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Methodological Considerations Regarding Single-Cell Gene
Expression Profiling for Brain Injury*
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Genomic microarrays are rapidly becoming ubiquitous throughout a wide variety of biological
disciplines. As their use has grown during the past few years, many important discoveries have
been made in the fields of central nervous system (CNS) injury and disease using this emerging
technology. In addition, single-cell mRNA amplification techniques are now being used along
with microarrays to overcome many of the difficulties associated with the cellular heterogeneity
of the brain. This development has extended the utility of gene expression profiling and has pro-
vided researchers with exciting new insights into the neuropathology of CNS injury and disease
at a molecular and cellular level. New methodological, standardization, and statistical techniques
are currently being developed to improve the reproducibility of microarrays and facilitate the
analysis of large amounts of data. In this review, we will discuss the application of these tech-
niques to experimental, clinically relevant models of traumatic brain injury.

KEY WORDS: Brain injury; cDNA array; gene expression profiling; microarray standardization; RNA ampli-
fication; single cell.

INTRODUCTION

The human brain is a highly complex organ that
contains many different cell types and appears to require
a delicate balance of highly concerted, diverse, and
dynamic gene expression in order to function properly.1

Traumatic brain injury (TBI) and other neurological in-
sults such as stroke and epilepsy cause substantial dys-

function and cell death in the central nervous system
(CNS), due in part to the perturbation of such intricately
regulated networks of gene expression.2–9 The extensive
damage caused by physical insults to the CNS often
creates serious clinical problems that result in high mor-
tality rates and long-term neurobehavioral consequences.

Approximately 2 million incidents of TBI per year
in the United States account for over 52,000 deaths,
nearly a quarter of a million hospitalizations, 500,000
people with permanent disabilities, and nearly 50 billion
dollars in economic burden.10–13 TBI is the leading cause
of death and disability in persons under 45 years old and
occurs more frequently than breast cancer, AIDS, mul-
tiple sclerosis, and spinal cord injury combined.13 The
primary mechanical injury associated with TBI has been
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shown to initiate a cascade of secondary or delayed cel-
lular damage and death.14,15 The elucidation of the mech-
anisms underlying this secondary damage promises to
enable researchers to design more effective treatments
for head-injured patients to complement prevention
efforts.16

Several conventional molecular biology techniques
have traditionally enabled investigators to assess whether
a particular gene may be involved with various physio-
logical and disease processes by measuring the abundance
of its corresponding mRNA transcript. These approaches
rely on the premise that the transcription of a particular
mRNA intermediate often indicates an increase in the
level of the functional protein that the gene encodes. Such
methods include Northern blotting (RNA–DNA hybridiza-
tion), reverse transcription polymerase chain reaction (RT-
PCR), in situ hybridization, and RNase protection assays.
These techniques are usually, however, restricted to the
analysis of only a limited number of genes at a time. More
recently, developed genomic technologies, such as
microarrays, have provided investigators with a powerful
tool to study the expression of thousands of genes simul-
taneously. The potential advantage to this latter approach
is that alterations in regional and/or global gene expres-
sion patterns can be used to implicate specific biochem-
ical pathways and mechanisms that underlie such complex
diseases as TBI.

Microarrays can be broadly defined as solid sub-
strates upon which numerous complimentary DNA
(cDNA) or oligonucleotide probes have been imprinted.
Glass and plastic slides, nitrocellulose membranes, and
other similar materials have commonly been used for the
array substrate. The two most commonly used types of
genomic microarrays are cDNA arrays, which generally
contain a single target for each probe RNA, and oligonu-
cleotide microarrays which contain multiple nucleic acid
fragments of a particular length that correspond to vari-
ous partial gene sequences. On the basis of these two
architectures, a tremendous number of platforms are cur-
rently available.17,18 However, all microarrays generally
rely on common methodologies. RNA is extracted from
a biological sample, either a fluorescent or radioactive tag
is incorporated, and experimental samples are hybridized
to the substrate-bound nucleic acid targets.19 Each array
is then thoroughly washed and scanned, and specialized
software is used to analyze the resulting image by quan-
tifying the relative intensities of the experimental and con-
trol samples for each gene represented on the array.

Despite the power of arrays to detect parallel changes
in gene expression, microarray assays are still a relatively
new technique and are considered most effective when
employed as a primary screen. More traditional techniques,

such as real-time RT-PCR, Northern blotting, and in situ
hybridization, are commonly used to confirm the expres-
sion patterns of genes identified to be differentially
expressed on the microarrays.20 In situ hybridization also
offers the added benefit of providing information about
the localization of individual mRNAs.21,22 Together, the
combination of genomic microarrays and traditional
molecular biology techniques provides a reliable and pow-
erful set of tools to detect patterns of differential gene
expression in the brain and other tissues. Techniques such
as immunohistochemistry, Western blotting, and Enzyme-
Linked Immunosorbent Assay (ELISA) can then be used
to analyze more directly individual protein levels and
localization. Techniques are currently being developed for
screening large numbers of proteins simultaneously,23 but
they must also contend with additional post-translational
modifications that are not encoded in the genome. Trans-
genic animals and other methods of genomic manipula-
tion have also been used extensively with animal models
of TBI to demonstrate mechanistic information about the
function of individual genes and their encoded protein
gene products.24

GENE EXPRESSION PROFILING USING
BRAIN HOMOGENATES

Many early microarray studies relied on the total
RNA isolated from tissue homogenates for gene ex-
pression analysis. Two major advantages to using
homogenized brain tissue for gene expression profiling
include the relatively large amount of starting material
and the potential to obtain insight regarding how the
intact system functions as a whole at the genomic level.
Several examples of studies that have used microarray
analysis of brain homogenates during the past few years
to examine gross regional gene expression profiles in
rodent models of such complex brain disorders as TBI,
stroke, and epilepsy are summarized in Table I, along
with the species, conditions, and types of arrays that
were used for each comparison.25–33 All five of the TBI
studies listed in Table I employed a controlled cortical
impact (CCI) model of injury, but different strains and
species were used in the different studies. The microar-
rays most frequently used for all of the rat studies were
the Affymetrix U34 Rat Neurobiology array and U34
Rat Genome Set, whereas different arrays were used
for each of the mouse studies. Although Kobori et al.28

analyzed gene expression at five intervals between 2 h
and 14 days, all of the other studies evaluated relatively
acute time points after injury.
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Table I. Recent Microarray Studies That Have Used Tissue Homogenate to Compare Regional Gene Expression Profiles in Rodent Models of Brain Injury 
and Their Applied Conditions and Methodologies

Source Injury Region analyzed Array/amplification Comparisons

Rall et al.25 CCI (male Long-Evans Cortex anterior to impact Affymetrix Rat Genome Ipsilateral injured vs. 
rats, 250 g–275 g)a site, hippocampus U34A GeneChip, aRNA sham frontal cortex 

(24 h postinjury) (T7) amplification and sham hippocampus; 
sham frontal cortex 
vs. sham hippocampus 
(n � 10 pooled)

Rao et al.26 CCI (male Sprague-Dawley Cortex (3 h, 9 h, and Affymetrix Rat Genome Ipsilateral injured cortex 
rats, 250 g–280 g)a 24 h postinjury) U34 GeneChip vs. sham (n � 3 were 

pooled, 3 h and 24 h 
shams combined)

Long et al.27 CCI (male c57/BL6 Hippocampus (4 h and Custom cDNA microarrays Ipsilateral injured 
mice, 20 g–30 g)a 24 h postinjury) fabricated by Baylor hippocampus vs. sham 

College of Medicine (n � 6 to 9 per each 
Microarray Core chip per group pooled)

Kobori et al.28 CCI (male c57/BL6 Cortex (2 h, 6 h, 24 h, 3 days, Incyte GEM 2 cDNA Ipsilateral injured frontal 
mice, 20 g–27 g)a and 14 days postinjury) microarray chips 6 mm of cortex vs. 

naive (n � 10 pooled)
Matzilevich et al.29 CCI (male Long-Evans Hippocampus (3 h and Affymetrix Rat Genome Ipsilateral injured 

rats, 250 g–275 g)a 24 h postinjury) U34A GeneChip, aRNA hippocampus vs. sham 
(T7) amplification (n � 10 were pooled)

Rao et al.30 MCAO (male spontaneously Frontoparietal cortex Affymetrix Rat Neurobiology Ipsilateral injured cortex 
hypertensive rats, 280 g–320 g)b (6 h and 24 h postinfarction) U34 GeneChip vs. contralat. cortex (n � 3

per each of 3 chips per 
group were pooled)

Schmidt-Kastner et al.31 MCAO (male Sprague-Dawly Peri-ischemic cortex Incyte Mouse UniGene 1 Ipsilateral injured cortex vs. 
rats, 263 g–370 g)b (3 h postinfarction) microarray sham (n � 2 per each of 3 

chips per group were pooled)
Elliott et al.32 Drug-induced and terminated Dentate gyrus: 14 days after Affymetrix Rat Genome Bilateral dentate gyrus after SE 

status epilepticus (male status epilepticus (SE) and U34A GeneChip vs. P3 (n � 2 to 3 from adult 
Sprague-Dawley rats, 180 g–200 g) 3 days postnatal or n � 10 to 12 from P3 

animals pooled)
Lukasiuk et al.33 Amygdala stimulation with Temporal lobe and hippocampus Research Genetics GF300 Bilateral hippocampus and 

electrode (male Sprague-Dawley (1 day, 4 days, 1 week, 2 weeks filter cDNA microarrays temporal lobes after SE vs. 
rats, 290 g–360 g) with seizures and 2 weeks without controls (n � 2 to 3 were 

seizures after SE) pooled per chip per group)

a CCI-Controlled Cortical Impact brain injury.
b MCAO-Middle Cerebral Artery Occlusion.
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SINGLE-CELL GENE EXPRESSION
PROFILING

Although regional gene expression analysis of brain
homogenates has continued to yield valuable inform-
ation, this approach does not account for the complex
cellular heterogeneity of the brain.21,34–36 Instead, it
combines all of the different cell types present in a sam-
ple tissue (neurons, glia, blood cells and vessels, and so
forth) at potentially disparate stages of injury and dis-
ease processes.25–33 As a result, the gene expression pro-
files of selectively vulnerable subpopulations of cells
may be largely obscured, and the detection of poten-
tially important, less abundantly expressed genes (such
as transcription factors) may be overlooked. Identifica-
tion of the source of an observed pattern of differential
gene expression can also be more difficult when tissue
homogenates are used for gene expression profiling.

One method that investigators have used to over-
come some of the challenges associated with the com-
plex cellular heterogeneity of the brain is single-cell gene
expression profiling.36–38 By focusing on only one cell
or cell type at a time, single-cell analysis can be used to
reduce the level of background signal caused by inher-
ent differences in the gene expression of many different
cells within a particular experimental sample. Several
studies have exploited this capacity to characterize
changes in gene expression among specific subpopula-
tions of cells and cell types under both normal and patho-
logical conditions (Table II).2,21–22,39–43 An investigator
may also choose to pool multiple cells of a common phe-
notype or those that meet specific criteria in order to
account for normal biological variability between indi-
vidual cells and/or animals.19,41–42 In order to ensure that
enough genetic material is available for subsequent gene
expression analysis, amplification of the RNA obtained
from a single cell is required.34,36,38 Single-cell micro-
array analysis has, therefore, been made possible, in large
part, by advances in RNA amplification.

There are currently two accepted nucleic acid
amplification procedures available, the polymerase chain
reaction (PCR) and the antisense RNA (aRNA) ampli-
fication procedures.38,44 PCR is a straightforward tech-
nique for amplifying large amounts of complementary
DNA (cDNA) from relatively small initial quantities of
poly(A)� sample RNA. After an initial reverse tran-
scription reaction to produce the corresponding cDNA
of an RNA sample, Taq DNA polymerase is used along
with a series of oligonucleotide primers to amplify expo-
nentially the resulting cDNA product through repeated
cycles. The cDNA synthesis rates, however, can vary
for individual mRNAs of different lengths, and the effi-

ciency with which Taq polymerase amplifies different
cDNAs can vary depending on the G/C composition of
the template sequence. Because each amplification prod-
uct is then replicated logarithmically, any aberration in
the concentration of an individual mRNA that occurs in
any step of the PCR can cause the final amplification
product to no longer accurately represent the original
relative abundance of endogenous cellular mRNAs.
Additionally, high-abundance mRNAs can outcompete
low- and medium-abundance mRNAs for the primer
pairs. As a result, the complexity of the final amplified
cDNA population after 30 to 40 successive PCR cycles
can be lower than that of the initial pool.36

In contrast to PCR, amplification by the aRNA
method increases the amount of RNA present in a sam-
ple linearly by directly amplifying the original cDNA
template.38 Therefore, the amplification products gener-
ated by aRNA amplification appear to better represent
the relative abundances of mRNAs present in the initial
mRNA pool. This linearity can be attributed to the highly
efficient T7 polymerase used for amplification and has
been examined by several groups using microarrays,
Northern blotting, and RT-PCR.21,36,45 The basic aRNA
amplification protocol involves first incorporating a spe-
cialized oligo-dT primer that contains the sequence of a
T7 RNA polymerase promoter into the complementary
DNA of the sample mRNAs. Many copies are then gen-
erated from each original cDNA in a subsequent RNA
polymerase reaction (Fig. 1). Yields typically reach
between 1000- to 5000-fold following only two rounds
of in vitro transcription. This technique can be applied
to live cells, tissue homogenates, or fixed tissues.39,46

Before RNA can be obtained for amplification, indi-
vidual cells must first be harvested from tissue. The iden-
tification of cells for single-cell gene expression analysis
is generally accomplished by implementing a series of
selection criteria on the basis of cellular morphology,
immunohistochemical markers, histochemical labeling,
and/or distinct gene expression patterns determined by a
technique such as in situ hybridization.2,39

Identified cells are then typically harvested by one of
two ways. The first, and still simplest method of cell selec-
tion, uses a micromanipulator and microcapillary electrode
attached to a dissecting microscope to aspirate individual
cells from a culture dish or slide-mounted tissue sec-
tion.36,38–39 The sample RNA is then transferred to a micro-
centrifuge tube for subsequent amplification and analysis.

Marciano et al.39 recently implemented such method-
ologies along with a combination of terminal deoxyri-
bonucleotidyl transferase–mediated biotinylated dUTP
nicked end labeling (TUNEL) and caspase-3 immunohis-
tochemistry in order to select damaged and dying cells
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Table II. Examples of Study Conditions and Methodologies Used to Evaluate the Gene Expression Profiles of Single Cells in the Central Nervous System

Source Injury/condition Cells/region Array/amplification Comparisons

Marciano et al., CCI (male c57/BL6 mice, Pyramidal CA3 cells of the Incyte mouse GEM 1 cDNA TUNEL/Caspase3: �/� vs. �/�
(unpublished 25–32 g; 24 h postinjury)a hippocampus and granular microarray chip, aRNA vs. �/� and pyramidal vs. 
observations)39 cells of the dentate gyrus (T7) amplification granular cells (2 cells pooled 

per n � 3 per each criteria)
O’Dell et al.2 LFP (male Sprague-Dawley Cortical neurons selected from 31-cDNA reverse Northern TUNEL-positive injured vs. 

rats, 350–400 g; 12 h the peri-contusional cortex blot, aRNA (T7) amplification TUNEL-negative injured vs. 
and 24 h postinjury)b TUNEL-negative sham 

pyramidal neurons
Telfeian et al.40 Naïve 3–4 week old CA1 pyramidal neurons and Custom small-scale cDNA Biocytin-filled CA1 excitatory 

Sprague-Dawley rat slice cultures interneurons of the hippocampus microarrays printed and pyramidal neurons vs. adjacent 
hybridized in-house, aRNA CA1 inhibitory stellate 
(T7) amplification interneurons

Kamme et al.21 Naïve female Sprague-Dawley CA1 pyramidal neurons and Custom cDNA microarrays Cresyl violet stained CA1 
rats, 250–300 g interneurons of the hippocampus printed and hybridized hippocampal neurons vs. 

in-house, aRNA (T7) adjacent CA1 interneurons
amplification

Tietjen et al.22 Adult* and embryonic day Mature olfactory sensory Affymetrix HuGeneFL and Mature OSNs vs. embryonic 
15 (E15)† c57/BL6J mice neurons* (OSN); olfactory Mu11K high-density OPCs, identified by Southern 

progenitor cells† (OPC) oligonucleotide microarrays, hybridization of cDNA 
PCR (Taq) cDNA amplification amplification product

Hemby et al.41 Age-matched adult male Enthorhinal cortical National Institute on RMDO-20-stained pyramidal 
schizophrenic human pyramidal neurons Aging (NIA) cDNA microarrays; neurons from schizophrenia 
tissue (postmortem) aRNA (T7) amplification brains vs. pyramidal neurons 

from normal control brains
Crino et al.42 2–11 year old human tuberous Cortical tubers from frontal cDNA reverse Northern blot, Nestin-labelled TSC neurons vs. 

sclerosis (TSC) tissue and temporal neocortex aRNA (T7) amplification nestin-labelled TSC giant cells 
obtained during epilepsy surgery vs. whole TSC tuber sections vs. 

normal controls (postmortem)
Miyashiro et al.43 Naïve E20-21 (embryonic day 20–21) Morphologically identified cDNA reverse Northern blot, Neuronal cell bodies and neuronal 

rat hippocampal cell cultures hippocampal neurons, isolated aRNA (T7) amplification processes/neurites
from low-density cultures

Note: *Mature olfactory sensory neurons obtained from adult olfactory epithelium. †Olfactory progenitor cells obtained from embryonic day 15 (E15) olfactory epithelium.
a CCI-Controlled Cortical Impact brain injury.
b LFP-Lateral Fluid Percussion brain injury.
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Fig. 2. Aspiration of caspase-3 immunohistochemically labeled and TUNEL-positive cells in the CA3 and dentate gyrus of a CCI-injured
mouse hippocampus for subsequent gene expression analysis (Marciano, P.G., unpublished data).

from the CA3 and dentate gyrus regions of the hippo-
campus following a CCI model of traumatic brain injury.
The cells, identified as either TUNEL �/caspase-3�,

TUNEL �/caspase-3�, or TUNEL �/caspase-3�, were
chosen to represent three different stages of cell damage
and apoptotic cell death (Fig. 2). Subsequent aRNA ampli-

Fig. 1. Schematic illustration of aRNA (T7) amplification procedure (modified from Kelz48).
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fication and cDNA microarray analysis was then used to
identify novel genes that were not previously suspected to
be involved with the progression of an injured cell through
various stages of damage and apoptosis following TBI.

More recently, laser capture microdissection (LCM)
has also become a popular method for isolating nucleic
acids from tissue samples.47 Laser microdissec-
tion essentially involves using either a high-energy cut-
ting laser to ablate surrounding tissue or a lower energy
laser to melt and attach a thin film to the desired sec-
tion, which can then be used to “capture” the single-cell
sample.48 A shortcoming to the latter LCM method is
that it requires the use of unfixed tissue, introducing a
greater potential for contamination by active endogen-
ous RNases. Kamme et al.21 recently demonstrated LCM
along with aRNA amplification and cDNA microarray
analysis in a study designed to evaluate cellular hetero-
geneity in the CA1 region of the rat hippocampus. Both
microdissection methods are effective and share similar
stipulations regarding the contamination of a sample
from neighboring cells and tissue. With care and expe-
rience, however, such imperfections can usually be
minimized.

ADDITIONAL CHALLENGES FACING USERS
AND DEVELOPERS OF GENOMIC
MICROARRAYS

Despite the power of arrays to detect changes in the
expression of thousands of gene simultaneously, micro-
array assays are complex, multistep procedures, and there
are several points at which experimental and systematic
variability can be introduced. Even the vast number of
methods that are currently available to organize and sta-
tistically analyze the resulting plethora of data obtained
can complicate microarray analysis.49 However, experi-
mental variability can usually be minimized through
careful experimental design and repetition. Systematic
variability, which can include array fabrication irregular-
ities and dye-associated biases,50,51 can often be reduced
by reversing the dyes used for experimental and control
samples on repeated arrays and by incorporating appro-
priate control groups and internal positive and negative
controls. Benes and Muckenthaler,51 recently suggested
that the inclusion of exogenous negative and spike-in con-
trols should be mandatory to facilitate the comparison of
data between laboratories. Each of these quality-control
measures adds to the value of microarray data by enhanc-
ing the ability of independent labs to reproduce an array.
Yet, the most compelling validation of gene expression
profiling data is often achieved by following up on the

obtained data using a variety of traditional methods to
characterize further the differentially expressed genes and
the function of their corresponding gene products.17,20

During the past few years, in order to facilitate the
confirmation of published results by independent invest-
igators, many publications have implemented detailed
guidelines for reporting microarray data.53,54 These crit-
eria generally require authors to specify details about
experimental design, including samples used, extract
preparation and labeling, hybridization procedure and
parameters, measurement data, and specifications and
array design. However, despite such conditions for
reporting microarray data, some concerns have been
expressed regarding the difficulty of comparing gene
expression data sets across different microarray plat-
forms and between different laboratories.49–51 In order
to account for biological diversity and demonstrate
experimental consistency, adequate biological and tech-
nical replication should be incorporated into the design
of a study by using multiple tissue samples and repeated
arrays. Duplicate measurements of a single sample on
a single chip should not be misinterpreted as an indi-
cation of the reproducibility of an individual array.19

In addition to genomic microarrays, several other
methods such as serial analysis of gene expression
(SAGE) are currently being developed as alternative
technologies for gene expression profiling.55 In SAGE,
gene activity is identified by sequencing long DNA
molecules representing a series of 9–10 base pair tags
that have been cut from reverse-transcribed cDNA
using a class II restriction endonuclease, ligated
together, and PCR amplified. Once the resulting gene
products are sequenced, the frequency of each
expressed sequenced tag (EST) is considered to reflect
its absolute abundance in the experimental mRNA pool.
In one recent study, SAGE was used to identify met-
allothionein-II as a neuroprotective gene in mouse focal
cerebral ischemia,56 whereas another study recently
suggested that SAGE may offer greater sensitivity than
an Affymetrix oligonucleotide microarray.57 However,
concerns about the specificity and reproducibility of
SAGE remain deterrents, and its cost and requirement
for a large amount of input mRNA currently limit its
use. During the past few years, several modifications
have been made to the protocol to create a protocol
referred to as micro-SAGE, which allows the genera-
tion of SAGE libraries from small quantities of start-
ing material.58 Single-cell SAGE, however, is not yet
available. Users of both SAGE and micro-SAGE must
currently also contend with all of the same problems
regarding PCR amplification as those discussed above
for microarrays.
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CONCLUSIONS

Microarrays and other gene expression profiling
techniques have already facilitated many new and excit-
ing insights into the biology of brain injury and other
neurological diseases through the correlation of specific
gene expression patterns with changes fundamental to
complex disease states. As genomic technologies con-
tinue to improve and become more standardized and
affordable, such techniques will likely continue to be one
of the most extensively used techniques in coming years.
Furthermore, the standardization of mRNA amplification
and microarray technologies promises to facilitate cross-
study comparisons of gene expression profiles obtained
by different laboratories under similar conditions.

Future applications of microarrays for brain disorders
will likely include the further characterization of the patho-
logical cascades that follow CNS insults such as TBI,
stroke, and epilepsy. Also important will be the inclusion
of experiments to address fundamental questions about
neural stem cell biology in the context of transplantation
and other similar regenerative strategies. Such studies will
likely require greater emphasis on the postexpression
processing, regulation, and functions of differentially
expressed mRNAs and their encoded proteins than many
previous studies have provided. In order for the full poten-
tial of techniques for gene expression profiling to be rec-
ognized, investigators will need to perform and publish
rigorous studies that follow up on data obtained from gene
expression profiling experiments. The application of
microarrays and other similar gene expression profiling
technologies offers new hope that an improved under-
standing of gene expression may ultimately improve the
lives of brain-injured patients by facilitating the develop-
ment of new and effective treatment strategies for such
devastating diseases and disorders as TBI.
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