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Neural development involves the expression of ensembles of regulatory genes that control the coordinate and region-specific expression
of a host of other genes, resulting in the unique structure, connectivity, and function of each brain region. Although the role of some
specific genes in neural development has been studied in detail, we have no global view of the orchestration of spatial and temporal
aspects of gene expression across multiple regions of the developing brain. To this end, we used transcriptional profiling to examine
expression levels of 9955 genes in the hypothalamus, hippocampus, and frontal cortex across seven stages of postnatal development and
up to four stages of prenatal development in individual male rats (six per group). The results reveal dramatic changes across development
in �97% of the neurally expressed genes. They also uncover a surprising degree of regional differentiation occurring after birth and
through the first 2 weeks of life. Cluster analysis identifies 20 clusters of transcripts enriched in genes related to particular functions, such
as DNA metabolism, nuclear function, synaptic vesicle transport, myelination, and neuropeptide hormone activity. Thus, groups of genes
with related functions change in the brain at specific times, possibly marking critical periods for each function. These findings can
broadly serve as a backdrop for studying the role of individual genes in neural development. They also underscore the importance of early
postnatal life in the rat, which corresponds to late gestation in the human, as a critical late phase of neural organization and differentia-
tion, even in subcortical regions.
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Introduction
Neural development involves the unfolding of a highly orches-
trated biological program of spatial and temporal gene expres-
sion to control the birth, trajectory, final location, and connec-
tivity of neurons and circuits (Tessier-Lavigne and Goodman,
1996; Jessell and Sanes, 2000; Marin and Rubenstein, 2003). This
structural elaboration determines all aspects of brain function. A
wealth of evidence indicates that genetic and/or environmentally
induced perturbations arising during brain development can lead
to a range of pathologies in later life. This is not only true for
developmental and childhood disorders such as autism (Ruben-
stein and Merzenich, 2003; Insel and Fernald, 2004), but for adult
onset disorders such as schizophrenia that exhibit disorganiza-
tion in the morphology and pattern of gene expression in key
brain regions (Akbarian et al., 1993; Akil and Lewis, 1997). Even

subtler disorders, such as major depression, are thought to result
from genetic predisposition coupled with developmental events
that lead to vulnerability to stress later in life (Caspi et al., 2003).
An example of the combined genetic and developmental basis of
affective disorders is the finding that the hippocampal volume of
an individual can predict vulnerability to post-traumatic stress
disorder in his identical twin who is exposed to trauma (Gilbert-
son et al., 2002).

Recently, advances in whole-genome expression analyses have
allowed systematic studies examining global changes in gene ex-
pression associated with disease in humans (Mirnics et al., 2001;
Evans et al., 2004). Interestingly, a broad unbiased survey in hu-
man postmortem tissue showed that the most striking change in
major depression is in growth factor gene expression (Evans et al.,
2004), consistent with candidate studies of specific growth factors
(Dwivedi et al., 2003) and reinforcing the view that changes in
neural development and plasticity play a role in the pathophysi-
ology of these disorders.

Although human studies are critical in shedding light on the
biological basis of neural disorders, they can have significant in-
trinsic limitations (Li et al., 2004). Thus, animal models are re-
quired to define the normal developmental trajectory of the
brain, and to identify critical periods in organization that might
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represent points of great vulnerability to environmental pertur-
bation. Here we use the rat as an animal model because of its
broad use in neurobiological and behavioral research. We rely on
gene expression profiling (Affymetrix GeneChips) to describe the
unfolding of global gene expression throughout the development
of three separate regions of the male rat brain each implicated in
stress responsiveness and in cognitive and affective brain disor-
ders: the hippocampus, hypothalamus, and frontal cortex.

Our results demonstrate dramatic changes in expression
(both increases and decreases) over time within a given region, as
well as a significant increase in differentiation between regions,
especially after birth. Thus, the first 2 weeks of life appear critical
in completing the neural differentiation in gene expression that
eventually endows each brain region with its distinct tissue
specificity.

The full dataset, plus raw data from all analyses presented are
available at www.jneurosci.org as supplemental material.

Materials and Methods
Subjects
Sprague Dawley rats from Charles River (Wilmington, MA) were bred
in-house, with date of conception determined by detection of sperm
plugs. After successful mating, females were initially housed two per cage,
and then housed singly on the 18th day of gestation. After birth, litters
were culled to 12 (six males and six females where possible) on postnatal
day 1 (P1). We define the day of birth as P0, which generally corresponds
to embryonic day 22 (E22). Pups were weaned at P21, with males and
females separated on P30. Animals were killed by decapitation, and the
brains were immediately removed. Frontal cortex, hippocampus, and
hypothalamus were rapidly dissected on ice, fast-frozen at �40°C, and
stored at �80°C before processing. Residual brain tissue was collected
from embryos for sex determination. For each developmental stage,
brains were collected from three entire litters, with tissue from two males
per litter selected for analysis based on the quality of dissection. In total,
11 developmental stages were analyzed: E16, E17, E18, and E20, as well as
P1, P4, P7, P14, P21, P30, and P90. Because of technical difficulties in the
accurate and reliable dissection of some brain regions from fresh embry-
onic tissue, we omitted analysis of E16 and E17 hypothalamus, plus hip-
pocampus at all embryonic ages.

All experiments were conducted in accordance with the guidelines of
the animal ethics committee at the University of Michigan following the
Guide for the Care and Use of Laboratory Animals (National Research
Council, 1996).

Sex determination
To avoid the potential confound of sexual dimorphism and the effects of
estrous state, tissue was only analyzed from male rats. Sex of postnatal
animals was determined by anogenital distance and presence of a scrotal
sac. Sex determination in embryos was achieved by multiplex PCR am-
plification of DNA extracted from residual brain tissue using primers
specific to a 490 bp region intronic to the Y chromosomal Tspy gene (5�-
GATGTGGTGAACCCTGTGCTA, 3�-CATTTCACATGTAAGCAGCTT-
TTA) plus primers to amplify a 182 bp amplicon intronic to the autosomal
Agrp gene as a positive amplification control (5�-AACTCCTTAG-
GGAAAGGGATAAA, 3�-ACCTGCGTTCGTAAGGGAGTA).

GeneChip hybridization
We used a total of 162 Affymetrix (Santa Clara, CA) RAE230A Gene-
Chips to analyze cRNA derived from frontal cortex, hypothalamus, and
hippocampus from 11, 9, and 7 different developmental time points,
respectively. For each combination of time point and developmental
stage, cRNA derived from six animals was individually hybridized to six
different arrays. No pooling of samples was necessary.

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the instructions of the manufacturer, followed by an
additional clean-up step using RNeasy RNA purification columns (Qia-
gen, Valencia, CA). RNA quality and concentration were both deter-
mined by absorbance at 260 and 280 nm and by analysis using an Agilent

(Palo Alto, CA) bioanalyzer. First- and second-strand cDNA synthesis
were performed as detailed in the Affymetrix Expression Analysis Tech-
nical Manual, version 3, using 6 �g of total RNA. In vitro transcription
(IVT) of cDNA to biotinylated cRNA was performed with the Ambion
(Austin, TX) MEGAscript T7 High Yield Transcription kit. Products of
second-strand cDNA synthesis and IVT were purified with the Af-
fymetrix GeneChip Sample Cleanup Module. IVT products were pre-
pared for hybridization to Affymetrix RAE230A GeneChips per Af-
fymetrix instructions. Arrays were hybridized for 18 h at 45°C, washed,
and stained on an Affymetrix fluidics station using the standard EukGE-
WS2v4_450 protocol and scanned with an Affymetrix GeneChip
scanner.

GeneChip data description and normalization
Design of the Affymetrix RAE230A GeneChip was originally based on
information within the UniGene build 99, dating from June 2002. To
account for recent advances in rat genomics, GeneChip signal intensity
data were interpreted by use of a custom chip description file (cdf)
(filename RN230A_RN_UG_4) based on UniGene build 139 (released
January 2005). Design of the custom cdf will be described in detail pre-
viously (Dai et al., 2005). Briefly, the custom cdf was generated by indi-
vidually analyzing the sequence of every probe within each probe set on
the RAE230A GeneChip and reassigning individual probes to new probe
sets or removing probes entirely from analysis, to ensure that all probes
within a probe set detect sequences within a single UniGene cluster from
build 139. Custom cdf files are available at http://brainarray.
mhri.med.umich.edu/brainarray/. Using the UniGene custom cdf file, a
probe set is defined as all probes within a specific UniGene cluster, which
serves as the probe set identification name. In contrast to the default
Affymetrix cdf that contains 15,866 probe sets, the custom cdf file con-
tains 9955 probe sets.

Cell intensity files from the Affymetrix GeneChip arrays were normal-
ized by the RMA (robust multiarray average) algorithm (Irizarry et al.,

Figure 1. Distribution of significance levels and fold changes. Gene expression was detect-
ably present for 6653 probe sets from the 9955 probe sets on the Affymetrix GeneChip. Signif-
icance levels for these 6653 probe sets after Benjamini–Hochberg false discovery rate correction
are shown, based on the lesser of the two significance levels determined for differences be-
tween either developmental stage or brain region (A), as is the distribution of maximum fold
change between any two combinations of brain region and time point (B).
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2003) available at www.bioconductor.org. The presence or absence of
gene expression was determined by the ratio of signals from perfect
match versus mismatch probes on the GeneChips. Any gene that was not
detected as being present in at least four of the six biological replicates,
from at least one combination of brain region and developmental stage,
was removed from additional analysis. Using these criteria, 6653 of the
9955 genes were expressed at detectable levels. All additional statistical
analyses were performed on log2 transformed data using Partek Pro 6.0
(Partek, St. Charles, MO).

Statistical analyses of gene expression profiles
Principal components analysis. Principal components analysis (PCA) was
performed on data from all 162 GeneChips after exclusion of probes that
were not detectably expressed at any time point or brain region. Data
were analyzed using the correlation method, which adjusts the mean of
the data to zero and the SD to 1. This is a conservative method and is
appropriate for variables that differ in their variance.

Hierarchical clustering. Unsupervised hierarchical clustering was per-
formed to determine the relative similarities of tissues derived from dif-
ferent developmental stages and brain regions. Analyses were performed
using data from the same probe sets as those described for PCA. Before
clustering, mean expression levels were determined for each probe set
across the six biological replicates of each combination of specific devel-
opmental stage and brain region. Clustering was performed on the log2

values of these means. Interpoint distances were calculated using the
coefficient of shape difference, which is a function of the average Euclid-
ean distance between samples but discounts additive differences; thus, it

is appropriate for analyzing changes in the ra-
tios of expression, independent of absolute ex-
pression levels. Distance between clusters was
determined from the average distance between
all pairs of objects in the two different clusters.
The topology of the dendrogram was highly ro-
bust and varied little based on changes in the
methodology for calculating relationships be-
tween samples.

Partitional clustering of gene expression pro-
files. Partitional clustering was used to subdi-
vide probe sets into groups based on similarities
in expression profiles between developmental
stages and brain regions. Probe sets were fil-
tered to exclude genes that were either undetec-
ted in all samples or failed to differ significantly
between either brain regions of developmental
stages. Furthermore, to focus on only the genes
with the most informative expression profiles,
genes were only included if they showed at least
a twofold difference in expression between any
two samples, reducing the data to 3159 probe
sets. Similarities between expression profiles
from different probe sets were determined us-
ing the coefficient of shape applied to log2-
transformed mean expression values from each
combination of brain region and developmen-
tal stage, as described for our hierarchical clus-
ter analyses. To determine the optimal number
of clusters, K means clustering was applied to
every number of clusters from 3 to 50, and the
Davies Bouldin measure was calculated for each
iteration. This measure reflects cluster validity
by determining the compactness of each cluster
divided by the distance between clusters, nor-
malized by the total number of clusters. The
optimum number of clusters was thus deter-
mined at 26 clusters. Six clusters were each
composed of a single gene (Rn.37881, hemoglo-
bin, � 1; Rn.1404, transthyretin; Rn.9864, Fork-
head box G1; Rn.11400, prostaglandin D2 syn-
thase; Rn.35223, Src-like adaptor; Rn.45546,
myeloid ecotropic viral integration site 1 ho-

molog 2). Gene expression profiles for the remaining 20 clusters were
visualized using GeneSpring 6.0 (Silicon Genetics, Redwood City, CA).
Finally, gene ontology (GO) analyses used the “function mapper” tool
available at http://brainarray.mhri.med.umich.edu/brainarray/, which
employs a hypergeometric distribution based on the number of genes
within a gene list and within a GeneChip to calculate significance levels
for enrichment of specific ontological terms.

Real-time PCR confirmation of microarray expression data.
Real-time (RT)-PCR was used to validate expression profiles of
33 genes, all of which had been implicated previously in suscep-
tibility to either schizophrenia or bipolar disorder. Selection of
genes for confirmation was independent of expression profile
determined by microarray. The list of genes for analysis was gen-
erated by mining the Online Mendelian Inheritance in Man
(OMIM) database, with seven additional genes identified from
the literature. Primers specific to each gene of interest were de-
signed to generate amplicons of 70 –110 bp using Eprimer3 soft-
ware within the Jemboss bioinformatics suite (Carver and
Bleasby, 2003). To minimize the impact of any contamination
with genomic DNA, most primers were designed to flank intronic
sequences. RT-PCR primer sequences are listed in Table S1
(available at www.jneurosci.org as supplemental material).

RT-PCR was performed on a subset of samples used in mi-
croarray analysis. Between three and six biological replicates were

Figure 2. Relationships between developmental ages and brain regions. PCA of gene expression profiles from each of the 162
GeneChips shows the major component of the variance (PC1) to separate samples by developmental age (A), with PC2 accounting
for differences in expression between brain regions (B). PC1 and PC2 account for 34.9 and 12.7% of the total variance in the data,
respectively. Hierarchical clustering (C) similarly details relationships between all samples. The vertical distance connecting two
samples within the dendrogram reflects similarity between the samples; for example, the two samples with the greatest similarity
to each other are the hypothalamus at postnatal days 21 and 30.
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analyzed from all samples of frontal cortex and hippocampus
between P1 and P30. Template cDNA was synthesized from 1 �g
of total RNA (as used for array experiments) using the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA) and quantified using
the Quant-IT PicoGreen dsDNA kit (Invitrogen, Eugene, OR).
RT-PCR was performed using template synthesized as above and
the iQ SYBR green Supermix qRT PCR kit (Bio-Rad) with each
sample represented once. Samples from the same brain region
samples were always amplified on the same PCR plate for each
gene being assayed. PCRs were amplified using an iCycler RT-
PCR system (Bio-Rad) for 40 cycles using parameters of 95°C for

15 s, 60°C for 15 s, and 72°C for 15 s. Before performing PCRs,
each primer pair was tested using a fivefold dilution series of
pooled cDNA template to ensure that the efficiency of amplifica-
tions was linear and that the primers specifically produced a sin-
gle amplified product. Cycle threshold (CT) was defined as the
cycle required to reach a fluorescence value of 10 times the mean
plus SD of the first 10 cycles. Melt curve analysis was also per-
formed for each reaction to ensure that a single product contrib-
uted to the fluorescent signal. We required a primary peak to
comprise at least 90% of the total area of all peaks.

Given the major expression changes reported here for all de-
tectable genes, no housekeeping genes could be used to normalize
expression data. Therefore, CTs for each gene were normalized
individually to the median CT value obtained across all 33 genes
analyzed by RT-PCR. After exclusion of outliers, correlations
were determined between RT-PCR and microarray data sepa-
rately for each brain region using Pearson’s product moment
correlation coefficient.

Results
Profiling rat brain development
We analyzed changes in the global patterns of gene expression
across seven stages of postnatal development in three regions of
the male rat brain: frontal cortex, hypothalamus, and hippocam-
pus. In addition to P1, P4, P7, P14, P21, P30, and P90, analyses
were extended back to E16, E17, E18, and E20 for frontal cortex,
and E18 and E20 (1–2 d before birth) for the hypothalamus. For
each brain region and developmental stage, six biological repli-
cates were analyzed independently on Affymetrix RAE230A
GeneChip arrays. To account for recent advances in both anno-
tation and accuracy of rat genome bioinformatics, GeneChip
data were interpreted using a custom cdf, which groups individ-
ual probes from the GeneChip into newly defined probe sets
based on a very recent version of UniGene (build 139, January
2005). This approach apportioned all probes on the RAE230A
array into a total of 9955 probe sets, each corresponding to a
single cluster of sequences within UniGene build 139. Complete
gene expression data are provided in Table S2 (available at www.
jneurosci.org as supplemental material).

The presence or absence of gene expression was determined
by comparing signal intensity between probes that perfectly
match their target sequences against probes containing mis-
matches. If expression was detected in at least 4 of 6 replicates for
any combination of brain region and developmental stage, it was
considered as being detectably expressed. From the 9955 probe
sets defined from the GeneChip data, significant levels of expres-
sion were detected for 6653 probe sets (66.8%). To identify genes
for which expression differed significantly between either differ-
ent brain regions or developmental stages, we applied two-way
ANOVA to the 6653 probe sets. We set a significance threshold of
p � 0.05, after false discovery rate correction (Benjamini and
Hochberg, 1995). This correction means that 5% of all signifi-
cantly different genes will be false positives, in contrast to uncor-
rected significance thresholds in which 5% of all genes analyzed
would be false positive. A total of 5844 genes (87.8%) showed
significant differences in expression between brain regions, with
6470 genes (97.2%) changing significantly over time. Remark-
ably, of the 6653 probe sets for which gene expression was detect-
able, only 33 (0.5%) failed to reach statistical significance for
differences between either different brain regions or different
developmental stages. Indeed, the majority of probe sets detected
highly significant and large changes in expression between either
time points or brain regions (median significance level across all

Figure 3. Number of probe sets that differ between developmental stages. Data were ana-
lyzed for the number of significant differences in gene expression levels between pairs of time
points. Given the unequal distribution of data collection over developmental time, develop-
mental stages separated by 6 – 8 d were compared for ages less than P14. Probe sets for which
expression was not detectable were excluded. The remaining 6653 probe sets were analyzed by
one-way ANOVA for significant differences in expression, with a Benjamini–Hochberg false
discovery rate (FDR) correction applied post hoc (Benjamini and Hochberg, 1995). The number
of genes that were significantly different between time points ( p � 0.05) is presented. CTX,
Cortex; HPC, hippocampus; HYP, hypothalamus.

Figure 4. Number of probe sets that differ between brain regions. Probe sets that differed
significantly between brain regions at each developmental stage were identified by one-way
ANOVA ( p � 0.05 following Benjamini–Hochberg false discovery rate correction).
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6653 probe sets was p � 10�28; median fold change was 1.9-fold)
(Fig. 1).

Global comparison between samples
PCA is a data reduction technique that apportions the major
components of variance within a dataset into a limited number of
dimensions, thus facilitating visualization of the global similari-
ties and differences between samples. The dimension that ac-
counts for the single greatest portion of the total variance is
termed principal component 1 (PC1). Application of PCA to our
data clearly shows that the single greatest component of the vari-
ance (PC1) corresponds to the developmental stage of the brain
(Fig. 2A). Inspection of the distribution of developmental stages
across PC1 reveals dramatic changes in overall gene expression
from E16 continuing through to P14, 2 weeks after birth. In con-
trast, between P14 and adulthood, additional changes in gene
expression are relatively minor, as demonstrated by the tight
clustering of all samples from P14 to P90 along PC1. In addition
to the major impact of developmental stage on gene expression
profiles, differences between the three brain regions are clearly
revealed by inspection along PC 2 (Fig. 2B). Hippocampus and
frontal cortex show relatively similar expression profiles, with
hypothalamus highly diverged from both brain regions. Combin-
ing the distribution of variance across principal components 1
and 2 (Fig. 2A,B) shows that divergence in expression profiles
between all three brain regions increases with age, with most of
this region-specific differentiation being established by 2 weeks
postpartum.

Relationships between brain regions and time points are fur-

ther clarified by hierarchical clustering of
samples (Fig. 2C), which shows a dramatic
difference between the brain before and af-
ter P14. Indeed, expression profiles of the
hypothalamus at P7 appear more closely
related to those of embryonic cortex than
to the hypothalamus at P14. This cluster-
ing indicates that, after P14, samples shar-
ing the greatest similarity are from within
the same brain regions as opposed to the
same developmental stages. In contrast,
before P14, samples tend to cluster by a
combination of both brain region and de-
velopmental age. Interestingly, both PCA
and hierarchical analysis indicate that de-
velopment of the hypothalamus occurs in
advance of both frontal cortex and hip-
pocampus, consistent with previous ob-
servations that medial regions of the telen-
cephalon and diencephalon mature earlier
than more lateral structures (for review,
see Rice and Barone, 2000). For example,
alignment of samples along PC1 (Fig. 2A)
shows hypothalamus at E18 to be more
similar to cortex and hippocampus at E20
than at E18. Similarly, hypothalamus at P1
more closely resembles cortex and hip-
pocampus at P4. These trends are further
confirmed by cluster analysis (Fig. 2C).

The dramatic reduction in the rate of
change in gene expression profiles after
P14 is further illustrated by analysis of the
number of genes that differ significantly
between pairs of developmental time

points (Fig. 3). Comparison of brains from animals separated by
6 – 8 d in age generally shows 2000 – 4000 genes being signifi-
cantly differentially expressed between time points for each brain
region, up to and including P14. However, after P14, the rate of
change in expression slows dramatically, with a maximum of 649
genes differing between P14 and P21 and only 147 changing over
the 60 d period from P30 to P90. Although there is an apparent
reduction in the rate of change in the hypothalamus between P1
and P7 (Fig. 3), extending PCA to incorporate principal compo-
nents 3 and 4 indicates that variation among P1 hypothalamic
samples is unusually high (data not shown), perhaps as a result of
inconsistencies during dissection. Therefore, the apparent reduc-
tion in the rate of gene expression change at that point should be
interpreted cautiously.

As indicated by principal components analysis (Fig. 2), diver-
gence between brain regions increases as a function of maturity. A
similar picture emerges from a statistical comparison of the num-
ber of probe sets that differ significantly between pairs of brain
regions (Fig. 4). Pairwise comparisons between brain regions
again show greatest similarity in expression profiles between the
frontal cortex and the hippocampus, with greatest divergence
between the frontal cortex and hypothalamus. This rank order of
pairwise similarities is maintained throughout the entire postna-
tal period. Remarkably, very few differences in expression are
detected between hippocampal and cortical samples from P1 ne-
onates, with only �300 probe sets showing significant differences
between these samples ( p � 0.05). This compares with �2000
probe sets that differ in expression between the adult hippocam-
pus versus frontal cortex.

Figure 5. Partitional clustering of gene expression profiles. Partitional clustering of 3159 genes (showing significant variation
over time or between brain regions, plus a minimum twofold difference in expression between samples) generated 20 clusters
containing more than one gene. Expression profiles of each cluster are shown as the ratio of signal intensity to the median signal
intensity across all samples. The y-axis indicates fold change on a log scale from 0.01 to 100. Changes in expression with increasing
age are shown from left to right for frontal cortex (left), hippocampus (center), and hypothalamus (right). Time points are shown
with equidistant spacing, despite marked differences in the intervals between consecutive time points. GO analysis of transcripts
within each cluster found significant enrichment for specific GO terms for 16 of 20 clusters ( p � 0.05 after false discovery rate
correction). The most significantly enriched GO terms are shown.
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Global analysis of gene expression profiles
One of the major challenges in current genetics is to assign func-
tionality to the host of relatively uncharacterized genes identified
through genome sequencing projects. Although simplistic, it may
be assumed that some genes that share similarities in their expres-
sion profiles may share similar or related functions. Partitional
clustering was therefore applied to group genes into clusters
based on similarity of expression profiles (see Materials and
Methods). Probe sets were clustered into 26 groups, 6 of which
contained single genes. Expression patterns of genes within the
remaining 20 clusters are shown in Figure 5. Gene ontology anal-
yses revealed significant enrichment ( p � 0.05) for genes with
common functions for 16 of these 20 clusters. Identities of all
genes within these 26 clusters are available in supplemental Table
S3 (available at www.jneurosci.org as supplemental material).

RT-PCR validation of microarray expression data
We used RT-PCR to validate our microarray data. Given the
evidence that perturbations during brain development can pre-
dispose to pathologies in later life, we focused on genes that had
been implicated previously in susceptibility to either schizophre-
nia or bipolar disorder. Using a combination of literature
searches and inspection of the OMIM database, 55 genes were

identified that had been implicated in disease and that had cor-
responding rat homologs present on our microarray. Expression
profiles of these genes are shown in Figure 6. Thirty-three of these
genes were further analyzed by RT-PCR. Correlations between
results obtained by RT-PCR and those obtained by microarray
are summarized in Table 1. Overall, expression patterns of genes
that had been shown by microarray to vary by more than twofold
during development were well replicated by RT-PCR (mean cor-
relation coefficient between platforms, r � 0.60), whereas genes
previously shown to vary by lesser amounts generally replicated
poorly (mean correlation, r � 0.16). Where a lack of correlation
was observed between platforms, this was generally attributable
to high levels of sample-to-sample variation within the RT-PCR
data (data not shown) preventing the more subtle changes in
expression from being reliably detected.

Discussion
Transcriptional profiling of the hypothalamus, hippocampus,
and frontal cortex across development shows the following: (1)
more than two-thirds of probed genes are expressed in brain
postnatally; (2) �95% of expressed genes show highly significant
changes during development; (3) �85% of them show significant
differences in expression between regions. The magnitude of
these spatiotemporal changes is very large: nearly one-half of
expressed genes exceed twofold, with more than one-half being
significant at the level of p � 10�20 (Fig. 1); (4) Dramatic changes
in gene expression occur early in postnatal life (1–2 weeks) and
plateau thereafter; (5) differences between regions increase sig-
nificantly during that time period. For example, �300 genes dif-
ferentiate hippocampus from frontal cortex at P1, whereas
�2000 genes differentiate them in adult brains; (6) clustering of
brain regions based on transcriptional profiles shows a clear
break at 2 weeks postpartum. From 14 d of age onwards, a given
region resembles itself more than any other region. Before then,
transcriptional profiles are simultaneously determined by both
region and age. For example, E20 hypothalamus resembles E20
cortex more closely than it resembles a P1 hypothalamus; (7)
clustering of transcripts as a function of temporal and regional
expression profiles reveals 20 distinctive clusters, 80% of which
are enriched in particular functions.

This study represents the first global characterization of gene
expression across multiple brain regions and at various stages of
prenatal and postnatal development in rodent brain. A pioneer-
ing study (Mody et al., 2001) profiled mouse hippocampus until
P30, detecting several gene families related to waves of functional
reorganization of the hippocampus. Our findings are generally
consistent with their interpretations, despite species differences.
In addition, contrasting multiple areas provides a molecular ba-
sis for understanding the nature and timing of regional
differentiation.

Although some of the findings could have been broadly hy-
pothesized based on knowledge of developmental neurobiology,
they can now be instantiated with unique molecular profiles. For
example, we would have predicted that adult hippocampus and
cortex would resemble each other more than they resemble the
hypothalamus and that hippocampus would lie between
the other two structures. However, the present data now provide
the broad molecular signatures that support these ideas.

Other findings were less expected, especially in their magni-
tude. We would have predicted that the first 2 weeks postpartum
would be critical for continued neural development, because rat
pups display rapid behavioral changes during that time. This in-
cludes increased motor coordination and locomotion, as well as

Figure 6. Expression profiles of susceptibility loci for schizophrenia and bipolar disorder.
Inspection of the OMIM database combined with literature searches identified 127 genes that
have been implicated in susceptibility to either schizophrenia or bipolar disorder. Fifty-five of
these loci had identifiable rat homologs that were detected as being expressed in this study. To
facilitate presentation, partitional clustering was applied to these 55 genes resulting in the
generation of 10 clusters, expression profiles of which are shown. A–E, Five clusters were
composed of more than one gene. The loci within each of these five clusters are listed. Rgs4,
Regulator of G-protein signalling 4; Gabra4, GABAA receptor � 4; Maob, monoamine oxidase B;
Apoe, apolipoprotein E; Mog, myelin oligodendrocyte glycoprotein.
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maturation of sensory systems such as taste, sound, and vision
(Smart and Dobbing, 1971; Altman and Sudarshan, 1975; Rout-
tenberg et al., 1978; Uziel et al., 1981; Hill and Mistretta, 1990;
Westerga and Gramsbergen, 1990; Vorhees et al., 1994), as well as
increased communication and social behavior (Bolles and
Woods, 1964; Hofer et al., 1998). However, it was surprising to
discover the magnitude and breadth of reorganization of gene
expression postpartum, with a given brain region not recogniz-
able as “itself” before 2 weeks of life. This sheds new light on the
role of maternal behavior and other early environmental factors
in shaping brain function into adulthood (Meaney, 2001).

Our findings implicate several ensembles of functionally re-
lated genes, some known and some novel, in critical periods of
brain development. Thus, some clusters of functionally related
genes exhibit maximum activity likely relevant to early organiza-
tional events in brain. Cell proliferation within the ventricular
and subventricular zones of the rat neocortex peaks between E13
and E18, declining toward birth (Rakic and Caviness, 1995). This
pattern may be driven in part by cluster 3 transcripts enriched for

genes involved in DNA metabolism, including five genes in-
volved in DNA replication and chromosome cycling. Similarly,
expression levels in clusters 5, 6, and 7 are highest in frontal
cortex at E17–E18, declining in all three brain regions with in-
creasing age. The 123 genes in these three clusters are enriched for
genes involved in nuclear function and include 48 genes involved
in cell proliferation. Their interactions and coordinate regulation
are likely critical in initial phases of development.

Functional clusters also identify actors that may mediate later
developmental events. For example, all three genes within gene
cluster 18 (Fig. 5) relate to myelination: myelin basic protein,
myelin-associated oligodendritic basic protein, and proteolipid
protein. Their expression rises from P4 –P7 to P21, resulting in a
10-fold to 100-fold increase in mRNA levels, likely reflecting
brain myelination. Expression profiles of genes within cluster 14
are highly enriched for components of synaptic vesicles, whereas
cluster 15 is enriched for synaptic vesicle transport transcripts.
Both clusters display relatively stable expression in forebrain be-
fore approximately P4 and after P21. However, expression of
these genes increases by �10-fold between P4 and P21. Thus,
these clusters provide a wealth of novel candidates mediating the
peak of synaptogenesis that occurs between P11 and P20 in rat
cortex (Sutor and Luhmann, 1995).

Major differences in expression are also apparent between
different regions of the developing rat brain (Figs. 2, 5). Cluster
analyses reveal this most dramatically for genes enriched for neu-
ropeptide hormone activity (cluster 20), which increases mark-
edly beginning at E20 and continuing to adulthood, specifically
in the hypothalamus. Examples include arginine vasopressin, co-
caine and amphetamine-regulated transcript, galanin, hypocre-
tin, oxytocin, preproenkephalin-related sequence, pro-melanin-
concentrating hormone, and thyrotropin releasing hormone,
which provide a unique signature for that region.

The increasing prevalence of whole-genome profiling
(Chesler et al., 2005; Hubner et al., 2005) requires improved
functional characterization of the genome. Although this will
ultimately depend on gene-by-gene analyses, characteristics of
known genes within a cluster can lead to hypotheses about func-
tions of unknown genes within that ensemble. For example, clus-
ter 19 is composed of eight transcripts, five of which are un-
known. Interestingly, the three known genes are all transcription
factors, namely human immunodeficiency virus type 1 enhancer
binding protein (Hivep2), POU domain, class 3, transcription
factor 1 (Pou3f1), and zinc finger protein 238 (Znf238). Expres-
sion of this cluster is greatest during the first postnatal week, and
its members are implicated in the regulation of cell differentia-
tion, cytoskeletal development, and cell death. Thus, Pou3f1 reg-
ulates the transition of promyelin cells into myelinating cells
(Jaegle et al., 1996), and its expression peaks at P4, just before the
dramatic induction of myelination genes. Znf238 is a transcrip-
tional repressor, with putative targets including the plasma ion
exchanger S1c9a1 (which regulates the cortical cytoskeleton) and
protein C (which regulates apoptosis) (Aoki et al., 1998). We
therefore suggest that the five previously uncharacterized tran-
scripts within cluster 19 may be important in transcriptional reg-
ulation during the first week of life.

This approach can also suggest novel functions for previously
characterized genes. Thus, cluster 20 is highly enriched in neu-
ropeptide signaling genes. However, many of its members had
not been previously implicated in hypothalamic functions. For
instance, Abelson helper integration site 1 (Ahi1) is a signal trans-
duction adaptor molecule recently implicated in Joubert Syn-
drome (Dixon-Salazar et al., 2004), which is characterized by

Table 1. Comparison of expression data determined by microarray and RT-PCR

Frontal cortex Hippocampus

Gene r Fold r Fold

Adcy9 0.60** (3.4) 0.85** (4.6)
Akt1 0.77** (2.7) 0.41* (2.1)
Apoe 0.81** (6.6) 0.83** (4.9)
App �0.17 (1.8) 0.29 (1.5)
Bbs2 �0.19 (1.1) 0.03 (1.1)
Camk2b 0.18 (1.4) 0.38* (1.7)
Comt �0.08 (1.4) �0.09 (1.6)
Drd1a �0.38 (1.3) 0.08 (1.1)
Freq �0.26 (1.1) 0.37* (1.2)
Gria3 0.61** (2.7) 0.46** (1.5)
Grin2a 0.73** (1.4) 0.01 (1.5)
Gsk3b 0.33 (1.3) 0.46* (1.2)
Htr2a 0.13 (1.1) �0.10 (1.1)
Htr2c 0.51** (1.2) �0.11 (1.2)
Impa2 �0.17 (1.3) �0.03 (1.1)
Maoa 0.27 (1.7) �0.16 (1.6)
Maob 0.74** (6.7) 0.47** (4.2)
Nedd41 0.02 (1.3) �0.10 (1.6)
Npy 0.07 (2.1) �0.17 (1.6)
Nsf 0.04 (4.3) 0.73** (4.5)
Prnp 0.59** (2.7) 0.64** (1.9)
Psen1 0.27 (1.2) 0.53** (1.2)
Reln 0.66** (1.9) 0.82** (3.5)
Rgs4 0.78** (8.0) 0.25 (2.1)
Rtn4 0.11 (1.5) 0.16 (1.2)
Slc1a2 0.71** (1.9) 0.75** (2.0)
Sybl1 0.38* (1.6) 0.65** (2.0)
Syn2 0.66** (8.0) 0.63** (6.0)
Synj1 0.42* (1.7) 0.62** (1.8)
Tbp 0.10 (1.3) 0.29 (1.2)
Tcf4 0.01 (1.9) 0.40* (1.9)
Th �0.08 (1.1) 0.09 (1.1)
Xbp1 �0.04 (1.4) �0.06 (1.5)

Correlation coefficients between data generated by RT-PCR and by microarray are presented separately for each of
the 33 genes analyzed by RT-PCR. Maximum fold changes over developmental time, as determined by microarray
analyses, are shown in parentheses. Significant correlations: *p � 0.05 and **p � 0.01. Adcy9, Adenylate cyclase
9; Akt1, thymoma viral proto-oncogene 1; Apoe, apolipoprotein E; App, amyloid � precursor protein; Bbs2, Bardet–
Biedl syndrome 2; Camk2b, calcium/calmodulin-dependent protein kinase II �; Comt, catechol-O-methyl-
transferase; Drd1a, dopamine receptor 1A; Freq, frequenin homolog; Gria3, glutamate receptor, ionotropic,
AMPA3; Grin2a, glutamate receptor, ionotropic, NMDA 2A; Gsk3b, glycogen synthase kinase 3�; Htr2a,
5-hydroxytryptamine receptor 2A; Htr2c, 5-hydroxytryptamine receptor 2C; Impa2, inositol(myo)-1(or 4)-
monophosphatase 2; Maoa, monoamine oxidase A; Maob, monoamine oxidase B; Nedd41, neural precursor cell
expressed, developmentally downregulated 4-like; Npy, neuropeptide Y; Nsf, N-ethylmaleimide-sensitive factor
protein; Prnp, prion protein; Psen1, presenilin 1; Reln1, reelin; Rgs4, regulator of G-protein signalling 4; Rtn4,
reticulon 4; Slc1a2, solute carrier family 1 (glial high-affinity glutamate transporter), member 2; Sybl1,
synaptobrevin-like 1; Syn2, synapsin II; Synj1, synaptojanin 1; Tbp, TATA-box-binding protein; Tcf4, transcription
factor 4; Th, tyrosine hydroxylase; Xbp1, X-box-binding protein 1.
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brainstem malformations, neonatal hypotonia, ataxia, develop-
mental delay, and mental retardation (Louie and Gleeson, 2005).
Ahi1 was known to be expressed in embryonic brain, but the
marked increase in expression within the developing hypothala-
mus demonstrated here was not previously reported. This finding
suggests some hitherto unknown functions for this gene in adult
hypothalamus and may lead to insights into the pathology of
Joubert Syndrome. Similarly, hippocalcin-like 1 (Hpcal1) dis-
plays high homology to hippocalcin, a neuron-specific calcium-
binding protein highly expressed in hippocampal pyramidal cells,
which interacts with neuronal apoptosis inhibitory protein to
promote neuronal survival (Mercer et al., 2000). Its marked in-
crease in expression in the developing hypothalamus suggests
that Hpcal1 may promote neuronal survival in this region.

Other discoveries emerge from comparing expression pat-
terns within a biological family. For instance, a member of the
fibroblast growth factor (FGF) family, FGF13, had been shown to
be highly expressed in hippocampus, (Smallwood et al., 1996).
Our arrays reveal that its expression levels are an order of magni-
tude higher than any other member of the FGF family and
changes the most dramatically across development, with a dis-
tinct peak in all three brain regions at P4 –P7 revealed for this first
time by our analysis. FGF13 is expressed at the nodes of Ranvier
of sensory axons and modulates the functionality of voltage-
gated sodium channels (Wittmack et al., 2004). Interestingly, this
gene is X linked and implicated in Börjeson-Forssman-Lehmann
syndrome characterized by mental retardation (Gecz et al., 1999).
Given the intense and highly dynamic expression pattern of
FGF13 during development, its central functions and role in cog-
nitive development deserve study.

Our results offer a useful backdrop for neurobiologists study-
ing the expression of any candidate gene across development or
the impact of behavioral or pharmacological manipulations at a
particular developmental stage. They can also identify genes that
serve as intermediaries between early development and the final
adult phenotype, and whose modification can alter subsequent
neural function. Finally, we note that the period of early postnatal
development in rat corresponds to late gestation in humans
(Morgane et al., 2002). The substantial reorganization in gene
expression during this stage points to the importance of late ges-
tation in determining vulnerability to human brain disorders.
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