
PERSPECTIVES

processes are likely to be large (and largely
unknown at this point), that it is important to
move beyond conventional ‘one-gene-at-a-
time’ approaches to strategies that look
broadly at the activity of tens of thousands of
genes in parallel. There are simply too many
genes to attack these problems solely in a
sequential, purely hypothesis-driven fashion.
It is certainly the case that special care must
be taken when using advanced genomic tools
for neurobiological studies, and that they
should be used in combination with other
tools and traditional expertise. However, their
careful, rigorous, systematic and innovative
use is opening up new avenues for the study
of the brain, allowing us to address old ques-
tions in ways that would have been complete-
ly impractical only a few years ago.

A primary goal of neurogenetics is to
determine the genes that are responsible for
specific neural phenotypes, the activities of
different cell types, and the unique structures
and functions of different brain regions.
Given the heterogeneity of the brain, the large
numbers of genes that are present in the
genomes of higher mammals and the com-
plexity of the processes that are involved in
brain function, how is it possible to find the
genes that determine important phenotypes
and encode crucial proteins? How can we
begin to understand the mechanisms that
underlie various brain functions, and how
can we understand what can and does go
wrong in disease? How can such tasks be
accomplished without being overly costly,
and time- and labour-intensive?

DNA array technology
DNA arrays are among the most powerful
and versatile tools for genomics and genetics
research1–6. DNA arrays allow us to take
advantage of the growing body of sequence
information to make quantitative parallel
measurements of gene expression (messenger
RNA abundance) for tens of thousands of
genes at a time. DNA arrays are passive
devices that work by hybridization of DNA,
or RNA, to DNA sequences that are immobi-
lized at specific physical locations on a solid
support, usually glass. The arrays interrogate
complex nucleic acid samples and effectively
count the number of different RNA or com-
plementary DNA molecules that are present
in a sample, which can be made directly from
cellular mRNA. The process is straightfor-
ward, highly parallel (all sequences are
counted simultaneously) and, if done cor-
rectly, quantitative. Depending on the array
type, the concentration of a given sequence
fragment or the ratio of the concentrations
between two samples can be determined for
tens of thousands of genes at a time based on
a straightforward hybridization reaction and
a post-hybridization fluorescence scan of the
array. These arrays can be used to measure
gene expression levels and changes in gene
expression for cells in culture, dissected tis-
sue, specific small nuclei, micro-dissected tis-
sue, and even very small numbers of selected
cells when combined with appropriate
amplification steps7–10.

There are two dominant types of DNA
arrays (often called ‘microarrays’) that have
been used for most global gene expression
measurements. The first are high-density
oligonucleotide arrays that are synthesized in
situ on a glass surface using light-directed
combinatorial synthesis (commercially avail-
able from Affymetrix)11. These oligonucleotide
arrays can contain more than 400,000 se-
quences, typically 25-mers, in 20 × 20 micron
features in a total area smaller than one half-
inch square, with 12,000 to 13,000 genes and
expressed sequence tags (ESTs) represented
on commercially available designs that use

Questions about brain function and disease
are being addressed with parallel genomic
approaches. High-density DNA arrays make
it possible to monitor the expression levels
of thousands of genes at a time, and are
being used to address old questions in new
ways and to generate new hypotheses
about the workings of the brain.

Studies of brain function have been approached
in different ways over the past decades. The use
of genetic, electrophysiological, cellular and
molecular tools has made it possible to take
ever more reductionist approaches. Although
the molecular methods offer insight into the
underlying mechanisms of brain function,
they have necessarily focused on a small num-
ber of genes or on specific cellular and molec-
ular processes. Now, with the availability of the
nearly complete DNA sequence of the mouse
and human genomes, and the development of
new genomics tools that allow us to exploit
this information, it has become possible to use
‘gene-centric’ approaches on a global scale. In
other words, we now can afford the luxury of
taking a broad, systems-based approach to the
brain while, at the same time, obtaining a
gene-specific molecular view.

It is sometimes assumed that because the
brain is such a complex organ, experimental
genomics methods are not directly applicable
to neurobiological studies. However, it seems
that the opposite might be true. It is precisely
because the brain is complex, because brain
functions are diverse and varied, and because
the numbers of genes involved in neural
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neocortex and cerebellum of ageing mice (5-
month-old compared with 30-month-old
mice), and the potential mitigating effects of
caloric restriction15. They found that, at the
transcriptional level, brain ageing in mice
seems to parallel changes in human neurode-
generative disorders, and that caloric restric-
tion selectively retards many age-related
effects. Several of the genes identified as dif-
ferentially expressed, including ones where
the change was less than a factor of two, were
confirmed independently using quantitative
PCR. A high level of agreement between the
array-based and more conventional methods
was observed. Similarly, Ginsberg et al. have
measured expression profiles in patients with
Alzheimer’s disease, using cDNA microarrays
that cover more than 18,000 genes and ESTs.
They compared tangle-bearing with normal
CA1 neurons that were aspirated from sec-
tions of brain from patients with Alzheimer’s
disease and controls, respectively16.An impor-
tant technical aspect of this work is that some
of the changes in mRNA abundance that
were revealed by the array-based measure-
ments were verified with immunohistochem-
ical studies of their encoded proteins. Mirnics
et al. have used commercially available cDNA
microarrays that cover nearly 7,000 human
genes and ESTs to study expression differ-
ences in the prefrontal cortex between
matched pairs of people with schizophrenia
and control subjects17. They found that genes
involved in the regulation of presynaptic
function were consistently decreased in the
brains from the affected people, and these
results were verified using in situ hybridiza-
tion measurements in prefrontal cortex tissue
sections. Furthermore, other experiments
were done on monkeys that were treated with
the anti-psychotic drug haloperidol  to verify
that the observed expression changes were
not due to the effects of medication.

Profiling and behaviour 
Expression profiling has recently been applied
to the study of cellular processes that might be
related to drug addiction. Thibault et al. stud-
ied direct actions of ethanol on gene expres-
sion in neural cell cultures, which might be
important for behaviours such as ethanol tol-
erance or dependence18. These investigators
found that ethanol regulated several groups of
related genes, including some involved in the
synthesis or metabolism of noradrenaline. A
striking overlap between the patterns of gene
expression induced by ethanol or cyclic AMP
was observed, indicating that cAMP signalling
might be involved in a significant portion of
the direct actions of ethanol on gene expres-
sion. Many of the findings in this work were

probes or ‘detectors’ per gene). Moreover,
shorter probes can be targeted to the most
unique regions of genes, thereby reducing
cross-hybridization and increasing specificity
and the ability to discriminate between closely
related members of gene families. In the case
of cDNA microarrays, one of their main
advantages is their versatility. Gene sets can be
changed, expanded or modified to include,
for example, alternatively spliced or newly dis-
covered genes. It is also possible to make one’s
own custom arrays for any organism of
choice, and to spot unknown cDNAs for gene
discovery purposes.

A complementary approach to finding
genes that are expressed in the brain is to
make and sequence cDNA libraries prepared
from brain mRNA. This is an excellent way to
identify expressed genes, but it is not generally
amenable to practical experimentation on an
appropriate scale because it is serial in nature,
and tends to be slow, expensive and does not
produce quantitative expression information.
Several non-array based methods, such as
SAGE (Serial Analysis of Gene Expression)13,
TOGA (Total Gene Expression Analysis)14

and other RNA fingerprinting approaches
have also been devised to get around some of
the shortcomings of direct cDNA sequencing
and differential display. Nonetheless, we
believe that the best combination is to use the
information obtained from genomic and
cDNA-sequencing approaches to make
oligonucleotide or cDNA arrays that cover
large numbers of genes and ESTs. Sample
preparation and array hybridization methods
are relatively straightforward, arrays can be
made and used in significant numbers, and
they are quickly becoming a standard labora-
tory reagent, albeit still expensive. This makes
it possible to do a significant number of
quantitative experiments (for example, time
courses, dose-response curves, analysis of sev-
eral strains or mutants) as one might do by
using northern blots or reverse-transcriptase
polymerase chain reactions (RT-PCRs), but
for very large collections of genes at a time.

Profiles of neurological disease
Several groups have begun to apply the new
genomic approaches to address questions in
neurobiology and to understand the interact-
ing array of genes that might give rise to com-
plex behaviours and phenotypes. A few note-
worthy papers specifically highlight important
aspects of the technology and its proper use
while, at the same time, addressing questions
of importance for human health. For exam-
ple, Lee et al. have used oligonucleotide arrays
covering more than 6,000 genes to measure
gene expression changes that occur in the

16 probe pairs per gene. The arrays are
designed and synthesized on the basis of
sequence information alone, and it is possible
to cover tens of thousands of genes and ESTs
on a single array12. The other main array type
is made by spotting cDNAs (or more recently,
pre-synthesized oligonucleotides) at specific
locations on a glass slide. The cDNAs, usually
polymerase chain reaction (PCR) products
that are 500 to 1,000 bases in length, are
spaced about 100 to 300 microns apart,
allowing for more than 10,000 spots to be
placed on a standard glass microscope slide.

Oligonucleotide arrays have several spe-
cific advantages. For example, they can be
designed and made directly from sequence
information without physical intermediates,
such as cDNAs or PCR products. In addition,
large numbers of probes are used to increase
detection redundancy (that is, there are many

Figure 1 | Gene expression differences between
mouse brain regions. The number of genes that
are differentially expressed (out of ~11,000)
between amygdala (Ag), cerebellum (Cb), cortex
(Cx), entorhinal cortex (EC), hippocampus (Hp),
midbrain (Mb) and mouse embryonic fibroblasts
(MEF). The numbers are based on consistent
observations in independent replicates (2/2 for
each strain individually or 3/4 for the combined
analysis) using the criteria described in FIG. 2.
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lowed up with further experiments of various,
more conventional types.

We have found that to obtain the highest
quality, and most meaningful and repro-
ducible results in expression measurements in
mice, all handling and brain dissections need
to be conducted with great care, precision and
accuracy. The extremely high level of care
taken in our experiments so far19 has made it
possible to obtain accurate and reliable results
while using as few mice and arrays as possible
(FIG. 2). For example, only genetically identical,
inbred mice have been used and the mice are
always of the same age and sex. The mice are
handled and housed under identical condi-
tions, and are even dissected at the same time
of day. As shown previously, this level of care

also verified with northern blots and quantita-
tive RT-PCR measurements of mRNA levels,
western blots and even measurements of nora-
drenaline release.

To identify the genes that are responsible
for the unique structures and functions of spe-
cific brain regions, and those that might be
responsible for neurobehavioural phenotypes,
we measured expression profiles in specific
regions of the adult mouse brain from two
inbred strains of mice19.We found that ~1% of
the genes expressed in the brain (~0.5% of
genes monitored) are differentially expressed
between the two strains. The overall expres-
sion profiles in different regions of the adult
mouse brain are surprisingly similar, but there
are a significant number of genes that are dif-
ferentially expressed between regions, and a
small but significant number that are uniquely
expressed in one region but not others (FIG.1).

Practical considerations 
On the basis of our experience and that of
others, we cannot stress strongly enough the
importance of great experimental care, well-
characterized and rigorous analysis, and the
need for appropriate follow-up and verifica-
tion when doing highly parallel expression
experiments, especially when using animal or
human tissue. In almost all cases, experi-
ments should be conducted at least in dupli-
cate, with replicates done as independently as
possible (for example, different mice or inde-
pendent dissections of a region, independent
sample preparations and independent
hybridizations to physically different arrays).
It is not sufficient to merely remake samples
from the same extracted RNA from the same
mouse or tissue sample, or to simply re-
hybridize samples to other arrays, as has been
done in some studies. If genetically identical,
inbred mice are not used, then it is necessary
to do more experiments or to pool mice to
effectively average out differences due to
genetic inhomogeneity. The same considera-
tions apply when using any other animal or
human tissue. At least some fraction of the
genes observed to be differentially expressed
should be confirmed with independent meth-
ods on independent samples (not the same
RNA that was used for the array experi-
ments), especially if less stringent analysis cri-
teria are used or if subtle expression differ-
ences are to be interpreted. For example, we
typically do northern blot or quantitative RT-
PCR experiments to check particularly inter-
esting findings, and to confirm a result that
might be the basis for follow-up experiments,
such as the creation of a knockout mouse.
The use of western blots to measure corre-
sponding protein levels, and immunohisto-

chemistry and in situ hybridization to mea-
sure cell or region specificity of proteins and
mRNAs is also highly recommended. Al
though the array-based expression measure-
ments can be made quantitative and repro-
ducible, specific genes that are found to be
differentially expressed on arrays should be
viewed as high probability candidates, but
not as completely confirmed. Global expres-
sion measurements should be considered a
starting point for the understanding of a bio-
logical problem, and as a valuable tool for
obtaining information concerning a large
number of genes. They should be used in the
context of other types of measurements,
knowledge and information, and it should be
understood that findings will need to be fol-
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Figure 2 | Experimental design and reproducibility. a | General schematic of mouse brain gene
expression experiments. Tissue is obtained by systematic dissection of the appropriate brain regions from
at least two mice of the same age, sex and genetic background, which have been housed and handled
identically. In this example, the hippocampus (arrows) was used. After obtaining tissue, total RNA is
extracted and labelled complementary RNA is made for array hybridization. Each sample is hybridized to a
separate array. b | A comparison of the quantitative results for independent replicates for two different
mice (C57BL/6). The correlation coefficient is very near 1.0 (0.994), and the number of genes that score as
‘differentially expressed’ based on a single comparison is small (9 of a possible 6584 in this example),
indicating the high degree of reproducibility of the procedures, measurements and analyses. c | Analysis
showing the low false-positive rate achieved when using stringent analysis criteria and independent
replicates. Samples were prepared from dissected hippocampus from four C57BL/6 mice. When the
results for mouse 1 and mouse 2 were compared, only nine genes scored as different. When mouse 3
was compared with mouse 4, only five genes were scored as different and there were no genes that
scored as different in both of the independent comparisons. The criteria used were a 1.8-fold change or
greater, a qualitative call of increased, marginally increased, decreased or marginally decreased, a signal
change of 50 (after scaling to an average signal of 200), and a call of present in at least one of the samples
using the standard Affymetrix GeneChip algorithms and software.
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Profiling and QTL analysis
Different inbred strains of mice vary greatly
in many interesting neurobehavioural phe-
notypes20 and we can take advantage of the
different inbred strains with characterized
phenotypes that already exist. These strains
are  useful for neurogenetic studies because
they show well-documented differences in
behaviour, brain anatomy and sensitivity to
environmental perturbations. As inbred
strains are genetically homogenous, it is pos-
sible to determine the influences of environ-
mental and other perturbations on gene
expression without the confounding effects of
differences in genetic background.

We have used gene expression profiling of
several brain regions in two commonly used
inbred strains (C57BL/6 and 129SvEv) to find
genes that might account for the differences
between inbred mouse strains that differ in
their neurobehavioural phenotypes19. Out of
more than 7,000 genes detected, only 24 were
differentially expressed in all six brain regions
between the two strains, and 49 other genes
were differentially expressed between the
strains in at least one region. This indicates
that the expression levels between the strains
are similar for more than 99% of the genes,
and that fewer than 1% determine the differ-
ences in phenotype. We measured only about
one-fifth of the genes in the mouse genome.

Region-specific expression
Can global expression measurements provide
insight into how brain regions or cell types
function, and into the genes that are responsi-
ble for the underlying mechanisms of activi-
ty? Can we examine the regulatory elements
for uniquely expressed genes to find promot-
ers that can be used to drive expression in spe-
cific cell types or tissues in mice? We have
measured gene expression patterns (more
than 10,000 genes) in six different regions of
the adult mouse brain to find genes that are
uniquely expressed or highly enriched in one
brain region compared to all the others (FIGS

1,3). In this work, we found that the cerebel-
lum was the most unique of the six regions
studied, with 23 genes that were not found to
be expressed elsewhere, and 28 genes that
were expressed everywhere except the cerebel-
lum. The experimental results from these
studies were validated by the observations of
regional specificity for known region-specific
genes (for example, the N-methyl-D-aspartate
(NMDA) receptor NR2C subunit and
Pukinje cell protein 2 (PCP-2) uniquely
expressed in the cerebellum), and indepen-
dent validation of the results for selected
genes using northern blots and RT-PCR
analysis. This study is being expanded to
include many more regions of the brain in
other phenotypically characterized inbred
strains of mice.

We have also done similar experiments on
selected brain regions from several monkeys
and humans (FIG. 3) to test the generality of the
observations made in mouse models (J.A. Del
Rio, D.J.L. and C.B., unpublished observa-
tions). The experiments using human and
monkey RNA were done on the same type of
oligonucleotide array that was designed to
measure the expression levels of nearly 7,000
human genes. Because of the high sequence
similarity between most human and monkey
genes, monkey experiments can be done using
human arrays without any changes in experi-
mental procedures or data analysis methods.
The general picture concerning the number of
genes that are uniquely expressed and the
regions that have the most distinct expression
profiles is quite consistent for humans and
mice. We compared the specificity profile for
homologous human and monkey genes that
showed region-specificity in the mouse, and
we found that many of the genes have similar
patterns of expression. However, for some
genes, the expression patterns are not the same
across all three mammals. It is intriguing to
speculate that some of these differences might
give rise to the significant differences in brain
function and cognitive abilities between us
and our distantly related cousins.

results in a low false-positive rate (between 0
and 3 genes incorrectly scored as being differ-
entially expressed per ~13,000 genes moni-
tored) when experiments are conducted as
fully independent duplicates and conserva-
tive analysis criteria are applied. To call a gene
‘increased’ or ‘decreased’ in a pair-wise com-
parison, it is important to require consistency
across independent comparisons of replicate
results (for example, hippocampus 1 versus
cerebellum 1, and hippocampus 2 versus
cerebellum 2). The purpose of this conser-
vative approach is to reduce the risk of falsely
assigning a gene as differentially expressed
while maintaining sensitivity to relatively
subtle changes, typically 1.8-fold or greater,
or as low as 1.4-fold under some circum-
stances15,18. The number of replicates
required for this level of confidence is deter-
mined by an analysis of the reproducibility
of the duplicate measurements (for example,
hippocampus 1 versus 2 and cerebellum 1
versus 2; see FIG. 2). Because of the demon-
strated low false-positive rate using inde-
pendent duplicates (two mice, and two
independent sample preparations, array
hybridizations and analyses), it is not neces-
sary in general to use a larger number of mice
when the experiments can be controlled to
this extent (FIG. 2). However, the number of
independent measurements required for a
given level of sensitivity and accuracy needs
to be continually assessed based on the con-
sistency of the observations made for a given
strain and/or brain region. If duplicate obser-
vations are not sufficiently consistent, then
further replicates need to be done. The con-
tinuing analysis of replicate data will indicate
regions, strains, perturbations or protocols
for which the inherent variability is greater,
and for these, further repeats are necessary to
maintain the same levels of confidence. In
addition, a larger number of replicates are
useful when attempting to detect and quanti-
fy expression differences that are even more
subtle than the typical threshold of a factor of
1.8 (see REFS 15,18 for examples). As men-
tioned earlier, if genetically identical, inbred
strains of mice are not used, then tissue from
more animals needs to be used individually
or in pools from five or more animals to
‘average out’ effects due to genetic variation.
However, although they increase the efficien-
cy of a study, pooling strategies hide the
underlying variation within a group and can
mask some important effects. For this reason,
we recommend that genetically homo-
geneous, inbred strains be used whenever
possible, and that follow-up measurements
be conducted to characterize intra- and inter-
population variation.

Figure 3 | Of mouse and man. Venn diagrams
showing the number of genes with specific
expression patterns in a subset of adult human
and mouse brain regions. To identify genes with
region-restricted gene expression, genes were
classified as ‘present’ in a region if the gene had a
call of ‘present’ in at least three out of four
samples. Similarly, to classify genes as clearly not
detected, we used a call of ‘absent’ in four out of
four related samples (for example, two replicates
from both C57BL/6 and 129SvEv mice). The total
number interrogated and the number and
percentage of genes that scored as present in at
least one of the three brain regions is indicated
below the diagrams. Note that, in the case of the
cerebellum and frontal cortex, a higher percentage
of genes are uniquely expressed in human than in
mouse. This may be due to the fact that more
finely dissected portions of these regions were
used from the human brain, whereas the entire
structure was used from the smaller mouse brain.
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genes are now publicly available at our web
site (see links) This practice is becoming fairly
standard, and is being done on a large scale,
for example, at the Cancer Genome Anatomy
Project (CGAP) established and administered
by the National Cancer Institute.

To maximize the scientific usefulness of the
extensive gene expression data, it is important
that the expression and related data be stored
in a standard, useful format and that it be
made broadly available to the scientific com-
munity. This task is not trivial because of the
large size of the data sets (roughly 100 Mega-
bytes per chip-based gene expression measure-
ment, including raw and processed data files)
and because of the different types of informa-
tion and data represented. The quantitative
gene expression data tend to be in a standard-
ized regular format, although this format can
be different for different types of arrays.
However, information about mice, experi-
ments, protocols and supplementary image
data are not so simply represented. We and
others have made gene expression data from
arrays available in text files and spread sheets.
Whereas this approach is better than no access
at all, it is inefficient to use the data in this
form; this format does not scale well, and it is
insufficient for the needs of the broader com-
munity. What is needed are systems that can
include as much of the data and information
as possible in searchable fields, while providing
links to other types of information (for exam-
ple, free text, annotations and images) that are
not as readily queried but are nonetheless
important to access. It is clearly important to
build large, systematic databases that allow
users to retrieve, analyse, query, visualize and
compare data from several sources. The inter-
face to the database should be web-browser
based so that access to the system is largely
hardware- and operating-system-independent
(that is, portable to most computer systems).
Because the amount of data will continue to
increase, the system needs to be scalable to
effectively manage changes in data volume
without extensive software modification.
Furthermore, researchers will continue to
develop new experimental protocols, which
will result in acquisition of new data types. For
this reason, the system should be extensible to
accommodate new types of data. Finally,
because different types of data and informa-
tion need to be included, the database must be
sufficiently flexible to accommodate features
of both flat files and relational databases.

Summary
It is clear that the combination of mouse genet-
ics, whole-genome sequence information,
microdissection methods, single nucleotide

Therefore, by extrapolation to the entire
genome, more than 350 genes might be differ-
entially expressed between the strains in at
least one region. This number of differences
could account for a great deal of the pheno-
typic variation seen between these strains.

These results also indicate that the com-
bination of global expression analysis with
traditional mapping and positional cloning
approaches might be an efficient route to
identify disease-related genes or quantitative
trait loci (QTL). The goal is similar for both
approaches — to find genes responsible for
complex traits. In the case of QTL analysis, the
genes are identified positionally in the
genome21; in expression mapping, genes are
identified functionally based on measure-
ments of gene expression. The two approach-
es are complementary in that standard QTL
analysis identifies the genes or the loci that
harbour genetic differences relevant to a phe-
notype, while the expression approach mea-
sures cellular consequences of any genetic
variations19,22. Although conventional QTL
analysis is a powerful tool for mapping sus-
ceptibility loci to chromosomal regions, many
genes usually reside in these large regions, and
more extensive work is required to identify
the specific gene or genes involved in deter-
mining the phenotype. Our findings indicate
that an expression-based strategy might be
useful for identifying candidate genes while
simultaneously identifying other genes that
modify the particular trait being studied.

Array analysis from limited RNA 
Brain expression profiling experiments done
so far highlight the need for more complete
gene coverage, the use of a larger number of
different brain regions and finer dissections of
inhomogeneous tissue from many brain
regions. This last point is particularly impor-
tant as even finely dissected brain tissue con-
tains many cell types. Because of the cellular
diversity in brain regions, important expres-
sion differences that occur for cells that make
up only a fraction of the total population
might not be detected in the presence of the
large number of different cell types that do not
show a similar effect. This is why it is so
important to dissect brain regions more finely,
and to minimize the effects of this cellular
‘masking’ or expression averaging. For even
finer and more specific dissections, one can
use sorted cells, cells obtained using laser cap-
ture23, and other types of microdissection.

Fortunately, although it is more difficult, it
is possible to do high-quality array-based mea-
surements starting with RNA from a small
number of cells. The key is coupling the array
measurements with amplification methods

that lead to a faithful and reproducible repre-
sentation of the original mRNA population.
In our hands, PCR-based approaches tend to
produce skewing of the relative concentra-
tions of each message because of amplification
biases. But methods that lead to as much as a
million-fold amplification using a multi-
round, linear process have been developed7–10,
and this approach has been used already in
several array-based studies24,25. This amplifica-
tion procedure makes it possible to start rou-
tinely with 100 to 1,000 cells, or with as few as
1–10, to obtain a sufficient quantity of labelled
material for hybridization to gene expression
arrays. The combination of reliable amplifica-
tion techniques, laser capture microdissection
and cell sorting opens up new areas of neuro-
biological studies that can take advantage of
higher throughput genomics methods.

Other technological advances have in-
creased the number of genes that can be rep-
resented on a single array, and methods for
parallel amplification and sample preparation
in 96-well plates and subsequent hybridiza-
tion to tens of arrays at a time on a single glass
wafer have also been developed26. It is clear
that obtaining expression profiles that cover
very large numbers of genes for large num-
bers of experimental samples is technically
feasible. The main challenges at this point are
not necessarily technological. What is neces-
sary are studies based on good experimental
design, good model systems, clever and sys-
tematic manipulations in animal models, and
improved data analysis tools and ‘knowledge-
bases’27,28 for making sense of the flood of
new information5,29–31.

Public databases
It is impossible for one group to fully analyse
and understand data sets of the size that can
be produced by microarray-based expression
studies, and to adequately present the results
in the usual journal formats. Because of this,
and to maximize the value of the data for the
entire scientific community, we have made,
and encourage others to make, experimental
data broadly available in a usable format. For
example, the complete set of quantitative gene
expression data from our mouse brain stud-
ies19, along with lists of differentially expressed
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“… to maximize the value
of the data for the entire
scientific community, it
should be made broadly
available in a usable format”.
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random and targeted mutagenesis and phe-
notyping, in vivo imaging, and tools for pro-
teomics and parallel expression monitoring
will have a significant effect on neurobiologi-
cal research and its application to human
health. Although these approaches are power-
ful, they should be used to complement the
traditional methods of neuroscience, molecu-
lar biology and genetics. It is important to use
them with great care and rigour to avoid
interpreting a large amount of noise and false
positives rather than reliable data. They
should be used in the context of asking
important biological questions, along with
careful experimental design, rigorous data
analysis, some healthy scepticism and a deter-
mination to follow up interesting observa-
tions. But it is also the case that these tools are
ideal for the occasional exploratory leap. It is a
good idea sometimes to take the proverbial
‘fishing expedition’ that might lead to new
findings and the discovery of relationships
between genes and processes that are totally
unexpected and that would be almost impos-
sible to discover by taking a more limited view.
It is an exciting time for neuroscience, and it
is exciting to see how new technologies and
approaches are influencing the way impor-
tant neurobiological questions are answered.
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Interpretations of retrograde amnesia:
old problems redux 

Paula M. Millin, Erik W. Moody and David C. Riccio

L E A R N I N G  A N D  M E M O R Y

Recent evidence indicates that an old
memory reactivated by cueing becomes
labile and vulnerable to an amnesic
treatment. Although the ‘reconsolidation’
concept derived from these findings
challenges the traditional consolidation
theory, here we argue that the new concept
suffers from some of the same limitations as
the earlier model. We propose an alternative
retrieval-based theory that accommodates
the recent data, as well as other puzzling
related observations.

Newly formed memories are susceptible to
disruption by various post-acquisition treat-
ments. The ability of these treatments to
interfere with memory decreases as the inter-
val between acquisition and amnesic treat-
ment increases. This common observation
prompted scientists to formulate the well-
known consolidation hypothesis. According
to this hypothesis, memories continue to be
processed (or ‘consolidated’) through a com-
plex molecular cascade of events for an
unspecified period after initial learning (for
reviews, see REFS 1–3). Once this process is

complete, the memory is presumed to be
permanently stored, impervious to future
manipulations.

The idea of a permanent memory store
that is no longer susceptible to alteration has
been challenged by many researchers.A report
by Judge and Quartermain4, for instance,
showed that the protein synthesis inhibitor
anisomycin disrupted memory for old, reacti-
vated fear conditioning, as well as for a newly
acquired fear memory. Recently, Nader et al.5

extended this finding by showing a similar
effect when anisomycin was infused directly
into the lateral and basal nuclei of the amyg-
dala (LBA). Infusion of anisomycin shortly
after memory reactivation produced amnesia
for both 1 and 14 day-old consolidated fear
memories. The impairment was not due to
nonspecific effects, as performance was unim-
paired for up to 4 hours after the infusion.
Moreover, infusion of anisomycin into the
LBA 6 hours after memory reactivation left the
memory intact, implying a time-limited role
for protein synthesis. These findings prompt-
ed the authors to conclude that an old, well-
consolidated fear memory returns to a labile


