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ABSTRACT
Deprivation of auditory nerve input in young mice results in dramatic neuron death in the

anteroventral cochlear nucleus (CN), while the same manipulation performed in older mice does
not result in significant neuronal loss. The molecular basis underlying this critical period of
susceptibility to loss of afferent input remains largely unknown. One possibility is that develop-
mental differences in baseline mRNA expression of specific genes could predispose CN neurons
to either death or survival after deafferentation. We used two microarray platforms to identify
differentially expressed genes in the CN during and after this critical period. Results across
platforms were also compared to each other. Three ages were examined; during the critical period
(postnatal day (P)7), at the closing of the critical period (P14), and 1 week after the critical period
(P21). Of all the genes surveyed (22,690 or 15,247), 1,082 were identified as significantly changed
in expression during the critical period relative to after. Real-time reverse transcription poly-
merase chain reaction and immunohistochemistry confirmed and extended the microarray re-
sults for a subset of these genes. Further analysis of genes related to apoptotic pathways showed
6 out of 7 differentially expressed known pro-apoptotic genes had higher expression during the
critical period. In contrast, 9 out of 11 differentially expressed known pro-survival genes in-
creased after the critical period when CN neurons survive deprivation. This finding supports the
concept that multiple neuroprotective mechanisms increase and pro-apoptotic factors decrease
over development to protect mature neurons from stressful insults, making them less dependent
on afferent input for survival. J. Comp. Neurol. 493:460–474, 2005. © 2005 Wiley-Liss, Inc.
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One poorly understood phenomenon in developmental
neuroscience is how immature neurons highly sensitive to
apoptotic stimuli mature into adult neurons that are more
resistant to the same challenges. Neuron death induced by
afferent deprivation is a dramatic example of an effect
produced by removing sensory input during a critical pe-
riod of development (Born and Rubel, 1985; Galli-Resta et
al., 1993; Baldi et al., 2000). Later manipulations of affer-
ent input have little or no effect on cell survival. The
molecular bases of these critical periods of age-dependent
susceptibility are essentially unknown in any system.

The auditory system has proven to be useful for study-
ing the role of afferent input on neuron survival. Ablating
the cochlea in young animals of several species results in
rapid and profound changes in the brainstem cochlear
nucleus (CN), including neuron death (Levi-Montalcini,
1949; Trune, 1982; Born and Rubel, 1985; Hashisaki and
Rubel, 1989; Moore, 1990; Mostafapour et al., 2000). Co-

chlear ablation in older animals results in little or no
neuron death in the CN. Interestingly, this change paral-
lels the onset of hearing in all mammalian species studied.
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In the young postnatal mouse, anteroventral CN neurons
undergo an apoptotic-like process following deprivation.
Caspase 3 activation peaks within 12 hours and 30–60%
cell death occurs by 96 hours (Mostafapour et al., 2000,
2002). Although there is a gradual decline in the maximal
amount of neuron death as a result of cochlear ablation
between postnatal day (P) 5 and P11, by P14 the same
manipulation results in less than 1% neuron loss in the
anteroventral CN. Therefore, this critical period ends af-
ter P11 and before P14 in the mouse. A more abrupt end to
this critical period has been described in the gerbil CN
(Tierney et al., 1997).

The molecules responsible for both age-dependent sus-
ceptibility and later protection of CN neurons remain
largely unknown. It seems implicit that a developmental
switch occurs in either gene expression or function that
defines the critical period window. Previous studies sug-
gested the abundance of a known regulator of cell sur-
vival, Bcl-2, could underlie this switch from afferent-
dependent to -independent survival (Mostafapour et al.,
2000, 2002). However, we decided it was necessary and
important to undertake an unbiased approach by survey-
ing the expression of thousands of genes in the mouse CN
using microarray technology. Specifically, we sought to
identify genes with changes in constitutive mRNA expres-
sion at ages within and after the critical period to address
the hypothesis that expression levels of particular genes
may predispose CN neurons after cochlear ablation to
either death during the critical period or survival after the
critical period.

We used two microarray platforms, the Affymetrix
Mouse 430A GeneChip and the National Institute of Ag-
ing (NIA) Mouse 15K cDNA microarray, to compare gene
expression in the mouse CN during the critical period at
P7, at the closing of the critical period at P14, and 1 week
after the critical period ends at P21. Results show many
changes in gene expression over the first 3 postnatal
weeks, but most changes occur by P14, in parallel with the
end of the critical period and the onset of hearing. We
identified candidate genes and found a strong correlation
between postnatal age and the relative expression of
genes that either promote or protect against cell death.

MATERIALS AND METHODS

Animals

Mice of the C57Bl/6J strain were used at postnatal days
7, 14, and 21. Pups were considered 0 days (P0) on the day
of birth. The University of Washington Animal Care and
Use Committee approved all procedures.

Tissue dissection

Mice were decapitated and the skull opened to expose
the brain. The cochlea was pulled away from the brain-
stem and the 8th nerve was cut. After removal of the
overlying cerebellum, the CN was visualized and dissected
out with fine curved-tip scissors bilaterally. Tissue was
immediately frozen in liquid N2 and stored at –80°C until
RNA extraction. Figure 1 shows an example of thionin-
stained brainstem sections from P7 and P21 mice with the
CN dissected out on one side only.

Microarray platforms

A cDNA microarray spotted with the NIA mouse 15K
clone set was used to directly compare P7 and P21 CN

gene expression on the same microarray slide (n � 5
replicates) (Tanaka et al., 2000). The cDNA array was
fabricated at the Fred Hutchinson Cancer Research Cen-
ter (FHCRC) DNA Array Facility. An oligonucleotide ar-
ray from Affymetrix (Santa Clara, CA), the Mouse Expres-
sion Set 430A GeneChip, was used for comparison of P7
(n � 3), P14 (n � 2), and P21 (n � 3) CN gene expression.

Preparation of total RNA

Total RNA was isolated from samples of pooled cochlear
nuclei and DNAse treated using the Qiagen (Valencia, CA)
RNeasy Mini Kit with the on-column DNAse set. RNA
concentration and integrity was assessed using an Agilent
2100 Bioanalyzer (Palo Alto, CA). Approximately 0.75 �g
of total RNA was obtained per CN at any of the ages.
Separate pools of CN tissue were isolated for each repli-
cate sample. Forty cochlear nuclei were pooled to generate
a minimum of 20 �g total RNA for the cDNA arrays. Ten
cochlear nuclei were pooled to generate a minimum of 5 �g
of total RNA for the Affymetrix arrays.

Linear amplification of RNA samples for
cDNA arrays

Two out of five replicate analyses using the NIA Mouse
15K cDNA microarray were done with amplified RNA as
the cDNA template instead of total RNA. Linear amplifi-
cation of 5 �g of total RNA was performed using the
RiboAmp RNA Amplification kit from Arcturus (Mountain
View, CA). RNA concentration and integrity of the result-
ing antisense RNA (aRNA) was checked using the Agilent

Fig. 1. Cochlear nucleus (CN) dissections. Representative thionin-
stained sections through the level of the anteroventral cochlear nu-
cleus (AVCN) after removal of the entire CN on one side of the brain.
The CN was cleanly dissected away with little or no contamination
from other brain structures shown in the left panels compared to the
intact contralateral side shown in the right panels at P7 (A,B) and
P21 (C,D). Arrows indicate the medial border of AVCN. Scale bar �
250 �m in D (applies to A–D).
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2100 Bioanalyzer. We consistently obtained 30 �g of
aRNA after one round of amplification. Comparison of
microarray data derived from arrays hybridized using am-
plified RNA with total RNA showed a good correlation (r �
0.81) that improved when only genes of moderate to high
abundance were considered (data not shown).

Preparation of labeled cDNA, hybridization,
array scanning, and image analysis for the

NIA mouse 15K cDNA microarray

The FHCRC DNA Array Facility performed the follow-
ing procedures. The protocol used for cDNA labeling was a
modification of a protocol described elsewhere
(cmgm.stanford.edu/pbrown/protocols/
aadUTPCouplingProcedure.htm). Briefly, labeled cDNA
targets were prepared by reverse transcription of 20 �g of
total RNA, or 5 �g of aRNA, using oligo(dT)18 primer in
the presence of 0.2 mM 5-(3-aminoallyl)-2-deoxyuridine
5-triphosphate (Sigma-Aldrich, St. Louis, MO), 0.3 mM
dTTP, and 0.5 mM each dATP, dCTP, and dGTP. Follow-
ing cDNA synthesis, either Cy3 or Cy5 monoreactive fluor
(Amersham Life Sciences, Arlington Heights, IL) was co-
valently coupled to the cDNA-incorporated aminoallyl
linker in the presence of 50 mM sodium bicarbonate (pH
9.0). Two color expression profiles were generated using
microarrays in which P7 and P21 cDNA targets were
labeled with different fluors. In one of the replicates the
dyes were reversed (dye flip control) to account for differ-
ences in hybridization due to the physical characteristics
of each dye. Following cohybridization to the chip, a fluo-
rescent image of the microarray was collected at both
emission wavelengths using a GenePix 4000 fluorescence
scanner (Axon Instruments, Foster City, CA), and image
analysis was performed using GenePix3.0 microarray ac-
quisition and analysis software. The quality of hybridiza-
tions and overall array performance was determined by
visual inspection of the raw scanned image for artifacts or
scratches. The median background-subtracted intensity at
both Cy3 and Cy5 wavelengths for each spot on the mi-
croarray was uploaded into the software program Gen-
esifter.net for further analyses (VizX Labs, Seattle, WA).

Preparation of labeled cRNA, hybridization,
array scanning, and image analysis for the

Affymetrix mouse expression set 430A
GeneChip

The Center for Expression Arrays at the University of
Washington performed the following procedures. Biotinyl-
ated labeled target cRNA was prepared and hybridized to
the Mouse 430A GeneChip with minor modifications from
the Affymetrix recommended procedures (affymetrix.com/
support/technical/manual/expression_manual.affx).
Briefly, 5 �g total RNA was reverse-transcribed into
double-stranded cDNA using a T7-(dT)24 primer in the
presence of 10 mM dNTP mix and poly-A spike in positive
control RNAs during first strand synthesis (Invitrogen,
Carlsbad, CA). Double-stranded cDNA was then used as a
template for synthesis of biotin-labeled cRNA (Enzo Diag-
nostics, Farmingdale, NY). Labeled cRNA was cleaned up
to remove unincorporated NTPs and the concentration
was determined spectrophotometrically. According to Af-
fymetrix protocols, 15 �g of cRNA was then fragmented
and transcript sizes were analyzed on the Bioanalyzer to
be between 50 and 200 bp. Spike-in eukaryotic hybridiza-

tion controls were added to the cRNA samples and hybrid-
ization to the GeneChips was performed for 16 hours at
45°C. Using the Affymetrix GeneChip System, arrays
were then washed and stained with streptavidin-
phycoerythrin (Molecular Probes Eugene, OR) and
scanned using a GeneChip Scanner. The quality of hybrid-
izations and overall chip performance was determined by
visual inspection of the raw scanned data for artifacts,
scratches, or bubbles. The Affymetrix GeneChip Operat-
ing System (GCOS) report file (*.RPT) was used to deter-
mine if the following statistics were within acceptable
limits: 3�/5� GAPDH and beta-actin ratios did not exceed
1.5, chip background and noise were below cut-off limits,
and hybridization spike-in controls were present and in
increasing intensities. Background and noise were similar
across all arrays used for comparisons. Detailed descrip-
tions of quality control metrics can be found in the Af-
fymetrix Expression Technical Manual at affymetrix.com/
support/technical/manual/expression_manual.affx. Using
the raw image file in GCOS (.DAT), cell intensities were
calculated and the resulting files (.CEL) containing inten-
sity information for all probes on the arrays were up-
loaded into the software program Genesifter.net for fur-
ther analyses.

Array data analysis

Normalization of the raw microarray data and determi-
nation of differential expression was done using Genesift-
er.net software. The cDNA array data were normalized by
the global median intensity on each array. Robust mul-
tiarray average (RMA) normalization was performed on
the Affymetrix GeneChips. In brief, RMA performs three
operations specific to Affymetrix chips: global background
normalization, across array normalization, and log2
transformation of “perfect match” oligonucleotide values
(Irizarry et al., 2003).

We looked for differences in gene expression between P7
and P21 CN using the NIA mouse 15K cDNA array. Using
Affymetrix Mouse 430A GeneChips we looked for differ-
ences between P7 and P21 CN, but also P7 and P14 as well
as P14 and P21 CN. Lists of genes with different expres-
sion patterns were generated using two criteria: an ad-
justed P-value cut-off of �0.05 and a fold change threshold
of �1.8. More specifically, a Student’s t-test was per-
formed on the replicate array intensity values (n � 5
cDNA arrays and n � 2, P14, or 3, P7 and P21, Affymetrix
arrays). Because the probability of false identifications
increases with the large number of genes tested, P-values
were adjusted using the Benjamini and Hochberg proce-
dure for controlling the false discovery rate (FDR) (Reiner
et al., 2003).

In order to further explore changes in gene expression
during (P7) and after (P14, P21) the critical period in the
CN, an ANOVA was performed on all three groups on the
Affymetrix arrays. The same criteria as above were used
to determine genes changing in expression from P7 to P14
and P21. These genes (n � 1,512) were clustered using
hierarchical methods to visualize changes in the CN over
these ages, but also clustered using partitioning around
medoids (PAM). Both of these methods showed that there
were two major clusters in these data: genes that in-
creased during the critical period at P7 over their expres-
sion at P14 or P21, and genes that increased after the
critical period at P14 or P21 over their expression at P7.
Because this was still a large number of genes the filtering
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criteria were made stricter. Critical period candidate
genes had to be significantly increased in the P7 CN over
both P14 and P21. Conversely, postcritical period candi-
date genes had to be significantly increased in both the
P14 and P21 CN over P7. The entire dataset from both
microarray platforms has been deposited in the Gene Ex-
pression Omnibus under the series number GSE2390
(www.ncbi.nlm.nih.gov/geo/).

Real-time reverse transcription polymerase
chain reaction

Real-time reverse transcription polymerase chain reac-
tion (RT-PCR) was performed on a BioRad (Hercules, CA)
iCycler System using SYBR Green detection. cDNA tem-
plate was made from 1 �g total RNA extracted from P7 or
P21 CN using the BioRad iScript cDNA Synthesis kit. The
25 �l PCR reactions contained 12.5 �l SYBR green Super-
mix, 5 �l cDNA template, 0.375 �l each of the forward and
reverse primers (800 nM), and 6.75 �l water. The condi-
tions were 95°C for 3 minutes followed by 45 cycles of
denaturing at 95°C for 30 seconds, and annealing and
extension at 54°C for 30 seconds. Melt curves were also
analyzed to insure only one product per well. Primer se-
quences were designed using the Primer3 software avail-
able online (frodo.wi.mit.edu) and ordered from Integrated
DNA Technologies (Coralville, IA). Primer sequences and
GenBank accession numbers for the genes selected for
PCR validation are shown in Table 1. The gene chosen as
a control for these experiments was the ribosomal protein
L3 (RPL3). This gene was chosen over more standard
genes such as GAPDH or beta-actin because those genes
appeared to increase slightly over development in the CN
based on the microarray data. RPL3 showed no change
between P7 and P21 and is relatively highly expressed in
the CN. An initial dilution series was performed with each
template cDNA for all primer sets to determine their PCR
efficiency. Each reaction was then done in triplicate wells
on one plate, and then the plate was duplicated or tripli-
cated. We used the comparative CT method of relative
quantification, where CT � threshold cycle, the cycle at
which fluorescence is just measurable above baseline
(baseline was user-defined to minimize standard deviation
of replicate wells; this was always higher than the soft-

ware default value and kept constant across all plates for
CT measurements). In this method the equation ��CT �
�CT(P7) – �CT(P21) was used to determine the amount of
target in one sample versus the other, where �CT is
CT(gene) – CT(RPL3). 2-��Ct then gives the relative
amount of target gene.

Histology and immunohistochemistry

Mice were overdosed with sodium pentobarbital and
perfused transcardially with 4% paraformaldehyde. After
perfusion the brains were removed and postfixed for an
additional 2 hours at room temperature (RT), then serially
dehydrated in ethanol, cleared in methyl salicylate, and
embedded in paraffin. A one-in-five series of 10-�m coro-
nal sections was mounted on slides. To assess complete-
ness of the CN dissections, brain sections were deparaf-
finized in xylenes, rehydrated in alcohols, and stained
with thionin. For immunohistochemistry, sections were
deparaffinized and rinsed in 0.01% Triton-X in phosphate-
buffered saline (PBST) for 15 minutes. Antigen retrieval
was performed in 10 mM citric acid (pH 6.0) in a steamer
for 25 min, and then cooled for 10 minutes on ice. Slides
were rinsed again in PBST for 15 minutes and then
blocked for 1 hour at RT in 10% normal serum, 0.1%
Triton-X, and 0.5% bovine serum albumin in PBS. Sec-
tions were next incubated overnight at 4°C with the pri-
mary monoclonal antibody: mouse anti-�B crystallin (1:
500, StressGen Biotechnologies, #SPA-222, San Diego,
CA), mouse anti-metallothionein I/II (1:1000, StressGen
Biotechnologies, #SPA-550), mouse anti-parvalbumin (1:
1,000, Sigma-Aldrich, #P 3088), mouse anti-PKA II regu-
latory subunit � (1:100, BD Biosciences, #610625, San
Jose, CA), mouse anti-procaspase 3 (1:80, BD Biosciences,
#611048), or mouse anti-cmyc (1:100, Santa Cruz Biotech-
nology, #sc-40, Santa Cruz, CA). The next day tissue was
rinsed for 30 minutes in PBST and incubated in biotinyl-
ated goat antimouse secondary antibody (1:200, Vector
Laboratories, Burlingame, CA) for 1 hour at RT. After
rinsing for another 15 minutes in PBST, tissue was incu-
bated in Vector avidin-biotin complex solution for 1 hour
at RT. The tissue was rinsed again for 15 minutes in PBS
and reacted with diaminobenzidine (Sigma). Slides were

TABLE 1. Primer Sequences for Real-Time RT PCR

Gene name Forward primer Reverse primer Accession number

14-3-3eta ggagcgctacgacgatatg cttgtaggccacagagaggag NM_011738
�B Crystallin tctctccggaggaactcaaa tccggtacttcctgtggaac NM_009964
Bcl-w aagaaatggagcctttggtg cccgtatagagctgtgaactcc NM_007537
Bcl-x cgtggaaagcgtagacaagg gctgcattgttcccgtagag NM_009743
BID catctttgctccgtgatgtc tgtcaccatcgggcttgt NM_007544
Bok gacgcttggcagaggtgt gtcaccacaggctccgact NM_016778
C-myc ctctccttcctcggactcg caccacatcaatttcttcctca NM_010849
Calretinin gagaaggcaaggaagggttc tcttcggtcggcaggatc NM_007586
Caspase 3 tcggtcttacagaccagcaa ccaggaggaccgtcagatta U63720
Caspase 7 cccaaactcttcttcattcagg gcttccaccgggatcttgt NM_007611
CDK5 (p35) gctcaagcccttcctggt aaatagtgtgggtcggcatt NM_009871
Gelsolin tgcaggaagacctggctact ttgctggatctgtctcgatg NM_146120
Glutamine synth. ccagggaactggaatggtg ggtactggtgcctcttgctc NM_008131
Hsp105 aatgaggtgatggagtggatg tgggttgagttacaacaggttc NM_013559
Hrsp12 gtcgctgctttaccaagagg gagtcaacatcagcatggctac NM_008287
Metallothionein I ctgtgcctgatgtgacgaac tttattattcacgtactcggtagaaa BC036990
p75 ggccttgtggcttatattgc tgtcgctgtgcagtttctct NM_033217
Parvalbumin aagggcttctcctcagatgc gtcagcgccacttagctttc NM_013645
PI3K p85 caaagcggagaacctattgc cggtggcagtcttgttaatg NM_011085
PKA RII � tattgttgagcccactgcat catagccgaggcattcattt NM_011158
Prion Protein atcaccatcaagcagcacac cttctcccgtcgtaataggc NM_011170
RPL3 tcattgacaccacctccaaa gcacaaagtggtcctggaat NM_013762
Waf (P21) gtctgagcggcctgaaga tctgcgcttggagtgataga NM_007669
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then washed, dehydrated, and coverslipped with DPX
(BDH Laboratories, Poole, UK).

Positive controls were run for two antibodies (gut tissue:
caspase 3, lens: �B crystallin) and negative (primary omis-
sion) controls were included with all immunohistochemis-
try. The immunogens used to generate these antibodies
were as follows: �B crystallin, purified from bovine eye
lens; metallothionein I/II, cross-linked rabbit liver MT-I
and MT-II; parvalbumin, purified from frog muscle; PKA
II regulatory subunit �, from human amino acids 1–418 of
PKA II regulatory subunit � gene; pro-caspase 3, amino
acids 25–145 of mouse caspase 3 gene; and c-myc, amino
acids 408–439 within the C-terminal domain of the hu-
man c-myc gene. The antibody manufacturers’ have con-
firmed the specificity of each antibody using Western blot
analyses in several species, including rat and mouse. The
antibodies recognize the following protein masses that are
the appropriate molecular weight: �B crystallin, 20 kDa
protein; metallothionein I/II, 15 kDa protein (although
additional higher weight proteins are also detected that
may correspond to aggregates of metallothionein); parval-
bumin, 12 kDa protein; PKA II regulatory subunit �, 53
kDa protein; pro-caspase 3, 32 kDa protein as well as the
p17 cleaved form of active caspase 3; and c-myc, 67 kDa
protein.

Photomicrographs were taken using a CoolSnap HQ
Digital Camera (Photometrics, Tucson, AZ) under a 4�,
20�, or 63� objective on a Zeiss Axioplan 2 microscope.
Images were captured using Slidebook 4.0 software (Intel-
ligent Imaging Innovations, Santa Monica, CA). All pho-
tomicrograph figures were prepared using PhotoShop 7.0
(Adobe Systems, San Jose, CA) and for some images the
dodging tool was used to correct uneven illumination.

RESULTS

Identification of differentially expressed
genes on the microarrays

Changes in relative gene expression in the mouse CN
during and after a critical period of afferent-dependent
survival were broadly evaluated using both cDNA and
oligonucleotide microarrays. In the NIA 15K mouse cDNA
microarray analysis, gene expression in the P7 CN was
compared with the P21 CN. Using Affymetrix GeneChips,
P7, P14, and P21 CN gene expression were compared.
Differentially expressed genes were identified by having
at least a 1.8-fold change and a false discovery rate (FDR)
adjusted P-value � 0.05 after a t-test. Scatterplot analyses
of all the microarray comparisons are shown in Figure 2.
The numbers of differentially expressed genes for the com-
parisons in Figure 2A–C are also shown in Table 2. Of the
15,247 genes represented on the NIA 15K microarray, 273
genes (0.018%) were expressed more highly after the crit-
ical period at P21 compared to P7 and 257 genes (0.017%)
were expressed more highly during the critical period at
P7 compared to P21 (Fig. 2A). Of the 22,690 genes repre-
sented on the Affymetrix arrays, 589 genes (0.026%)
showed increased expression and 823 genes (0.036%) de-
creased at P21 relative to P7 (Fig. 2B); 461 genes (0.020%)
showed increased expression and 415 genes (0.018%) de-
creased at P14 relative to P7 (Fig. 2C). Interestingly, only
21 genes (0.001%) showed increased expression and 9
genes (0.0004%) decreased when we compared P21 rela-
tive to P14 CN (Fig. 2D).

The Affymetrix data including P7, P14, and P21 were
analyzed by hierarchical clustering to identify possible

Fig. 2. Scatterplots showing differentially expressed genes in the CN
from both the Affymetrix and NIA microarrays. Differential expression
was defined as � 1.8 fold change ratio and a false discovery rate adjusted
P-value � 0.05 after a t-test. The mean log intensity at P21 for probes
represented on the arrays was plotted against P7 from the NIA (A) or
Affymetrix microarray (B). Mean log intensities for P14 CN (Affymetrix
only) are plotted against P7 (C) and P21 (D). Differentially expressed
genes are shown in green or red and genes that were unchanged between
the age comparisons are shown in gray. Note that by these criteria many
genes are differentially expressed between P7 and P14 or between P7
and P21, but very few genes are differentially expressed between P14
and P21. N � 5 replicates (NIA, A), 2 replicates (Affymetrix P14, C,D),
and 3 replicates (Affymetrix, P7 and P21, B–D).

TABLE 2. Numbers of Differentially Expressed Genes
on Both Array Platforms

Increased during
the critical

period at P7

Increased after the
critical period at

P14 or P21

Affymetrix
P21 vs. P7 823 589
P14 vs. P7 415 461
P21 and P14 vs. P7 380 273

NIA
P21 vs. P7 257 273

NIA and Affymetrix
Shared genes 102 107
Genes unique to

Affymetrix
278 274

Genes unique to NIA 155 166

Total candidates 535 547

Listed are the numbers of genes showing at least a 1.8-fold increase and an FDR
adjusted P-value � 0.05 between P7, P14, and P21 for both the Affymetrix and NIA
cDNA microarray comparisons. For the Affymetrix arrays, critical period candidate
genes had to be increased at P7 compared to both P14 and P21, and postcritical period
genes had to be increased at P14 and P21 compared to P7. The Affymetrix genes and
NIA genes were combined to make a final list containing unique candidates.
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correlations in expression patterns in the CN, shown in
Figure 3. Only genes that were differentially expressed in
either P14 or P21 compared with P7 CN were used for this
analysis. Remarkably, only two major clusters appeared,
genes that were increased during the critical period (P7 �
P14 and P21) and genes that were increased after the
critical period (P14 and P21 � P7). There were very few
genes that did not fit into these two groups, although some
smaller clusters can be identified. In accordance with Fig-
ure 2D, this analysis suggests that the vast majority of
changes in CN gene expression over postnatal develop-
ment occur during the second postnatal week, a period
that encompasses the end of the critical period and the
onset of hearing. We find this of considerable interest in
view of the fact that dramatic changes in neuronal re-

sponses to acoustic stimulation are still occurring over the
third postnatal week, especially since many of these
changes take place at the level of the cochlea, thereby
radically changing the amount and patterns of activity
impinging on the CN (Sanes and Walsh, 1998).

Comparison of fold change measured for
genes shared on both platforms

Results from several published technical articles show
an overall low correlation between fold change ratios mea-
sured for the same genes on different microarray plat-
forms (Kuo et al., 2002; Park et al., 2004). Therefore, we
felt it was important to determine the amount of correla-
tion in our datasets. Using Genesifter software all probes
with the same UniGene ID on both arrays were identified
and matched. We found 5,159 unique UniGene entries,
consisting of 7,592 cDNA probes and 9,452 Affymetrix
probes. When multiple probes matched the same UniGene
ID, their values were averaged (although the extent of
agreement between probes supposedly measuring the
same gene is not always good, the unaveraged data
showed only a slightly improved correlation). We com-
pared the fold change of P7 compared to P21 for all these
shared genes on both array platforms (Fig. 4A). There was
a weak, but positive, correlation (r � 0.613). Because the
overall correlation would be highly influenced by noisy
data from low-intensity genes, we also computed the cor-
relation coefficient separately for low- to high-intensity
genes (Fig. 4B). The average intensity of each gene across
all replicates and both platforms was put into 10 bins of
equal size. The correlation coefficient increased as the
signal intensity increased, from 0.263 in the lowest inten-
sity bin to 0.951 at the highest intensity bin. The correla-
tion coefficient was also calculated separately for genes
showing no change between P7 and P21 samples (low fold
change ratio) to the highest fold change (Fig. 4C). All
shared genes were placed into four bins of equal size,
ranging from the lowest average fold change to the highest
average fold change across all replicates and both plat-
forms. Absolute values were used so the direction of the
change was not taken into account. The correlation im-
proved with increasing fold change. Importantly, the high-
est correlations were obtained for genes that showed a fold
change of greater than 1.8 (r � 0.824), which was part of
our selection cutoff to determine robust differences in gene
expression during and after the critical period. Figure
4B,C clearly shows that fold change estimates of moderate
to highly expressed genes, and genes showing larger fold
change ratios can be strongly correlated across platforms,
even better than the overall correlation coefficient might
suggest.

Identification and functional distribution of
critical period candidate genes

The lists of differentially expressed genes from the Af-
fymetrix dataset and the NIA 15K dataset were combined
to form a cohesive list of possible critical period candidate
genes. This resulted in a set of 535 unique genes more
highly expressed during than after the critical period
(P7 � P14 and P21), and 547 unique genes more highly
expressed after the critical period relative to during the
critical period (P14 and P21 � P7). Table 2 provides the
details of this analysis.

Analyzing changes in broad functional groups provided
some biological insight into these lists. The differentially

Fig. 3. Hierarchical cluster analysis of genes differentially ex-
pressed at P14 or P21 relative to P7. All nonregulated genes were
eliminated from this analysis. Each column represents one age, each
row a single gene. Red, expression of that gene is higher than the
mean intensity of all three ages; black, equal to the mean; green,
expression is lower than the mean. A cluster is a group of genes with
a similar pattern of expression (i.e., colors in this figure) across the
three ages. Two major clusters were identified, 1) increased during
the critical period (P7) or 2) increased after the critical period (P14
and P21). Very few genes followed other expression patterns over
these ages. Much smaller clusters included genes that showed de-
creased expression at P21 compared with both P7 and P14, increased
expression at P21 over both P7 and P14, and a small subset of genes
that showed higher expression at P14 over both P7 and P21.
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expressed genes were classified into 15 different func-
tional groups, shown in Figure 5, based on information
from Kargul et al. (2001), the available literature, and the
GeneOntology Consortium (Ashburner et al., 2000). The
unknown group contains both expressed sequence tags as
well as known genes with no clear function described in
the literature. Figure 5A,B shows the functional groups
that were most highly represented during and after the
critical period on the Affymetrix and NIA microarrays. For
example, the highest percentage of genes showing in-
creased expression during the critical period at P7 were
involved in unknown functions (29.3%), followed by roles
in signal transduction (16.9%), transcription (12.7%), and
matrix or structural genes (10.1%). The highest percent-
age of genes showing increased expression after the criti-
cal period at P14 and P21 also included those with un-
known functions (24.1%) and signal transduction roles
(23.7%), but unlike the increases at P7, energy and me-
tabolism genes were also highly represented (14.6%). Im-
portantly, these same trends in similarities and differ-
ences were observed in both the Affymetrix and NIA
datasets (compare Fig. 5A,B). In Figure 5A,B a trend is
also apparent in that the functional groups with the larg-
est number of genes during the critical period are also the
largest after the critical period (e.g., signal transduction),
and the functional groups with the smallest number of
genes are for the most part the same groups during and
after the critical period (e.g., apoptosis and immune).

Relative changes in the predominance of functional
groups during and after the critical period were also ana-
lyzed. In Figure 5C the difference between the percent of
total genes increased during the critical period subtracted
from after the critical period is plotted for each functional
category and for each platform. The functional groups
showing a higher percentage of total genes increased after
the critical period at P14 or P21 compared to the group of
critical period genes are shown as positive values. The
functional groups with a higher percentage of genes in-

creased during the critical period at P7 relative to after
the critical period are shown as negative values. Func-
tions overrepresented in the critical period group com-
pared to the postcritical period group include apoptosis,
cell cycle, DNA replication and repair, matrix or struc-
tural, protein synthesis, noncoding RNAs, or transcrip-
tion. Functions overrepresented in the postcritical period
are energy and metabolism, heat shock, immune, ion
transport, proteolysis, signal transduction, and transport.
Importantly, for all of the functional groups, with the
exception of the unknowns, the direction of change was
the same across the platforms. Together with our finding
of a strong correlation between the fold changes measured
for differentially expressed genes on both platforms (Fig.
4C), this analysis suggests that gene expression data can
be confidently compared across these platforms, at least
for genes with robust differences in expression ratios.

We sought to identify candidate genes on these lists that
could specifically underlie the age-dependent response of
death or survival following deafferentation of CN neurons.
Accordingly, one way to further refine these lists of genes
was to select genes with a previously known role in cell
death or survival based on the published literature. In this
way, 27 genes expressed higher during the critical period
and 39 genes expressed higher after the critical period
were selected as candidates for further study. We purpose-
fully selected genes with pro-death functions during the
critical period and pro-survival functions after the critical
period in order to narrow down the lists and generate new
hypotheses. However, it is of interest to note that we
identified four genes with pro-death functions expressed
higher after the critical period and five genes with pro-
survival functions during the critical period (data not
shown). Although this selection criterion is biased toward
molecules that are known to play a role in cell death, not
all of the genes were classified in the apoptotic functional
group.

Fig. 4. Analysis of the correlation between fold change ratios for
P7 compared to P21 CN for genes represented in both the Affymetrix
and NIA datasets. A: Average fold change is plotted for all 5,169 genes
shared on both platforms. B: The correlation coefficient between fold
changes on Affymetrix and NIA arrays was computed and plotted on
the y-axis for each of 10 bins containing genes with the lowest (Bin 1)
to highest (Bin 10) expression level averaged across all replicates and

both platforms shown on the x-axis. C: The correlation coefficient
between fold changes on Affymetrix and NIA arrays was computed
and plotted on the y-axis for each of four bins containing genes with
the lowest average fold change ratios across replicates and platforms
(	0.9) up to the highest average fold change ratios (�2.7). Note that
increases in both expression level and fold change ratio remarkably
improved the correlation coefficient.
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Candidates that were expressed higher during the crit-
ical period at P7 than P14 and/or P21, shown in Table 3,
included pro-apoptotic genes such as caspase 3, the Bcl-2
family member Bid (BH3 interacting death domain ago-
nist), and the p75 nerve growth factor receptor, although
p75 can also act in a protective way under certain circum-
stances (Bamji et al., 1998; Kalb, 2005). Based on studies
that have suggested a link between neuronal apoptosis
and the reactivation of cell cycle proteins, we also selected
a number of cell cycle-related genes expressed more highly
during the critical period. For example, inhibition of the
cell cycle transcription factor Myb (myeloblastosis onco-
gene) can reduce serum deprivation-induced neuronal
death (Liu et al., 2004). An extracellular matrix protein
expressed higher during the critical period, milk fat
globule-EGF factor 8 protein, recognizes phosphatidyl
serine on the membrane of apoptotic cells and functions to
bring them to phagocytes (Hanayama et al., 2002).

Genes that function as proteinases, calpain 7 and ma-
trix metalloproteinase 9, showed increased expression
during the critical period and inhibition of both of these
proteins can protect against different forms of neurotox-
icity (Jourquin et al., 2003; Gafni et al., 2004). Members of
signal transduction pathways were also increased, such as
the p35 activator of cyclin-dependent kinase 5 (CDK5).
Inhibiting CDK5 can protect against apoptotic and ne-
crotic neuron death (Weishaupt et al., 2003). Further-
more, both an endogenous inhibitor of protein kinase A
(PKA), protein kinase inhibitor alpha, and a regulatory
subunit of PKA, PKARII�, that can suppress its catalytic
activity were increased during the critical period. As PKA
is often a strong survival-promoting pathway in neurons,
inhibiting PKA signal transduction may sensitize these
neurons to death. Finally, a group of transcriptional reg-
ulators that can enhance cell death was increased during
the critical period, including c-myc and the ligand-
activated aryl-hydrocarbon receptor (Ahr). Ahr can regu-
late the expression of various genes, including the pro-
apoptotic gene Bax and the presence of the Ahr gene
predisposes hepatocytes to Fas-mediated apoptosis (Mati-
kainen et al., 2001; Park et al., 2005).

On the list of 547 genes increased after the critical
period, we focused on a subset of 39 genes determined to
have some role in promoting cell survival (shown in Table
4). These included multiple genes that favor a more re-
duced state in cells and can act to protect against oxida-
tive stress, such as glutathione synthetase, peroxiredoxin
6, selenoprotein X1, and oxidation resistance 1. Multiple
creatine-related genes were found to be increased after the
critical period; creatine kinase and two creatine synthesis
enzymes, glycine amidinotransferase and guanidinoac-
etate methyltransferase. Creatine provides strong protec-
tion against neural excitotoxic and ischemic damage
(Brustovetsky et al., 2001; Zhu et al., 2004). There was
also a strong group of genes responsive to heat shock or
stress, including heat shock protein (hsp) 105 and a mem-
ber of the small hsp family, �B crystallin, both of which
have been shown to inhibit apoptosis (Hatayama et al.,
2001; Kamradt et al., 2001, 2002). Transcription of metal-
lothionein (MT) I and II is also responsive to stress, and
enhancing the expression of MTI and II can protect neu-
rons from ischemia and apoptosis (Giralt et al., 2002;
Natale et al., 2004).

Genes with a role in the transport of ions were also
increased after the critical period at P14 and P21. The

Fig. 5. Distribution of functional categories of differentially regu-
lated genes during (P7) and after (P14 and P21) the critical period.
Differentially expressed genes that were increased during the critical
period (gray) or postcritical period (black) were categorized into 15
functions for the Affymetrix (A) and NIA (B) datasets. The percentage
of total genes increased in each category is plotted on the y-axis. The
functional categories showing the largest increases were similar
across platforms. C: The difference between the percentage of total
genes increased after the critical period and during the critical period
for each functional category is plotted for both the Affymetrix and NIA
datasets. The functional categories represented greater during the
critical period (negative values) included cell cycle, DNA replication
and repair, matrix and/or structural proteins, protein synthesis, and
transcription. The functional categories represented greater after the
critical period (positive values) included energy and metabolism, heat
shock, ion transport, and signal transduction. With the exception of
the unknown group, all other functions changed in the same direction
on both platforms.
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SERCA2 (ATPase Ca

 transporting, cardiac muscle,
slow twitch) calcium pump functions to maintain appro-
priate calcium levels across the endoplasmic reticulum
membrane. Other calcium-binding proteins, calretinin
and parvalbumin, were also increased in the CN after the
critical period. Calcium homeostasis is known to play a
role in tipping the balance of apoptotic or survival path-
ways and these increases in calcium regulatory genes may
make mature neurons more capable of dealing with sud-
den changes in calcium concentration.

Finally, members of various signal transduction path-
ways with known roles in protection against apoptosis
were higher after the critical period. This included recep-
tors such as endothelial deafferentation sphingolipid
G-protein coupled receptors 1 and 8, which inhibit
ceramide-induced death, as well as the interleukin 10
alpha receptor, which can inhibit glutamate mediated
neuron death (Bachis et al., 2001; Cuvillier, 2002). This
also included the protective serum regulated kinase as
well as a 14-3-3 protein family member, which could bind
pro-apoptotic genes such as Bad to prevent apoptosis
(Brunet et al., 2001; Berg et al., 2003).

Microarray validation and
immunohistochemistry

To validate the mRNA expression changes measured
using microarrays, 18 genes were chosen that met the
criteria for differential expression from Tables 3 and 4,
and four more genes were chosen that showed a fold
change ratio of less than 1.8 on the microarrays, but still
had an FDR corrected P-value � 0.05. Real-time RT-PCR
was performed using P7 and P21 CN as templates for
comparison. Shown in Figure 6, the microarray analyses
for P7 compared to P21 were consistent with the direction
of change in the PCR results for 21 out of 22 genes. This
included the four genes with a microarray fold change of
less than 1.8, but with a significant P-value (Bcl-w, Bcl-x,
Bok, and Caspase 7). The magnitude of the fold changes
measured with PCR was also consistent with the array
results, with the exception of metallothionein I. The
neurotrophin receptor p75 appeared to be a false-positive
on the array because PCR analysis suggested there was
no reliable change between P7 and P21 CN in p75
mRNA expression, while the array results showed a fold

TABLE 3. Candidate Genes Expressed Higher during the Critical Period1

Gene name
Accession
number

NIA
ratio

P7/P21

Affy
ratio

P7/P14

Affy
ratio

P7/P21

Apoptosis
BH3 interacting death domain agonist (BID) BC002031 5.65 1.84 2.56
Caspase 3 D86352 3.21 4.92
Cytotoxic granule-associated RNA binding

protein 1
BG518542 2.25 2.29

Nerve growth factor receptor P75 BB151515 1.97 2.15

Cell cycle
Cyclin B1 AU015121 3.33 2.86 4.36
Myeloblastosis oncogene NM_033597 1.91 1.91
N-Myc-related oncogene 1 BC005453 2.53 2.97

Matrix/structural
Milk fat globule-EGF factor 8 protein NM_008594 2.06 2.13 2.45
Chondroitin sulfate proteoglycan 3 BM945195 2.01 3.59
Thymosin, beta 10 AV148480 3.85 6.00

Protein synthesis
CUG triplet repeat, RNA binding protein 2 AF090696 2.23 2.13

Proteolysis
Calpain 7 BG068214 1.87 1.88
Matrix metalloproteinase 9 AW541504 2.09

Signal transduction
Cyclin-dependent kinase 5, regulatory

subunit (p35)
BB526485 1.86 1.93

Cyclin-dependent kinase inhibitor 1A (P21) AK007630 2.22 2.58
Fyn proto-oncogene BG074018 1.90
Growth associated protein 43 BB622036 7.03 7.60 12.74
Protein kinase inhibitor, alpha AK010212 2.82 4.22
PKA, type II beta BG071003 4.58
Somatostatin NM_009215 3.17 5.67

Transcription/chromatin
Aryl-hydrocarbon receptor NM_013464 1.90 2.47
BTB and CNC homology 2 AW553304 1.97 2.88
High mobility group box 2 C85885 3.87 3.29 4.15
Myelocytomatosis oncogene (c-myc) BC006728 2.29 1.97 1.96
SRY-box containing gene 4 AI428101 3.26 6.41
TGFB inducible early growth response 1 NM_013692 1.85 2.55

Unknown
Prion protein dublet BG086022 2.24

1Listed are genes with possible roles in cell death increased during the critical period in the CN at P7 compared to after the critical period at P14 and P21. Differential expression
was defined by �1.8-fold change and an FDR adjusted P-value �0.05. Genes are arranged by broad functional categories. The GenBank accession numbers and the fold change
ratios determined from the NIA and Affymetrix analyses are also shown. Many of the differentially expressed genes were identified on both types of arrays, some genes were
identified from only the NIA or Affymetrix analyses.
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change of 2.15 (note the lack of a black bar for P75 in
Fig. 6).

Protein expression of a subset of differentially expressed
genes was analyzed for three reasons. First, to determine
if mRNA expression differences correlated with protein
expression differences between P7 and P21 CN; second, to
determine which or if all of the three subdivisions of the
CN (anteroventral CN, posteroventral CN, and dorsal CN;
AVCN, PVCN, and DCN) show the difference; and finally,
to determine what cell types were expressing these genes.
Protein expression for the six genes examined correlated

well with the mRNA differences observed in the microar-
ray data. Figure 7 shows representative images of immu-
nohistochemical labeling for three proteins in AVCN that
are more highly expressed during the critical period rela-
tive to later in development. Pro-caspase 3 expression was
qualitatively higher throughout the entire P7 CN com-
pared to P21, with the exception of an area in the pos-
teroventral CN (data not shown). A representative exam-
ple of pro-caspase 3 labeling in the AVCN is shown in
Figure 7A,B. At P7 pro-caspase 3 was expressed in a
variety of neuron types, including granule cells and spher-

TABLE 4. Candidate Genes Expressed Higher after the Critical Period1

Gene name
Accession
number

NIA
ratio

P21/P7

Affy
ratio

P14/P7

Affy
ratio

P21/P7

Energy/metabolism
Glutathione synthetase BG067069 2.01
Peroxiredoxin 6 BG064735 2.19
Selenoprotein X 1 BG076434 1.86
Creatine kinase, mitochondrial 1, ubiquitous NM_009897 2.32 2.09 2.14
Glutamine synthase U09114 1.80 2.60
Glycine amidinotransferase AW108522 2.11 2.97
Guanidinoacetate methyltransferase AF015887 2.29 2.41
N-acylsphingosine amidohydrolase 2 NM_018830 2.79 2.11 2.12
Prion protein BE630020 2.05 2.30

Heat shock/stress
Heat shock protein 105 BG064500 2.01
Oxidation resistance 1 BG087025 1.96
Crystallin, alpha B NM_009964 5.73 4.36 1.97
Heat-responsive protein 12 AK005016 2.79 2.65 2.05
Metallothionein 1 NM_013602 5.47 3.08 3.35
Metallothionein 2 AA796766 5.26 2.70 3.09

Ion transport
ATPase, Ca

 transporting, cardiac muscle,

slow twitch 2
BG085195 2.01

ATPase, Na
/K
 transporting, alpha 2
polypeptide

BQ175915 3.05 3.23

Glutamate receptor, ionotropic, NMDA2C
(epsilon 3)

NM_010350 2.03 2.52

Matrix/structural
CD59a antigen AK005507 2.24 3.68
Gelsolin AV025667 4.33 6.11 1.91
Tissue inhibitor of metalloproteinase 4 BI788452 2.89 2.23 2.52

Signal transduction
Activity regulated cytoskeletal protein NM_018790 2.88 2.14 2.06
Calbindin 2 (calretinin) BC017646 1.89 2.01
Calcitonin/calcitonin-related polypeptide,

alpha
AF330212 3.99 1.82

Cyclic nucleotide phosphodiesterase 1 NM_009923 2.69 1.90
Down syndrome critical region gene 1-like1 NM_030598 2.90 3.29
Endothelial deafferentation sphingolipid G-

protein-coupled receptor 1
BB133079 2.45 2.43

Endothelial deafferentation, lysophosphatidic
acid G-protein-coupled-receptor, 2

U70622 3.06 2.55 2.13

Endothelial deafferentation sphingolipid G-
protein-coupled receptor, 8

NM_053190 3.96 2.33

Fibroblast growth factor 1 BM932451 3.60 2.75
Interleukin 10 receptor, alpha BG074640 1.85
Parathyroid hormone-like peptide NM_008970 2.78 3.65 3.65
Parvalbumin NM_013645 2.52 2.53
Phosphatidylinositol 3-kinase, regulatory

subunit, polypeptide 1 (p85 alpha)
BG081616 2.30

Serum/glucocorticoid regulated kinase BG072439 2.40
14-3-3 (eta polypeptide) BG065012 1.92

Transcription/chromatin
Basic helix-loop-helix domain containing,

class B2
NM_011498 2.06 2.49

Delta sleep inducing peptide, immunoreactor AF201289 1.86 3.79

Transport
Solute carrier family 1 (glial high affinity

glutamate transporter), member 2
U75372 1.96 2.58

1Listed are genes with possible roles in cell survival increased after the critical period in the CN at P14 and P21 compared to during the critical period at P7. Differential expression
was defined by �1.8-fold change and an FDR adjusted P-value � 0.05. Genes are arranged by broad functional categories. The GenBank accession numbers and the fold change
ratios determined from the NIA and Affymetrix analyses are also shown. Many of the differentially expressed genes were identified on both types of arrays, some genes were
identified from only the NIA or Affymetrix analyses.

469GENE EXPRESSION IN THE MOUSE CN



ical bushy cells, based on cell size and location within the
CN, it may also be in glia (Fig. 7A, inset). The inhibitory
PKA subunit RII� protein also appeared to be expressed
higher throughout the entire P7 CN compared to P21. A
representative example of labeling in AVCN is shown in
Figure 7C,D. PKARII� was also expressed in neurons
based on size and location within the CN (inset, Fig. 7C).
Finally, the transcription factor c-myc appeared to be ex-
pressed at a higher level in all areas of the CN at P7
relative to P21. A representative example of c-myc label-
ing in AVCN is shown in Figure 7E,F. C-myc appeared to
be predominantly expressed in neurons at both ages, but
was also observed in glial cells (inset, Fig. 7E). The ex-
pression of phosphorylated c-myc in the P7 and P21 CN
was also analyzed with immunohistochemistry and
showed a similar staining pattern (see Supplemental Ma-
terial).

Figure 8 shows representative images of immunohisto-
chemistry labeling for three proteins in AVCN that are more
highly expressed after the critical period relative to earlier in
development. The small heat shock protein, �B crystallin,
was expressed throughout the CN at P21 compared to P7,
where no labeling was observed, shown in Figure 8A,B. The
cells that expressed �B crystallin appeared to be small neu-
rons, based on morphology. It was not expressed in any of the
larger neurons, such as bushy cells (Fig. 8B, inset). Figure
8C,D shows labeling with an antibody that detects metallo-
thionein isoforms I and II (MT I/II). MT I/II shows more
labeling throughout the P21 CN compared to P7, where
almost no labeling was observed. The MT I/II-positive cells
did not appear to be neurons. These small, rounded cells
were found in close association with the larger neurons and
may be satellite glial cells (Fig. 8D, inset). Finally, parval-
bumin was highly expressed in neurons of both P7 and P21
AVCN and PVCN (data not shown). However, parvalbumin
expression was much higher in the DCN at P21 compared to

P7, as shown in Figure 8E,F, so that overall the mRNA fold
change measured using microarrays is paralleled by overall
protein expression. Parvalbumin protein expression in DCN
appeared in almost every cell type (Fig. 8F, inset).

Analysis of known apoptotic genes
represented on either array platform

There have been relatively few reports of genes with
known roles in apoptosis that are developmentally reg-
ulated in the brain during postnatal development (de
Bilbao et al., 1999; Mooney and Miller, 2000; Krajewska
et al., 2002). Therefore, to explore this trend in relation
to the critical period studied here, genes represented on
the array platforms with established roles in apoptosis,
either pro-death or pro-survival, were selected and are
shown in Table 5. Out of 22 pro-apoptotic genes sur-
veyed, seven were differentially expressed over these
postnatal ages. Strikingly, six out of these seven pro-
death genes were expressed more highly during the
critical period at P7 when cells are susceptible to loss of
afferent input, relative to later postnatal ages P14 and
P21. Out of 23 anti-apoptotic genes surveyed, 11 were
differentially expressed. Nine out of these 11 pro-
survival genes were increased after the critical period at
P14 and P21, when cells are resistant to loss of afferent
input compared to expression at P7. The trend of in-
creasing pro-survival and decreasing pro-death mecha-
nisms is highly significant (P 	 0.005 by chi-square) and
correlates with the timing of age-dependent susceptibil-
ity to loss of afferent input.

DISCUSSION

The mechanisms that regulate the timing of critical
periods during nervous system development are not well

Fig. 6. Confirmation of microarray results for 22 genes using real-
time RT-PCR. Each bar represents the fold change ratio of P7 com-
pared to P21 measured using PCR (black), Affymetrix (gray), and/or
NIA (white) microarray analyses. Genes identified as differentially
expressed on only one of the two platforms have two bars (one array

and PCR). PCR fold change ratios were computed with the relative CT
method using the ribosomal protein L3 for normalization. Microarray
and PCR analyses generally showed consistent changes, the p75 neu-
rotrophin receptor was one exception (note the black bar is approxi-
mately zero). Error bars indicate 1 SD.

470 J.A. HARRIS ET AL.



understood, although this information may be more acces-
sible with advances in experimental technologies (Hensch,
2004). Here we used microarray technology to survey for
differences in baseline gene expression over three postna-
tal ages that define a critical period of afferent-dependent
neuron survival in the mouse cochlear nucleus. Using two
different microarray platforms, we identified more than
1,000 genes (including named genes and ESTs) with a
variety of functions that change in relative expression

level from 1–3 weeks postnatal in parallel with the timing
of this critical period. For a subset of genes we verified the
microarray estimates of mRNA fold change using real-
time RT-PCR, and we further explored the protein expres-
sion and localization of several identified candidate genes.
Finally, we described a striking correlation between post-
natal age, susceptibility to afferent deprivation, and rela-
tive expression of cell death and survival genes.

Fig. 7. Immunohistochemistry of protein from three genes that
array data indicated as more highly expressed in the CN during the
critical period (P7) compared to after the critical period (P14 and P21).
A,B: Representative sections of AVCN labeled for pro-caspase 3 at P7
and P21. More cells appear pro-caspase 3-positive at P7 compared to
P21. Many of the labeled cells are neurons, based on size and position
(inset, A). C,D: Representative sections of AVCN labeled for the PKA
type II regulatory subunit � at P7 and P21. PKARII� labeling is much
higher at P7 compared to P21 and also appears to be expressed in
neurons (inset, C). E,F: Representative sections of AVCN labeled for
c-myc at P7 and P21. C-myc is expressed at a higher level at P7
compared to P21, and the labeled cells appear to be mostly neurons
and some glial cells (inset, E). Scale bars � 100 �m in F (applies to
A–F); 25 �m in inset E (applies to inset A,C,E).

Fig. 8. Immunohistochemistry of protein from three genes that
array data indicated as more highly expressed in the CN after the
critical period (P14 and P21) compared to during the critical period
(P7). A,B: Representative sections of AVCN labeled for �B crystallin
at P7 and P21. Notice the absence of any labeling at P7 and many cells
immunopositive at P21. The labeled cells are likely neurons based on
morphology, but are not the larger bushy neurons typical of this
region (inset, B). C,D: Representative sections of AVCN labeled for
metallothionein I/II at P7 and P21. MT I/II labeling is much higher at
P21 compared to P7, where there is a noticeable lack of any immu-
nopositive cells. MT I/II does not appear to be expressed in neurons,
but in glial cells found in apposition to neurons (inset D). E,F: Rep-
resentative sections of DCN labeled for parvalbumin at P7 and P21.
Parvalbumin is expressed much higher at P21 compared to P7 in
DCN, but not in VCN (not shown), and appears to be expressed in
many different cell types (inset F). Scale bars � 100 �m in A (applies
to A–F); 25 �m in inset F (applies inset B,D,F).
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Comparison across microarray platforms

A widespread diversity of array technologies are used by
different researchers and laboratories, making compari-
sons across platforms of general interest to the scientific
community. By using two different microarray technolo-
gies to compare gene expression between ages in the
mouse CN, we were able to analyze the amount of corre-
lation in our results across platforms. In agreement with
previous work comparing Affymetrix with cDNA microar-
rays, we found a fairly low correlation between fold
changes over all the shared genes. This correlation in-
creased substantially when low-intensity genes were re-
moved from the analysis (Park et al., 2004; Shippy et al.,
2004). However, regardless of signal intensity used to
derive the fold change ratios, the correlation across plat-
forms in our study also improved substantially for genes
showing larger fold changes. This has not been reported
previously to the best of our knowledge and is encouraging
for investigators who wish to compare results of their own
identified differentially expressed genes across platforms.

Development of the cochlear nucleus

In addition to identifying candidate genes related to the
critical period under investigation, gene array analysis
provided insights into normal development of the CN. We
identified both new patterns of gene expression and broad
changes in functions that might be expected based on
previous studies. The representation of different func-
tional categories during and after the critical period ap-
peared to reflect the maturation state of the CN. For
example, one of the largest differences in function repre-
sented by genes increased at P7 was cell-cycle-related
genes. This change might reflect gene expression in glial
cells, as it is known that glial cells in the CN continue to
proliferate and differentiate well into the first postnatal
week (Martin and Rickets, 1981). The expression of spe-
cific cell-cycle genes in different cell types still needs to be

analyzed. Energy, metabolism, ion transport, and signal
transduction genes were more prevalent at P14 and P21,
after the onset of hearing (P10–12; Ehret, 1976). An in-
crease in mRNAs involved in these functions might be
expected as indicative of mature functioning neurons with
higher metabolic demands and the machinery to transmit
electrical signals. While these differences in functions
may not be unexpected, these results of the microarray
comparisons have not been demonstrated previously in
the developing auditory brainstem.

We identified genes not previously known to be ex-
pressed in the CN and described their regulation over
postnatal development. Several genes identified in the CN
in our study are also regulated in other brain areas over
the same postnatal ages. Out of the 66 genes listed in
Tables 3 and 4, 29 change in either protein or mRNA
expression level over the first 3 postnatal weeks in other
areas of the CNS, including: caspase 3, cdk5(p35), p75,
fibroblast growth factor 1, metallothionein I and II, and
creatine kinase (Thomas et al., 1991; Chen et al., 1994;
Tomizawa et al., 1996; Yakovlev et al., 2001; Boero et al.,
2003; Natale et al., 2004). In addition to our validations
using real-time RT-PCR and immunohistochemistry, our
microarray results are validated by comparisons to previ-
ous findings. For example, parvalbumin and gap43 have
been specifically shown to be regulated in the rodent CN
over the same ages we demonstrated here (Lohmann and
Friauf, 1996; Illing et al., 1999).

Analysis of potential critical period
regulation genes

A surprising and conceptually interesting finding is that
the numbers of genes up- or downregulated were very
similar for P7 compared with both P14 and P21. In con-
trast, there were remarkably few genes either up- or
downregulated between P14 and P21, both ages after the
end of this critical period and the onset of hearing, but

TABLE 5. Summary of Apoptotic Genes on Both the NIA and Affymetrix Arrays

Critical
period

Postcritical
period

Critical
period

Postcritical
period

Pro-apoptotic Anti-apoptotic
AIF AlphaB Crystallin ��
AIP-1 (alix) �� A1
Apaf-1 API5
Bad Bcl-2
Bak1 Bcl-w �
Bax Bcl-x �
Bid �� Boo/Diva
Bik CREB
Bim Gelsolin ��
Bok � Hsp12 ��
CAD Hsp25 �
Caspase 12 Hsp70
Caspase 3 �� Hsp105 ��
Caspase 6 IAP1
Caspase 7 � ICAD
Caspase 8 Mcl-1
Caspase 9 Mef2d �
Cytochrome c Metallothionein I ��
DP5, Hrk Metallothionein II ��
P53 � Naip
P75 �� NF � B
Smac/Diablo Survivin ��

Xiap

Genes with established pro- and anti-apoptotic roles that are represented on either the NIA mouse 15K cDNA or Affymetrix Mouse 430A microarray are listed. In a survey of these
genes, 6 out of 7 with pro-apoptotic roles were expressed higher during the critical period at P7, 9 out of 11 differentially expressed genes with anti-apoptotic roles were expressed
higher after the critical period at P14 and P21. Differentially expressed genes are indicated with either a � or ��. The �� indicates fold change �1.8 and FDR adjusted P-value �
0.05. The � indicates fold change 	 1.8, but still with FDR adjusted P-value � 0.05. Unmarked genes did not show any reliable differences in expression between P7 and P14 or
P21.
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during marked changes in hearing efficacy. The possibility
of a link between genes underlying functional maturation
and survival independent of afferent input is supported by
this pattern of expression. This database of over 1,000
genes regulated around the onset of hearing and the end of
the critical period in the CN provides a rich resource for
the generation of many new hypotheses about the molec-
ular mechanisms underlying this and other critical peri-
ods of neural maturation. Both the Affymetrix and cDNA
datasets have been deposited in a public database in their
entirety (www.ncbi.nlm.nih.gov/geo/, series number
GSE2390).

We focused on selecting candidate genes that are most
likely involved in cell death or survival based on published
literature. This may seem restrictive, but it still provided
a list of genes with well-established roles in cell death,
such as caspase 3, and others with less well-established
roles, such as the PKA type II regulatory subunit �, that
we would not have anticipated to be regulated in the CN
(Elliott et al., 2003). This restriction led to an initial set of
66 candidates for further analysis. The question remains
if any of these genes are the molecules both necessary and
sufficient for the critical period response to deafferenta-
tion or if they play some other unrelated developmental
role. Validation by real-time RT-PCR and protein localiza-
tion is an important step in further refining the candidate
list. With a few exceptions, the validations we have done
to date supported the differential expression of mRNA and
protein level.

One outcome of this study is the identification of single
genes whose changes in expression correlate with the tim-
ing of this critical period in the mouse CN. There are
compelling arguments for the potential involvement of
any of the genes listed in Tables 3 and 4 in defining the
critical period response. For example, the higher baseline
expression of caspase 3 mRNA and protein in the P7 CN
compared to P14 and P21 CN could certainly predispose
those neurons to a faster and easier death following the
loss of afferent input or another metabolic challenge. Spe-
cifically, a viable hypothesis is that cells with a smaller
pool of caspase 3 ready to be activated have more time to
mount a survival response and will be protected against
an apoptotic insult. In this example, we propose the pos-
sibility that a single gene could underlie this age-
dependent susceptibility to loss of afferent input. On the
other hand, the results shown in Table 5 lead us to spec-
ulate that it is more likely a cohort of genes regulated over
development that mediate this switch from afferent-
dependent to -independent neuronal survival. The specific
genes that make up this cohort remain to be studied
further by manipulating gene expression or function and
analyzing the effects on the critical period response to
cochlear removal.

A striking result of these studies was the higher expres-
sion of known pro-apoptotic genes during the critical pe-
riod at P7 and, conversely, the higher expression of pro-
survival genes after the critical period at P14 and P21.
This result suggests a developmental trend of increasing
protective mechanisms and decreasing pro-death mecha-
nisms that corresponds to this period of age-dependent
susceptibility. We hypothesize that this could be a general
phenomenon of nervous system development, and other
recent reports support this possibility (Benn and Woolf,
2004; Walsh et al., 2004). In addition, it is reminiscent of
other mechanisms of neuronal homeostasis that could

function to maintain the integrity and organization of
local circuits in the CNS (Mizrahi and Katz, 2003;
Wierenga et al., 2005). Survival of many types of imma-
ture neurons is dependent on some form of trophic sup-
port, and death seems to be the default program if such
support is not abundant. While mature neurons are obvi-
ously capable of dying, they are often less sensitive than
immature neurons to the same insult. A developmental
decline in pro-death genes and increase in pro-survival
genes could underlie this common phenomenon and act as
a homeostatic mechanism to keep mature neurons alive,
promoting stability in the connections of the brain for the
lifetime of the organism.
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