expression for each gene. Other summary measures of expression
would show similar behavior.
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For experiments more complicated than the two sample
experiment described here, more sophisticated analysis tech-
niques are needed. Such experiments may involve the inter-
comparison of data from many microarrays, for example, ex-
periments comparing gene expression in several different tis-
sues or cell types, or time-course experiments where gene
expression in the same sample is measured at several differ-
ent time points. The aim here is to examine the patterns of co-
regulated gene expression, which characterize the different
tissue types or time points in the experiment.

A common approach in these types of experiments is hi-
erarchical clustering [28-30] although other techniques such
as K-means clustering and self-organizing maps have also been
used [31,32]. Clustering methods use mathematical operations
and similarity measures akin to correlation, to group together
genes with similar patterns of expression. Such groups may
indicate co-regulated genes, genes encoding proteins that in-
teract, genes with related functions or gene families, and sig-
natures of individual signaling pathways within the data sets
providing information on the networks operating within a given
cell type or tissue. In an experiment involving different dis-
eased tissue samples, cluster analysis can be utilized to char-
acterize the different tissues by their gene expression patterns,
as in the case of classifying tumors [33], thereby providing a
molecular basis for diagnosis in patients. When investigations
involve ESTs (expressed sequence tags of unknown function),
methods utilizing sequence homology to detect functional link-
ages among predicted proteins [34] and comparing these to
proteins of known function [35] are used. Databases used to
extract sequence information include BLAST, GenBank and
dbEST provided in the public domain by the National Center
for Biotechnology Information (NCBI). Cluster analysis can
be used in this context to aid in the assignment of a function
or potential role in a given pathway to unknown genes based
on the set of known genes that fall into known cluster sets.

Another method of analyzing gene expression data across
multiple arrays is to derive a linear model for the expression
of a given gene, with the elements of the model correspond-
ing to the data for the gene across all the arrays, including
various error components. The model can then be fitted to the
data using least squares estimation. The coefficients of the
fitted model for a given gene are the estimates of the gene
expression for the conditions of each given microarray [36].

Due to the uncertainties inherent in the microarray ex-
periment, replication is always advisable, as well as verifica-
tion by alternative techniques, preferably quantitative, such
as Northern hybridizations, RNase protection assays and real-
time RT-PCR. Such confirmational studies, while costly in
terms of sample and finance, can help to establish any vari-
ability within the experimental system studied and validate
the change in gene expression between control and experi-
mental samples.

APPLICATIONS OF THE MICROARRAY
Experimental Approaches: elucidating gene function: The
microarray provides a variety of ways for investigating scien-
tific questions arising in cell biology with the different ex-

perimental approaches falling between two extremes; local and
global. The local approach aims to identify the single gene
responsible for the mediation of the cascade of genes expressed
that eventually results in the establishment of a particular phe-
notype (e.g., transformation and gene knockouts [37] or pro-
tection from apoptosis). This approach has been associated
with little success, as a single phenotype could potentially re-
sult from the altered expression of hundreds of genes. The
microarray offers few clues in distinguishing which of these
genes is important in establishing a given phenotype let alone
identifying the single gene from which the deluge of gene
events originate. The microarray, however, has successfully
been adapted for the large-scale identification and genotyping
of genetic mutations such as single nucleotide polymorphisms
(SNPs) in the human [38] and rice [39] genomes.

Results to date have shown that the power of the
microarray in analyzing cell function is in the provision of a
global presentation of gene expression, rather than as a means
to identify a single critical gene. For the global approach, ex-
pression profiles of samples, of varying phenotypes, impacted
by a variety of conditions, stimuli or experimental manipula-
tions can be compared. Examples include the expression pro-
filing of yeast [40] and mammalian cells [41] during the cell
cycle and the response of fibroblasts to serum [42] or PDGF
[43] stimulation.

Disease Diagnosis and Therapy:  The challenge facing
researchers today is the development of new approaches for
the identification of disease causing agents, the understand-
ing at a fundamental level of the pathogenic processes and,
from this information, creating an efficient means of treat-
ment.

In the past, drug discovery involved the collaboration of
biochemistry and medical chemistry in the identification and
optimization of the therapeutic effects of small molecules in
targeting specific enzymes implicated in a pathophysiologi-
cal process. After intensive laboratory investigation and ani-
mal trials, clinical trials ensued to identify those molecules
with therapeutic efficacy in humans before being marketed.
This process is long, tedious and very costly. Pharmacologists,
toxicologists and members of the pharmaceutical industry now
utilize the microarray as a means of monitoring modified gene
expression in cells or tissues in response to medication (see
application notes from ABgene), to identify and validate the
targets and to identify any toxic effects as a result of drug
metabolism [44,45]. The benefits of such studies speak for
themselves. Importantly, the use of the microarray minimizes
the time and cost of identifying potential drugs for therapy
too. Possibly in the near future, the microarray could facilitate
the identification of those individuals that display adverse re-
actions to specific drug treatments as well.

To date, the microarray has largely been adopted in can-
cer research and diagnosis. Before the microarray, cancer clas-
sification techniques relied heavily on subjective judgments
made based on tumor histology. It has also been revealed that
tumors presenting with similar histology may not necessarily
be of the same molecular classification. Therefore, the ability
to distinguish morphologically similar tumors in order to ac-
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curately identify the tumor and hence provide the appropriate
treatment is important. Recently the use of the microarray in
accurately diagnosing and classifying tumors [33,46], enabling
the prediction of outcomes and facilitating the recommenda-
tion of the best-matched treatment has been demonstrated. The
potential value of the microarray in understanding the me-
chanics of cancer at a molecular level are great. The informa-
tion gained would lead to clinical benefits such as maximiz-
ing therapeutic efficacy and reducing any toxic effects as well
as possibly inspiring new tactics in treating cancer.

For infectious diseases, major contributors to population
mortality and increased health costs, the progress in under-
standing the pathogenic processes and the discovery and de-
velopment of new therapies has been limited. The microarray
would prove to be a valuable tool in disease research with
diagnostic and prognostic indications. The feasibility of this
approach for disease research has been suggested in expres-
sion profile studies of human macrophages infected with a
variety of viral and bacterial pathogens [47,48], allowing patho-
gen classification.

Gene expression profiling has also shown promise in the
unveiling of the molecular biological consequences of cytokine
induced b-cell damage and repair in type 1 diabetes, an au-
toimmune disease [49]. The anticipated effect of these studies
is the invaluable insight into the pathogenesis and the poten-
tial for initiating new approaches in combating these diseases.

Current Applications in Ophthalmic Research:  Research
into the underlying molecular mechanisms that occur as a re-
sult of ocular diseases have been gaining some ground, how-
ever the causes of such diseases and their pathogeneses re-
main relatively unknown. Many grouped ocular diseases, such
as inherited retinal degenerations, including retinitis
pigmentosa (RP), are believed to be linked by a common
mechanism that results in photoreceptor cell death. Studies
using animal and transgenic models have tried to determine
this common link between the diseases but progress is slow.
Microarray technology has gradually permeated its way into
ophthalmic research, the benefits of which are great. The
microarray shows potential as a useful tool in the elucidation
of the genes involved in ocular disease progression and may
therefore aid in the characterization and classification of ocu-
lar diseases and possibly identify a common mechanism link-
ing grouped diseases.

The microarray has been useful in the determination of
the cause of photoreceptor cell death. Different approaches to
tackling this question have resulted in a number of possibili-
ties. Antagonists of the N-methyl-D-aspartic acid (NMDA)
receptor serve in the treatment of elevated intraocular pres-
sure associated with glaucoma and are found to be
neuroprotective in the ischemic retina, yet the signaling trans-
duction pathways mediated by the NMDA receptor remain
unclear. Nylon membrane arrays were used to examine
NMDA-induced apoptosis in the retinas of 18 Sprague Dawley
rats over 24 h. The data from quadruplicate replicates revealed
that the neurotoxin NMDA caused an upregulation of several
apoptosis-associated genes in the retina [50]. These were the
receptors TNF-R1 and Nur77, FasL (a member of the TNF

family) and GADD 45 and GADD153, of unknown function,
which were verified by semi-quantitative RT-PCR techniques.
It is probable that these genes may be representative of an
intracellular signaling cascade resulting in photoreceptor cell
death. Furthermore, antagonists of NMDA were shown to in-
hibit the expression of these genes. However, whether these
genes translate to proteins involved in apoptosis remains to be
seen. The array was also spotted with only 588 known genes
therefore it is impossible to determine whether other genes,
not present on the array, may be involved.

Jones and colleagues [51] focused their study on identi-
fying genes associated with inherited retinal degeneration by
comparing gene expression profiles of retinas dissected from
postmortem human eyes from donors with retinitis pigmentosa
(RP; n=4) and those with no history of ocular disease (n=5).
Using cDNA filter arrays spotted with 205 apoptosis-related
partial cDNAs, increased expression of SFRP2 (secreted
Frizzled-related protein-2) was observed in RP affected hu-
man retinal samples. This protein has been linked to the Wnt
signaling pathway responsible for cell fate. The findings sug-
gest that altered Wnt signal transduction may be a vital step in
the degenerative process leading to eventual photoreceptor cell
death. Due to the limited amount of RNA in this study, the
microarray hybridization was not performed in replicate al-
though confirmed by Northern blot, in situ hybridization and
immunocytochemical analyses.

Gene expression profiles of current retinal degenerative
disease animal models have been generated with the aim of
identifying the early alterations in gene expression that may
contribute to photoreceptor cell death. In a time course ex-
amination of light-induced apoptosis in mice deficient in
arrestin and rho kinase [52], hierarchical clustering and self-
organizing maps of the microarray data revealed a decrease in
a cluster of photoreceptor-specific genes well before morpho-
logical damage could be observed. Differential changes in gene
expression were noted over time. Despite the increase in stress
proteins, damage-inducible genes and genes involved in DNA
repair, little to no change was observed in the expression of
those genes involved in the initiation of apoptosis, which may
be contributed to the short time period studied. In the case of
the rd/rd model for inherited retinal degeneration, microarray
analysis using cDNA arrays containing 588 elements on post-
natal mice identified increased expression in nm23-M2, a fac-
tor involved in metastasis suppression and transcriptional regu-
lation, during retinal degeneration [53]. It is believed that this
increase in nm23-M2 may be stress-related and a response to
photoreceptor loss and altered retinal structure, providing a
possible marker for retinitis pigmentosa.

Another approach to tackling the investigation of photo-
receptor degeneration has been to understand the regulation
of the processes involved in the terminal maturation of photo-
receptor cells. A study utilizing the microarray identified the
photoreceptor homeobox gene Crx as the modulator of a net-
work of genes, which may be responsible for the differentia-
tion of the photoreceptor cell [54]. Mutations in any of these
genes (identified as Crx targets) resulted in photoreceptor de-
generation. For this study, a mouse retinal cDNA array was
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constructed from 960 random clones from an adult mouse
retina cDNA library where the individual inserts were PCR
amplified and sequenced prior to spotting with a piezo-elec-
tric array printing system onto glass slides. Verification of the
data was performed using Northern and in situ hybridization
of the 17 genes of interest. This project is an example of a
very large undertaking that may have been quite costly, how-
ever the payoffs proved worthwhile. By identifying mutations
in the mediators of this particular pathway, it then becomes
possible to identify potential therapeutic targets and the ap-
proach to therapy becomes focused; appropriately matched
for the specific disease.

The above study is an example of the need to produce an
array due to the serious under-representation of eye-specific
gene arrays available commercially. The need for eye specific
gene arrays is further exemplified by the study on gene ex-
pression in the retina of developing mice [55], which found
genes specific for eye development and only expressed in the
retina. This study also demonstrated the lack of overlap in the
genes and ESTs present in the library generated to currently
available mouse cDNA clone sets such as the NIA 15 K cDNA
clone set emphasizing the need for retinal specific databases
and retinal specific libraries and arrays. Recently, Swaroop
and colleagues [56] have managed to isolate 7500 clones from
mouse eye/retina cDNA libraries (of which >3,100 have been
sequenced) to produce slide arrays (I-gene arrays) containing
over 2000 clones. Currently, the production of slides with
>6000 clones are underway. These I-gene microarrays will be
useful in the generation of expression profiles of mouse eye
genes that will serve to elucidate molecular pathways involved
in development, aging and disease.

The global approach to gene expression profiling achieved
with microarrays allows the characterization of a pathological
process that can be applied to any disease. Such an approach
would be valuable for polygenic diseases such as diabetic re-
tinopathy. In the streptozotocin (STZ)-induced diabetic rat
model, alteration in retinal gene expression was examined over
3 weeks using high-density cDNA filter arrays (containing
5147 rat genes) [57]. The data revealed increases in the num-
ber of upregulated genes over time followed by a decrease in
the number by 21 days post-induction. These gene expression
changes are likely to be diabetes-related as no such alterations
were evident in non-diabetic controls and STZ non-convert-
ers. These genes included insulin/glucose metabolism related
genes, signal transducers, proliferation and differentiation re-
lated genes, apoptotic genes, inflammation related genes and
secreted growth factors and regulators. The information gained
from such investigations would piece together the detailed
knowledge of the pathophysiology of diabetic retinopathy,
which is necessary for the development of a rational therapy.

The microarray has also been used to identify potential
markers for disease. Glaucoma is commonly associated with
elevated intraocular pressure. From organ perfusion studies
of anterior segments obtained from human postmortem eyes
(2 pairs), microarray revealed the induction of several genes
in the trabecular meshwork in response to increased pressure
[58]. The products of these genes (e.g., interleukin 6, cathep-

sin-L, metallothionein, preprotachykinin-1 to name a few) are
involved in blood vessel permeability homeostatic mechanisms
such as vascular permeability, secretion, extracellular matrix
remodeling and reactive oxygen species scavenging. These
could serve as predictors of the development of glaucoma,
based on their known activities.

Many ocular disorders have no appropriate animal model
leaving investigators to rely on surgical specimens that often
contain very limited amounts of RNA. Amplification of
samples derived from autopsy corneas of normal individuals
and those with pseudophakic bullous keratopathy (PBK) [59]
for microarray has enabled the expression profiling of this cor-
neal disease. Results from commercial filter array have impli-
cated the altered expression of certain adhesion molecules,
namely β

6
-integrin and β-catenin, in the formation of epithe-

lial bullae and the microcystic changes in PBK.
In vitro studies involving the culture of corneal epithelial

cells is one means of circumventing the problem of limiting
RNA for gene analysis. The expression profiles of human cor-
neal epithelial cells HCEC grown in cultures supplemented
with or without TGFβ1 have been examined [60] to study its
role in the eye. Using cDNA filter arrays, TGFβ1 was found
to modify the expression of numerous genes. Those genes
shown to be downregulated the most (α

3
-integrin, transferrin

receptor, cyclin D1 and a serine protease inhibitor) displayed
a variety of functions including cell adhesion, regulation of
cell cycle and proliferation, demonstrating the multifunctional
role of TGFβ in the maintenance of HCECs.

Cell culture is often adopted for the investigation of a
number of age-related disorders, such as cataract and age-re-
lated macular degeneration (AMD), which are often associ-
ated with dysfunctional RPE layers. In vitro studies combined
with cDNA filter microarrays have been employed to exam-
ine senescence [61], an arrested state in which cells remain
viable, and the effects of advanced glycation end products
(AGEs) on the aging of RPE [62]. Clusters of genes involved
in cell maintenance of basement membrane and the deposi-
tion and maintenance of extracellular matrix were found to be
affected in cell senescence and modified by AGEs, demon-
strating that adverse effects to cell architecture contribute to
RPE dysfunction. However, AGEs, found in human Bruch’s
membrane, basal deposits and drusen, was found to alter the
expression of those genes involved in the regulation of cell
differentiation and apoptosis. This study identified genes not
previously known to be regulated by AGEs, expressed by RPE
or implicated in the aging process. Further investigation of
the gene sets is underway to fully comprehend their role in the
development of AMD and cataract.

Future Potential:  The combined information obtained
from the likes of ocular research studies noted above, would
lead to the delineation of common pathways that link and group
the different types of inherited retinal degenerations, age-re-
lated diseases and other ocular disorders. Much can be learned
from the microarray experiments performed in cancer stud-
ies. By examining the clustering of groups of genes over a
series of specimen samples, it may be possible to elucidate
the gene expression patterns associated with particular ocular
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diseases. The establishment of the commonly featured path-
ways of these diseases may lead to the development of new
therapeutic targets and/or therapies for treatment of the grouped
ocular diseases and disorders.

Another method may be to analyze genomic DNA. Ar-
ray-format comparative genomic hybridizations [15], which
measure gene copy number in DNA samples (disease com-
pared to normal), may be adopted to define genetic mutations
responsible for disease, including chromosomal insertions and
possibly chromosomal deletions.

As the eye comprises several cell types, expression pro-
filing of individual tissues and cell types (achieved by com-
bining laser capture microdissection techniques with
microarray) in normal and diseased states is needed. Such
examination may allow one to define the initial source of the
disease such as dysfunctions in the photoreceptor, RPE cell
layer, vascular tissue of retina or cornea. Alternatively, down-
stream localization studies (such as in situ hybridization) post-
microarray of the genes of interest may also provide informa-
tion regarding tissue specificity of the genes. The generation
of comprehensive databases of generic gene expression pro-
files would enable the signature expression profiles for spe-
cific cell types, which can then be extracted from whole tissue
profiles. Currently, a number of signature expression profiles
have been generated including that for native human retinal
pigment epithelium [63] and human cornea [64] both derived
from human donor tissues. The libraries generated allow com-
prehensive examination of tissue specific genes enabling the
identification of genes responsible for retinal and/or macular
disorders. The clinical significance of the databases generated
is the increase in understanding of normal and abnormal tis-
sue function in relation to treating the disease and possible
application to transplantation. Other gene expression signa-
ture profiles of importance include those for specific processes
such as synaptic plasticity in the visual cortex [65] or those
generated to understand the effects of different cytokines on
the differentiation process of corneal epithelial cells in vitro
[66] or the downstream events of Pax6 activity in the regula-
tion of lens development in mice [67].

Additionally, it is necessary to combine the gene expres-
sion data of microarray with protein expression profiles and
histological information of normal and pathologically affected
tissues. Much of the mRNA expressed in cells does not trans-
late to form protein products and whether these proteins are
involved in the processes examined need to be confirmed.
Other complicating factors including post-translational modi-
fications and protein isoforms may alter their function in vivo.
Therefore, it is important to investigate the protein profiles
and the respective functions of the expressed genes. The his-
tological link provides the phenotypic information of the ef-
fects of certain gene expression patterns. This “genetic fin-
gerprinting” of the histological progress of disease allows the
genome-wide screening and monitoring of disease and genetic
mutations.

CONCLUSION
The global approach to gene expression profiling enables the
elucidation of the underlying pathophysiological process that
occur in disease, allowing disease characterization and classi-
fication and the possible development of rational therapies.
One must be mindful, though, that the microarray experiment
is currently expensive involving considerable attention, thor-
ough experimental planning, good statistical analysis and the
employment of a number of follow-up confirmational tech-
niques. Experimental designs that maximally exploit the glo-
bal gene expression profiles need to be employed and experi-
mental manipulations need to be rigorously controlled, as small
differences in the microenvironment potentially amount to
large changes in the expression profile.

Although the computational tools available for the analy-
sis of microarray data is underdeveloped, the microarray still
remains an advanced technology that enables the high through-
put examination of the genome of interest and its regulatory
networks. It proves to be a valuable tool in gaining insight
into cellular processes and, therapeutically, identifying genes
that may serve as molecular markers of disease or as potential
targets for gene therapy.
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