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ABSTRACT

There are known differences in the properties of hair
cells along the tonotopic axis of the avian auditory
epithelium, the basilar papilla (BP). To determine the
genetic basis of these differences, we compared gene
expression between the high- (HF), middle-, and low-
frequency (LF) thirds of 0-day-old chick auditory
epithelia. RNA amplified from each sample was hybri-
dized to whole-genome chicken arrays and GeneSpring
software was used to identify differentially expressed
genes. Two thousand six hundred sixty-three genes were
found to be differentially expressed between theHF and
LF segments, using a fold-change cutoff of 2 and a
p value of 0.05. Many ion channel genes were differ-
entially expressed between theHF and LF regions of the
BP, an expression pattern that was previously established
for some but not all of these genes. Quantitative PCR
was used to verify tonotopic expression of 15 genes,
including KCNMA1 (Slo) and its alternatively spliced

STREX exon. Gene set enrichment analyses (GSEA)
were performed on the microarray data and revealed
many microRNA gene sets significantly enriched in the
HF relative to the LF end, suggesting a tonotopic activity
gradient. GSEA also suggested differential activity of the
kinases protein kinase C and protein kinase A at the HF
and LF ends, an interesting corollary to the observation
that there is tonotopic expression of the STREX exon
that confers on Slo sensitivity to the activity of kinases.
Taken together, these results suggest mechanisms of
induction and maintenance of tonotopicity and
enhance our understanding of the complex nature of
proximal–distal gene expression gradients in the
chicken BP.

Keywords: cochlea, development, stem cells,
kinases

INTRODUCTION

The basilar papilla (BP), the chicken auditory epithe-
lium, is tonotopically organized much like its mamma-
lian counterpart the organ of Corti. Hair cells residing at
specific locations along the apical-basal axis are max-
imally responsive to sounds at a particular frequency. In
non-mammalian vertebrates such as turtles (Crawford
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and Fettiplace 1981) and birds (Fuchs et al. 1988), this
tuning seems to be largely mediated by intrinsic
electrical resonance properties of hair cells. Elec-
trical resonance in these cells is mediated by inter-
play between a depolarizing voltage-gated calcium
current through calcium channels and a hyper-
polarizing calcium-sensitive potassium current through
BK channels.

Both hair cell physiological activity and gene expres-
sion are known to vary along the tonotopic axis of
auditory epithelia. There are also differences in the
properties of the transduction apparatus along the
tonotopic axis. The mechanotransduction channels at
the HF end of the turtle BP pass more current per
channel than those in the LF end, allowing for faster
adaptation (Ricci et al. 2003). As another example,
there are changes in the electrical tuning apparatus
along the length of the BP. Both models and data
confirm the expression of inward and delayed rectifying
potassium channels in hair cells in the low-frequency
portion of the sensory epithelium, while BK channels
and L-type calcium channels are present in higher
density in hair cells in the high-frequency region (Art
et al. 1995; Wu et al. 1995; Samaranayake et al. 2004).
Differences in the density and properties of these
channels are believed to give rise to the higher resonant
frequency of cells in the HF end of the BP (Navaratnam
et al. 1997; Rosenblatt et al. 1997; Samaranayake et al.
2004). Specifically, the higher resonant frequency of HF
hair cells seems to be partly due to an increase in calcium
influx and an increase in potassium efflux through an
increased number of potassium and calcium channels
(Art et al. 1995; Wu et al. 1995; Tucker et al. 1996).

In light of what is known about tonotopic gradients
of gene expression and hair cell physiology, we
endeavored to use a genome-wide comparison of
gene expression between the high-frequency (HF),
middle-frequency (MF), and low-frequency (LF) seg-
ments of the post-hatch chicken BP to identify
tonotopically expressed genes. Genes found to have
this expression pattern may be functionally significant
and may therefore provide new insight into BP
structure and function. Specifically, tonotopically
expressed genes may represent differences in develop-
ment, susceptibility to injury, or regenerative capacity
along the tonotopic axis. We expected that such a data
set would identify gene expression regulators such as
transcription factors and microRNAs (miRNA) that
are important for the development and/or mainte-
nance of these transcriptional gradients. Affymetrix
whole-genome chicken microarrays were therefore
used to compare transcription profiles between the
HF (basal), MF, and LF (apical) thirds of the post-
hatch chicken BP. Many of the genes found to be
differentially expressed between the two extreme ends
of the epithelium were ion channels, some known to

be tonotopically expressed and others with a previously
uncharacterized pattern of expression. Given limita-
tions in sensitivity and specificity of microarrays, gene
set enrichment analyses (GSEA) were also performed.
These analyses complement the microarray results as
they are more specific and are less susceptible to
systematic bias from false results. The GSEA results
suggested tonotopic gradients of activity of a number of
miRNAs and kinases, as well as expression of genes
associated with the hematopoietic stem cell phenotype.

METHODS

Basilar papilla tissue preparation

Animals were treated in accordance with policies
established by the Yale Institutional Animal Care and
Use Committee (protocol number 2007–10439). Coch-
lear ducts were carefully dissected out of 0-day-old
chicks. The tegmentum vasculosum and tectorial mem-
brane were immediately dissected off to expose the
auditory epithelium, which was delicately freed from
the basement membrane resting on cartilaginous plates
using a tuberculin needle. The entire epithelium was
then sectioned into even HF, MF, and LF thirds (Fig. 1).
Three segments from three different BPs went into each
sample to produce a total of threeHF samples, threeMF
samples, and three LF samples. Samples were frozen at
−80°C until RNA isolation could be performed.

RNA isolation

Frozen samples were removed from the −80°C freezer
and immediately placed in the lysis buffer from the
RNAqueous® Kit (Ambion, Austin, TX). The tissue
was not actively homogenized or disrupted given the
small amount of tissue. Total RNA isolation was
performed as per the manufacturer’s instructions.
The quality of each sample was confirmed by gel and
Bioanalyzer analysis. All samples had an A260/A280
ratio of at least 1.9, as well as 18S and 28S bands with
no obvious evidence of degradation or genomic
contamination and RNA integrity numbers (based
on 28S/18S ratio and other parameters) of at least 9
on a ten-point scale (Schroeder et al. 2006). Total
RNA concentration was determined by measuring
absorbance at 260 nm on a spectrophotometer.

Microarray hybridizations

Microarray hybridizations were performed as previously
reported (Frucht et al. 2010). Briefly, double-stranded
cDNA and biotin-labeled cRNAwere synthesized from 1
to 5 μg of total RNA using a two-cycle target labeling kit
(Affymetrix 2004). Biotin-labeled cRNA was purified
using theGeneChipCleanupModule prior to fragment-
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ing to a size of 35–200 bases. Hybridization of the
samples with Affymetrix whole-genome chicken
microarrays was then performed at the Yale Univer-
sity Keck Facility according to the manufacturer’s
protocol (Affymetrix 2009). This array contains
many internal controls, including negative hybrid-
ization controls that serve to minimize the detection
of signals resulting from nonspecific binding to
probes. All microarray data is MIAME-compliant
and has been uploaded to the EMBL-EBI ArrayEx-
press database (http://www.ebi.ac.uk/arrayexpress/)
along with extensive annotations on both experimental
and analytical methods as well as all raw and normalized
data (accession: E-MEXP-2806).

Differential gene expression analysis

Gene expression analyses were performed using
GeneSpring GX 9.0 software (Agilent Technologies,

Santa Clara, CA). After GC-RMA normalization with-
out baseline transformation, the microarray data were
then filtered by expression (20–100% in at least one
of the three samples from each segment of the BP) to
exclude genes expressed only at very low levels in all
samples. In cases of probeset redundancy, median
expression values were used. Differentially expressed
genes were identified by using a fold-change cutoff of
2 and then performing an unpaired t test (pG0.05)
after Benjamini–Hochberg correction for multiple
comparisons. R version 2.10.1 (www.r-project.org)
was used to generate a heat map using the HeatPlus
add-on in the Bioconductor package.

Quantitative PCR validation of microarray
expression data

In order to validate the microarray data, quantitative
PCR was performed on 15 detected genes. Six of these
genes were upregulated in the HF relative to the LF
region, and nine were upregulated in the LF relative
to the HF region. The differentially expressed genes
validated by quantitative PCR (qPCR) were highly
expressed in at least one region and chosen to span a
range in fold-change differences between the HF and
LF regions, from 2.33 to 30.61.

The 15 genes that were validated are brain-derived
neurotrophic factor, glutamate receptor 2, medium
neurofilament, aquaporin 5, chordin-like 1, docking
protein 7, ret proto-oncogene, SLIT, and NTRK-like
family member 4, wnt inhibitory factor 1, integrin A1,
potassium large conductance calcium-activated chan-
nel, subfamily M, alpha member 1 (KCNMA1, Slo; total
and STREX exon), potassium voltage-gated channel,
shaker-related subfamily, beta member 1 (KCNAB1),
potassium voltage-gated channel, shaker-related sub-
family, beta member 2 (KCNAB2), transient receptor
potential cation channel, subfamily C, member 1
(TRPC1), and sodium channel, voltage-gated, type II,
alpha subunit (SCN2A). The RNA samples were the
same ones used for microarray analysis for all genes
except KCNMA1 (total and STREX containing only)
and TRPC1. Total Slo (KCNMA1) expression and
expression of the Slo exon STREX were determined in
the HF, MF, and LF segments of the BP to assess for
expression gradients. At least three samples, each
comprised of three BP segments, were used. Expression
of the 18S ribosomal subunit was also assessed to
allow for normalization of total RNA levels between
samples using the 2–ΔΔC

T method (Schmittgen and
Livak 2008). Primer 3 (Rozen and Skaletsky 2000) was
used to design intron spanning primer pairs that were
validated by melting curve analysis.

Five micrograms of RNA was isolated from each
sample as described above and used to create first-
strand cDNA using oligo-dT primers. Because exten-

FIG. 1. Shown in panel A is a schematic diagram showing the
manner in which the auditory epithelia were sectioned. Low-,
middle-, and high-frequency segments were pooled as described in
the text to allow for comparison of genome-wide expression across
the three indicated regions. Shown in panel B is a proportional Venn
diagram representing overlap of differentially expressed genes for the
high- versus low-frequency (HF vs. LF; 2,663), high- versus middle-
frequency (HF vs. MF; 303), and middle- versus low-frequency (MF vs.
LF; 1,306) comparisons. Far more genes are differentially expressed
between the HF and LF segments than either of the middle-frequency
comparisons, suggesting that many of the HF vs. LF genes are expressed
in a gradient along the tonotopic axis of the basilar papilla.
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sive genomic contamination was made unlikely by the
use of oligo-dT primers and confirmed not to be
present by Bioanalyzer measurements, RNA samples
were not treated with DNase. qPCR was performed
using the SYBR Green Supermix reagent (Bio-Rad,
Hercules, CA) on an iCycler system (Bio-Rad,
Hercules, CA). To establish the sensitivity of our
qPCR methodology, reactions were run with serial
dilutions of amplified 18S cDNA of known concen-
trations to ensure that the correct product (i.e., by
band size and melting temperature) could be
amplified with only several copies in a well. Each
reaction was run in triplicate, and the data was
averaged for each cDNA sample and primer pair
combination. Only those fold-changes with a 95%
confidence interval that did not include the value 1
were considered significant. A fold-change of 1
between two conditions would indicate that the
expression level is exactly the same in both conditions,
the null hypothesis of this test. Therefore, one can
conclude with 95% certainty that a fold-change interval
that does not overlap with a value of 1 represents a real
change in gene expression.

Gene set descriptions

GSEA was performed to gain insights into the func-
tional relevance of tonotopic gene expression gra-
dients using GSEA version 2 software (Subramanian et
al. 2005). In a GSEA, genes are first ranked by their
association with the class distinction of the compar-
ison being made (e.g., HF versus LF). In other words,
the genes most consistently overexpressed in the HF
samples were ranked at one end of the list, and those
most overexpressed in the LF samples were ranked at
the other end. GSEA asks whether the genes that
make up a particular gene set are overrepresented at
either end of the list, rather than randomly distrib-
uted throughout. This question was answered by
calculating for every gene set a running sum statistic
known as the enrichment score (ES). The ES can be
thought of as a running tally that is proportional to
the number of genes in a set that are upregulated with

a particular manipulation. Each ES was normalized to
gene set size to produce a normalized enrichment
score (NES). The statistical significance of each NES
was determined by comparing that NES to the
distribution of ESs generated by randomly permutat-
ing the genotype class labels. Both the p value and
false discovery rate (FDR, q value) were calculated for
each set. Gene sets whose NES had an associated FDR
less than 0.25 and a p value less than 0.05 were
considered significantly enriched.

The GeneSpring processed data from the 38,535
original probes was collapsed into 13,159 genes based
on gene symbols. Some genes were assigned to one
or multiple gene sets downloaded with the GSEA
package. The mammalian gene set package
included 837 gene sets, 50 of which were excluded
by gene set size criteria (15–50), leaving 783 to be
included in our analysis. One thousand one hun-
dred ninety-seven out of the 1,892 curated gene sets
also met this criterion (Table 1). The GSEA
parameters used were as follows: metric=signal to
noise; permutation number=1,000; gene size mini-
mum=15; gene size maximum=500; enrichment
statistic=classic; permutation type=gene set.

Gene set descriptions

Two different gene set packages were used, both of
which were downloaded directly from the Broad
Institute Website (www.broad.mit.edu/gsea). To assess
for tonotopic gradients in miRNA and transcription
factor activity in the chicken gene expression data, a
GSEA was performed using a gene set package called
“c3.all.v2.5.symbols,” which was obtained from the
BROAD Institute Website (Xie et al. 2005). This
package includes gene sets defined by the presence
of transcription factor motifs and predicted miRNA
binding sites. Because the genes in each set of this
package share regulatory motifs that are conserved
across human, mouse, rat, and dog genomes, they will
be referred to as the “mammalian gene sets.” The
motifs used come from Xie et al. (2005) and the
TRANSFAC database and include sets of genes shar-
ing particular 3′-UTR miRNA binding motifs.

TABLE 1

Shown are the number of mammalian and curated gene sets that were significantly enriched (pG0.05 and false discovery rateG0.25)
in the high-frequency (HF), middle-frequency (MF), or low-frequency (LF) segments of the basilar papilla for the HF vs. LF, HF vs. MF,

and MF vs. LF comparisons

HF vs. LF HF vs. MF MF vs. LF

Up in HF Up in LF Up in HF Up in MF Up in MF Up in LF

Mammalian 56/783 18/783 1/783 66/783 163/783 13/783
Curated 293/1,197 82/1,197 170/1,197 123/1,197 231/1,197 91/1,197

There are 783 mammalian gene sets and 1,197 curated gene sets that met the size criteria indicated in the text
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To assess the functional relevance of the pattern of
differential gene expression, GSEA was performed
using a gene set package called “c2.all.v2.5.symbols”
which was also downloaded from the BROAD Institute
Website. This package defines curated sets of genes
based on specific experimental findings from experi-
ments on human and animal model tissue. This
package includes both canonical pathways and chem-
ical/genetic perturbations based gene sets. These
gene sets will be referred to as the “curated gene
sets.” References for all curated gene sets are pro-
vided on the BROAD Website.

To ascertain whether any of the tonotopic gene
expression gradient is attributable to protein kinase
activation, two additional GSEAs were performed by
generating gene sets from available data sets. To
assess for tonotopic activity of protein kinase A
(PKA), a set of genes putatively upregulated with
increased PKA activity was used. Specifically, the data
used was raw Affymetrix whole-genome microarray
data from a previously reported experiment describ-
ing gene expression differences in the chicken BP
after 24-h exposure to forskolin (100 μM), an
adenylate cyclase activator which increases intra-
cellular cAMP levels and therefore PKA activity
(Frucht et al. 2010). These data were processed to
generate a list of significantly (fold-change92, p
valueG0.05) differentially expressed genes. The list
of 39 affected genes was used for GSEA. A different
data set was processed in the same fashion to
produce a set of genes whose expression is putatively
affected by protein kinase C (PKC) for use in a
GSEA. This particular data set was from a previously
reported experiment in which transcription was
profiled with and without PMA-induced activation
of PKC in human MM6 cells (Yu et al. 2008). The set
of 3,456 genes that were differentially expressed
(fold-change92, p valueG0.05) following PMA activa-
tion was used in a GSEA to look for evidence of
tonotopic PKC activity.

RESULTS

Gene expression analysis statistics

We report here a systematic comparison of genome-
wide expression along the tonotopic axis of the
chicken auditory epithelium using Affymetrix whole-
genome chicken microarrays. Zero-day-old chickens
were used because this developmental time point
succeeds the onset of hearing (Gottlieb 1965). The
complete data set (included as Supplemental Data)
should therefore be of interest to those studying
expression and functional gradients along the tono-
topic axis of the inner ear.

To examine gene expression gradients along the
tonotopic axis of BPs, cochlear ducts were explanted
and sensory epithelia were immediately isolated,
microdissected, and sectioned into HF, MF, and LF
segments (Fig. 1). Out of the 38,535 probe sets on the
Affymetrix chicken array, 2,663 were differentially
expressed between the HF and LF segments; 303
were differentially expressed between the HF and MF
segments, and 1,306 genes were differentially
expressed between the MF and LF segments. The
complete list of differentially expressed genes for each
of the three comparisons (i.e., HF vs. LF, HF vs. MF,
MF vs. LF) are included as Supplemental Data. A
proportional Venn diagram clearly indicates that far
more genes are differentially expressed between the
two extreme ends of the epithelium than between
the MF segment and either of the two extremes
(Fig. 1). This is consistent with the notion that most
genes are being expressed differentially along the
tonotopic axis in an apical-to-basal gradient. Gene
expression data for all genes on the array
(Tables S1, S2, and S3) as well as only the subset
of genes identified as differentially expressed
(Tables S4, S5, and S6) are included as supplemen-
tary material.

qPCR confirms microarray data

qPCR was performed on select genes in order to
validate the microarray data. Primers were designed
for 15 genes, six of which were upregulated in the
HF segment and nine of which were upregulated in
the LF segment (Table 2). These genes were
selected to span a range of fold-changes in both
directions based on their high level of expression in
at least one segment of the BP. Some genes were
selected because they are specifically known to have
an important role in the inner ear and are known
to be tonotopically expressed in the BP (e.g.,
KCNMA1). However, most of the genes chosen
were selected because their expression pattern in
the BP was previously uncharacterized. Out of the
15 genes examined, qPCR confirmed the direction-
ality of all 15. The fold-changes of 12 of these 15
genes (80%) were significantly different from a
value of 1 (Table 2), confirming their differential
expression as detected by microarray. These find-
ings validate the microarray results, so further
analyses were performed on the gene expression
data set.

Slo (KCNMA1) and its alternatively spliced STREX
exon were tested by qPCR in the HF, MF, and LF
segments of the BP (Fig. 2). Both showed a clear
tonotopic expression gradient with higher expression
in the LF than in the MF or HF segments (one-way
ANOVA, pG0.05). Slo expression at the HF end was
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34.1% of that at the LF end, whereas HF expression of
STREX was 10.7% of that at the LF end. These results
show a steeper tonotopic gradient for STREX than for
Slo, suggesting that the proportion of Slo transcripts
including the STREX exon decreases going from the
LF to HF segments.

Tonotopic expression of structural proteins

Among the 2,663 genes found to be differentially
expressed between the HF and LF segments were
some genes known to have important functions in the
inner ear, as well as many other genes whose func-
tional significance is unknown (Table 3). As shown in
Table 3, there was differential expression of the actin
cross-linkers plastin 1 (up in LF) and plastin 2 (up in
HF). Interestingly, some myosin transcripts were also
tonotopically expressed. Myosin XVa expression was

higher in the LF end of the BP while myosin IIIa
transcription was higher in the HF end.

Tonotopic expression of sodium, potassium,
and calcium channels

Many sodium, potassium, and calcium channels were
differentially transcribed between the HF and LF ends
(Table 4). An expression heat map shows that most of
these genes are expressed in a gradient along the
tonotopic axis (Fig. 3). Interestingly, the expression
patterns of most of these channels have not been
previously described. Specifically, multiple calcium-
gated (i.e., KCNMA1, KCNMB4), voltage-gated (i.e.,
KCNQ2, KCNG4, KCNF1, KCND2, KCNAB1,
KCNAB2), and inward-rectifying (i.e., KCNJ2,
KCNJ15) potassium channels were all upregulated in
the LF end. There was also differential expression of

TABLE 2

qPCR validation of gene expression data

Gene symbol Gene name

Microarray qPCR

Average fold-change
(HF/LF)

Corrected
p value

Average fold-change
(HF/LF)

Significant
(?)

AQP5 Aquaporin 5 1/14.84 0.011 1/1.40 No
1/23.84 0.013
1/15.83 0.041

BDNF Brain-derived neurotrophic factor 1/17.49 0.0027 1/2.42 Yes
GRIA2 Glutamate receptor, ionotropic,

AMPA 2
1/4.95 0.006 1/2.58 Yes
1/2.51 0.0068

KCNAB1 Potassium voltage-gated channel,
shaker-related subfamily, beta
member 1

1/9.46 0.0023 1/2.67 Yes

KCNAB2 Potassium voltage-gated channel,
shaker-related subfamily, beta
member 2

1/2.73 0.002 1/2.27 Yes

KCNMA1 (Slo) Potassium large conductance
calcium-activated channel,
subfamily M, alpha member 1

1/6.82 0.025 1/2.94 Yes

NEFM Neurofilament, medium
polypeptide 150 kDa

1/21.75 0.0029 1/7.09 Yes
1/25.90 0.020

SCN2A Sodium channel, voltage-gated,
type II, alpha subunit

1/2.33 0.015 1/1.31 No
1/8.55 0.0028

TRPC1 Transient receptor potential
cation channel, subfamily
C, member 1

1/2.77 0.035 1/2.54 Yes

CHRDL1 Chordin-like 1 7.039 0.0032 2.86 Yes
DOK7 Docking protein 7 6.18 0.0034 1.43 Yes
ITGA1 Integrin, alpha 1 30.61 0.0034 1.01 No
RET ret Proto-oncogene 8.00 0.012 7.11 Yes

6.22 0.014
SLITRK4 SLIT and NTRK-like

family, member 4
6.18 0.0077 3.54 Yes
6.69 0.009

WIF1 WNT inhibitory factor 1 18.24 0.011 1.74 Yes

Shown are qPCR and microarray data for genes selected for qPCR validation

Genes were selected to span a range of fold-change differences between the low- and high-frequency segments of the basilar papilla in both directions. Multiple
microarray values represent redundant probe sets for the same gene. Significant fold-changes by qPCR have a 95% confidence interval excluding 1
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voltage-gated calcium channels (i.e., CACNA1B was
up in the LF end; CACNA2D1 was up in the HF end)
between the two ends of the BP. Additionally, there
were sodium channels found by microarray differ-
entially expressed between the HF and LF seg-
ments; SCN2A (voltage-gated) and SCNN1A
(nonvoltage-gated) were up in the HF end of the
BP, whereas SCN3B (voltage-gated) was up in the
LF end. However, SCN2A was found by qPCR to not

be differentially expressed. Finally, three transient
receptor potential (TRP) channels were found to be
tonotopically expressed. TRPC1 transcription was
higher at the LF end, a finding confirmed by qPCR
(Table 2). TRPC3 and TRPM3 were found by
microarray to be upregulated in the HF end, but
were undetectable by qPCR. These observations
suggest important functional roles for some of these
channels in the chicken inner ear.

Gene set enrichment analysis results

In order to determine the large-scale functional
significance of differential gene expression, a GSEA
was performed using manually curated gene sets
downloaded from the Broad Institute Website. This
package contains gene sets comprised of genes found
by individual experiments to be associated with
specific phenotypes in a variety of systems. Of the
1,197 gene sets included in this package, 293 were
significantly enriched in the HF end whereas 82 were
enriched in the LF end (Table 1). Interestingly, many
gene sets comprised of genes associated with hema-
topoietic stem cells (HSC) are significantly enriched
in the HF end of the BP, while only one HSC gene set
is enriched in the LF end (Table 5). This finding is
suggestive of a subpopulation of cells with HSC-like
gene expression patterns in the HF end of the chick
BP. GSEA statistics for all curated gene sets are
included as supplemental material (Tables S7, S8,
and S9).

To determine whether any miRNAs or transcrip-
tion factors are differentially active between the HF
and LF segments, an additional GSEA was performed
using a gene set package with gene sets comprised of

TABLE 3

Shown are some of the genes possibly related to the transduction apparatus (PCDH15, TRPC1, TRPC3, TRPM3), genes known to
interact with actin (PLS1, PLS3, RCJMB04_3e19), and myosins (MYO3A, MYO15A) found by microarray to be differentially

expressed (fold-change92, p valueG0.05) between the high- and low-frequency segments of the basilar papilla

Gene symbol Gene name Average fold-change (HF/LF) Corrected p value

MYO15A Myosin XVA 1/2.33 0.0072
MYO3A Myosin IIIA 3.34 0.049
PCDH15 Protocadherin 15 1/2.28 0.027
PLS1 Plastin 1 (I isoform) 1/2.87 0.0029

3.12 0.0078
PLS3 Plastin 3 (T isoform) 2.81 0.0078
RCJMB04_3e19 Twinfilin, actin-binding protein, homolog 2 (Drosophila) 2.43 0.0059

2.93 0.0051
TRPC1 Transient receptor potential cation channel,

subfamily C, member 1
1/2.77 0.035

TRPC3 Transient receptor potential cation channel,
subfamily C, member 3

3.55 0.023

TRPM3 Transient receptor potential cation channel,
subfamily M, member 3

24.24 0.003

Multiple values are displayed for the probesets with redundancy

FIG. 2. Slo and the Slo exon STREX are transcribed tonotopically.
Shown are the relative expression levels of both Slo and its
alternatively spliced STREX exon in the low- (LF, n=3), middle-
(MF, n=3), and high-frequency (HF, n=4) segments of the post-hatch
chicken basilar papilla as determined by qPCR. Expression levels
were normalized first to 18S expression, then respectively to Slo and
STREX expression levels in the LF segment. A clear tonotopic gradient
can be appreciated for both Slo and STREX with expression that
significantly decreased from the LF region to the HF region (one-way
ANOVA, pG0.05). The fold-change differences of LF versus MF and LF
versus HF were significantly different between STREX and Slo,
indicating a steeper gradient for STREX than for Slo (t tests, pG0.05).
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genes containing particular transcription factor and
miRNA recognition sites. Fifty-six out of 783 of the
gene sets in this set are enriched in the HF end,
whereas 18 of the gene sets are significantly upregu-
lated in the LF end (Table 1). Interestingly, many of
the differentially expressed gene sets are miRNA
(“MIR”) gene sets (Table 6). These results suggest
tonotopic expression and therefore some functional
relevance of these particular miRNAs in the chicken
inner ear. GSEA statistics for all of these motif-based
gene sets are included as supplemental material
(Tables S10, S11, and S12).

GSEA was also performed using a PKC-based gene
set and a PKA-based gene set as described in the
Methods. A set of genes found to be differentially

expressed following activation of PKC using PMA in
human MM6 cells was significantly enriched in the HF
end of the BP (Table 5; FDRG0.001). Additionally, a
set of genes differentially expressed in the chicken BP
after 24 h of forskolin-induced PKA activation were
significantly enriched in the LF end (Table 5; FDR=
0.002). These results suggest differential activation
and/or expression of these kinases themselves along
the tonotopic axis of the chicken BP.

DISCUSSION

Reported here are 2,663 genes that are differentially
expressed between the HF (i.e., proximal) and LF

TABLE 4

Shown are some of the genes found by microarray to be differentially expressed (fold-change92, p valueG0.05) between the
high- and low-frequency segments of the basilar papilla that are ion channels

Gene symbol Gene name Average fold-change (HF/LF) Corrected p value

CACNA1B Calcium channel, voltage-dependent, N
type, alpha 1B subunit

1/2.46 0.036

CACNA2D1 Calcium channel, voltage-dependent,
alpha 2/delta subunit 1

2.96 0.028

KCNAB1 Potassium voltage-gated channel,
shaker-related subfamily, beta member 1

1/9.46 0.0023

KCNAB2 Potassium voltage-gated channel,
shaker-related subfamily, beta member 2

1/2.73 0.0020

KCND2 Potassium voltage-gated channel,
Shal-related subfamily, member 2

1/2.59 0.030

KCNF1 Potassium voltage-gated channel,
subfamily F, member 1

1/61.46 0.0035

KCNG4 Potassium voltage-gated channel,
subfamily G, member 4

1/7.53 0.0056

KCNJ15 Potassium inwardly rectifying channel,
subfamily J, member 15

1/40.82 0.0019
1/26.59 0.0012

KCNJ2 Potassium inwardly rectifying channel,
subfamily J, member 15

1/69.27 0.0035

KCNK5 Potassium channel, subfamily K, member 5 1/3.86 0.0093
KCNMA1 Potassium large conductance calcium-

activated channel, subfamily M,
alpha member 1

1/6.82 0.025

KCNMB4 Potassium large conductance calcium-
activated channel, subfamily M,
beta member 4

1/2.27 0.0045

SCN2A Sodium channel, voltage-gated,
type II, alpha subunit

2.33/1 0.015
8.55/1 0.0027

SCN3B Sodium channel, voltage-gated,
type III, beta

1/3.58 0.020

SCNN1A Sodium channel, nonvoltage-gated 1 alpha 2.85/1 0.020
2.62/1 0.015

TRPC1 Transient receptor potential cation
channel, subfamily C, member 1

1/2.77 0.035

TRPC3 Transient receptor potential cation
channel, subfamily C, member 3

3.55 0.022

TRPM3 Transient receptor potential cation
channel, subfamily M, member 3

24.24 0.0030

Multiple values are displayed for the probesets with redundancy. Various sodium, potassium, and calcium channels are all differentially expressed along the
tonotopic axis if the chick basilar papilla. Three of the genes in this table were also tested by qPCR (KCNAB1, KCNAB2, SCN2A; see Table 2). Of these three genes,
two are also found to be differentially expressed by qPCR (fold-change 95% confidence interval does not include 1)

430 FRUCHT ET AL.: Tonotopic Expression Gradients



(i.e., distal) thirds of the BP. Among the list of genes
found to be differentially expressed are many that
would be predicted to show this pattern, as well as
many with a previously uncharacterized pattern of

expression or functional activity in the BP. Our data
revealed that two inward-rectifying potassium chan-
nels (KCNJ2, KCNJ15) are transcribed at higher levels
at the apical end, an interesting observation given that
previous work has shown preferential expression of
inward-rectifying potassium channels at the LF end of
the BP (Fuchs et al. 1990; Fuchs 1992; Navaratnam et
al. 1995; Wu et al. 1996). Also suggested by our
microarray data is relative upregulation of a number
of voltage-gated potassium channels in the LF end
(Table 4), confirming physiological data on the
presence of voltage-gated potassium currents prefer-
entially found in LF hair cells of the turtle BP (Fuchs
et al. 1990; Goodman and Art 1996). KCNMA1 was
identified by our microarray data to be upregulated in
the LF end of the BP, confirming recently reported
results (Miranda-Rottmann et al. 2010). Similarly,
there were increased amounts of the sodium channel
transcript SCN3B in the LF end and of SCNN1A in
the HF end. While sodium channels have not been
observed in the chicken, hair cells from the LF end of
alligator BP were found to contain TTX-sensitive
currents (Evans and Fuchs 1987). Actin was detected
by our array but found not to be tonotopically
expressed (data not shown), a finding that is intuitive
given that the total amount of actin per hair cell does
not vary tonotopically in chickens (Tilney and Tilney
1988). The calcium binding protein calbindin was
previously found to be expressed at higher levels in
basal than in apical hair cells (Navaratnam et al. 1995;
Navaratnam et al. 1997; Hiel et al. 2002), a finding
that was not confirmed by our microarray data.
However, this observation is likely the result of the 3′
bias of the Affymetrix chicken array. The NCBI

FIG. 3. Many ion channels are expressed in a gradient along the
tonotopic axis of the chicken basilar papilla. Shown is a heat map
showing normalized expression levels in the high- (HF), middle-
(MF), and low-frequency (LF) segments of the basilar papilla for 15
ion channel genes. The depicted expression values are all normal-
ized relative to the average for each row (i.e., the average expression
for a particular gene across all three segments). As shown in the color
key, light rectangles represent higher expression levels than dark
rectangles. Most of the genes shown appear to be expressed in a
gradient along the tonotopic axis.

TABLE 5

Shown are all hematopoietic stem cell (HSC) and protein kinase gene sets that were significantly enriched (pG0.05, false
discovery rate {FDR}G0.25) in the high-frequency (HF) versus low-frequency (LF) curated gene set enrichment analysis

Gene set P value FDR Up in HF or LF

STEMCELL_COMMON_UP G0.001 G0.001 HF
HSC_EARLYPROGENITORS_SHARED 0.0020 0.0037 HF
HSC_EARLYPROGENITORS_FETAL G0.001 0.0049 HF
HSC_EARLYPROGENITORS_ADULT G0.001 0.0051 HF
HSC_LATEPROGENITORS_SHARED G0.001 0.0087 HF
HSC_MATURE_ADULT G0.001 0.0098 HF
HSC_MATURE_FETAL G0.001 0.016 HF
HADDAD_HSC_CD7_UP 0.0021 0.018 HF
HSC_LATEPROGENITORS_ADULT 0.0041 0.018 HF
HSC_HSCANDPROGENITORS_SHARED 0.0098 0.040 HF
HSC_HSCANDPROGENITORS_FETAL 0.0064 0.044 HF
HSC_MATURE_SHARED 0.0080 0.046 HF
HSC_HSCANDPROGENITORS_ADULT 0.0058 0.050 HF
BYSTRYKH_HSC_BRAIN_TRANS_GLOCUS 0.0060 0.13 LF
BYSTRYKH_HSC_CIS_GLOCUS 0.049 0.23 LF
PKC G0.001 G0.001 HF
PKA 0.002 0.002 LF

There are far more HSC gene sets associated with the HF end of the basilar papilla. The PKC and PKA gene sets shown here are as described in Methods
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Module Maker lists all chicken calbindin mRNAs
(Gallus gallus Build 2.1, Chromosome: 2, Contig:
NW_001471651.1) including ESTs, the vast majority
of which (24/25) do not contain the sequence
targeted by the calbindin probeset on this array. In
contrast, previous work showing tonotopicity of cal-
bindin expression used qPCR primers designed to
amplify a portion of the transcript that is present in all
25 variants, and these results are therefore much
more reliable (Navaratnam et al. 1995, 1997; Hiel et
al. 2002). That calbindin was not found by microarray
to be tonotopically expressed therefore likely reflects
the spatial distribution of an exceedingly rare splice
variant. Despite the known limitations of microarrays,
these observations and the good correlation with
qPCR serve to instill confidence that this data set
generally reflects actual gene expression levels.

Among the genes examined here are genes whose
products are known components of stereocilia tip-
links. For example, the stereocilia tip-link protein
protocadherin-15 was found by microarray to be
upregulated in the LF end of the BP. However,
protocadherin-15 was not detectable by qPCR (data
not shown), suggesting that its identification by
microarray was likely a false-positive result. Previous
work has also shown a temporal but no appreciable
spatial gradient of protocadherin-15 in the postnatal
mouse organ of Corti (Lelli et al. 2009). The same
study showed that protocadherin-15 expression is

relatively high in embryonic mice, but drops to
extremely low levels after birth. Our data suggest that
protocadherin-15 is expressed at extremely low levels
in the post-hatch chicken BP as well. Further work
should aim to further characterize the spatiotemporal
expression gradient of protocadherin-15 in BPs from
animals of different ages to determine whether the
pattern mirrors that seen in mammals.

KCNMA1, the transcript encoding the BK calcium-
activated potassium channel, was upregulated in the
LF end of the BP, confirming recently reported data
(Miranda-Rottmann et al. 2010). However, the results
from both studies are in apparent disagreement with
both protein expression (Samaranayake et al. 2004)
and electrophysiological data (Art et al. 1986, 1995)
suggesting higher BK protein expression in the HF
end of the BP. This discrepancy is likely due to post-
transcriptional control of KCNMA1 (Bai et al. 2010,
under review). There is precedent for this observa-
tion, as previous work has shown dissociation between
mRNA expression and protein levels (Gygi et al. 1999;
Ghaemmaghami et al. 2003). We have since estab-
lished that Slo delivery to the surface of the cell is
inhibited by beta-1 and beta-4 subunits (Bai et al.
2010, under review), which are expressed at higher
levels in LF hair cells (Ramanathan et al. 1999, 2000;
Bai et al. 2010, under review).

The TRP channel TRPC1 was found by qPCR to be
upregulated in the LF end of the BP by both micro-

TABLE 6

Shown are all miRNA (MIR) gene sets that were significantly enriched (pG0.05, false discovery rate {FDR}G0.25) in the high-
frequency (HF) versus low-frequency (LF) mammalian gene set enrichment analysis

Gene set P value FDR Up in HF or LF

ATGTACA,MIR-493 G0.0001 0.0013 HF
GTGCAAA,MIR-507 G0.0001 0.17 HF
TCTATGA,MIR-376A,MIR-376B 0.0039 0.13 HF
AAGCCAT,MIR-135A,MIR-135B 0.0043 0.18 HF
ATGTTAA,MIR-302C 0.0019 0.17 HF
TTTGCAG,MIR-518A-2 0.0021 0.16 HF
GCACCTT,MIR-18A,MIR-18B 0.0098 0.16 HF
TTTGTAG,MIR-520D 0.0080 0.15 HF
GTGCCAA,MIR-96 0.00763 0.19 HF
ATATGCA,MIR-448 0.0059 0.18 HF
TGCCTTA,MIR-124A 0.0077 0.18 HF
ATACCTC,MIR-202 0.016 0.19 HF
ACTGTGA,MIR-27A,MIR-27B 0.014 0.20 HF
ACACTAC,MIR-142-3P 0.016 0.20 HF
TCTGATC,MIR-383 0.018 0.21 HF
AACTGAC,MIR-223 0.0060 0.23 HF
CAAGGAT,MIR-362 0.014 0.23 HF
CAGTATT,MIR-200B,MIR-200C,MIR-429 0.024 0.24 HF
TGTTTAC,MIR-30A-5P,MIR-30C,MIR-30D,MIR-30B,MIR-30E-5P 0.027 0.25 HF
GTGCCTT,MIR-506 0.024 0.25 HF
TTGCCAA,MIR-182 0.027 0.25 HF
AACTGGA,MIR-145 0.027 0.25 HF

No miRNA gene sets were significantly enriched in the LF end of the basilar papilla. These results suggest that the above miRNAs are upregulated in the LF end,
causing downregulation of their targets in the LF end, therefore relative HF upregulation
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array and qPCR. Differential expression of TRP
channels along the tonotopic axis is of particular
interest given that they are among a small subset of
channel families thought to possess the characteristics
required of the as yet unidentified mechanoelectrical
transduction (MET) channel in the inner ear
(reviewed in Fettiplace 2009). Members of the TRP
family are known to act as mechanically gated ion
channels in a variety of species (reviewed in Christensen
and Corey 2007). TRP proteins are capable of forming
heteromultimeric channels with conductances that
vary with channel composition (Bai et al. 2008;
Köttgen et al. 2008). Channel composition may there-
fore partly give rise to the tonotopic gradient in MET
channel conductance that is seen along the BP (Ricci
et al. 2003). The present findings suggest closer
examination of TRPC1 as a potential component of
the transduction apparatus, especially in light of this
protein’s known expression in the organ of Corti
(Cuajungco et al. 2007).

Given the limitations of microarray data sets, GSEA
was performed to gain more meaningful insight into
the spatial patterns of gene expression in the BP.
Previous work has confirmed the utility of using GSEA
to identify biologically important players in the BP
(Frucht et al. 2010). One advantage of this approach
is that gene sets found to be significantly enriched can
be interpreted with confidence as they are not
systematically biased by false-positives and false-neg-
atives, which serve only to increase background noise
in the data and decrease the sensitivity of this
computational approach. Therefore, some genes sets
that are actually enriched may be missed, but positive
GSEA results are likely to reflect real gene expression
patterns.

The GSEA results described here shed new light on
the intricacy of tonotopicity in the post-hatch chicken
BP. Interestingly, many sets of genes associated with
HSC were enriched in the HF end of the BP. This
finding suggests that there may exist a subpopulation
of cells in the BP with properties similar to those of
HSCs in the BP. HSCs, much like non-mammalian
vertebrate hair cells, are quiescent until stimulated by
external cues to divide and differentiate into new hair
cells (Ryals and Rubel 1988; Jude et al. 2008;
Narbonne and Roy 2008). The tonopocity of this
pattern of gene expression is interesting, given that
the HF end of the BP is more susceptible than the LF
end to death following ototoxic insult (Matz et al.
1965; Johnstone and Boyle 1967). It may be more
than merely coincidental that HSC genes are
enriched in the HF end of the BP, which is the end
of the BP that is most susceptible to damage by
ototoxins. In birds, following ototoxic or traumatic
injury, the entire auditory sensory epithelium regen-
erates so that morphology and architecture are almost

completely restored (reviewed in Stone and Cotanche
2007). The present results therefore beg the question,
are there as yet unobserved differences in regener-
ative mechanisms and/or capacity along the tono-
topic axis of the BP? Further experimentation will be
required to definitively answer this question.

In addition to the HSC gene sets, GSEA revealed
that many sets of predicted targets of specific miRNAs
were enriched in the HF end of the BP, suggesting
upregulation of these miRNAs in the LF end. It is
striking that all 22 miRNA gene sets that were
significantly enriched showed this directionality.
Myriad miRNA have already been shown not only to
be expressed in the inner ear (Weston et al. 2006;
Sacheli et al. 2009; Wang et al. 2010), but also to play
an important role in inner ear development (Friedman
et al. 2009; Soukup 2009; Soukup et al. 2009), function
(Lewis et al. 2009; Mencía et al. 2009), and hair cell
regeneration (Frucht et al. 2010). The present results
suggest a tonotopic gradient in activity and accord-
ingly expression in the chicken BP. Tonopocity of
miRNA activity in the post-hearing onset chicken
suggest a role for these specific miRNAs in inner ear
function.

GSEA of tonotopic data were consistent with
increased activity of PKA at the low-frequency end of
the papilla and PKC activity at the high-frequency end
of the BP. These findings have implications for
electrical tuning. The primary determinant of chang-
ing oscillatory frequency in membrane potential is the
changing kinetic properties of the BK channel (Art et
al. 1986, 1995). Specifically, deactivation times in
response to a step voltage decreases with increase in
characteristic frequency (Art et al. 1986, 1995). Thus,
the inclusion of the STREX exon, which is preferen-
tially expressed in LF hair cells, prolongs BK channel
deactivation times consistent with native BK channels
at this location (Art et al. 1986, 1995; Xie and McCobb
1998). Similarly, the presence of increased PKA
activity in low-frequency hair cells is consistent with
the longer deactivation times produced by addition of
PKA (with the STREX exon and the beta-4 subunit) in
heterologous expression systems (Petrik and Brenner
2007). The inference that PKC is increased in high-
frequency hair cells corroborates the physiological
finding of shorter open times in higher-frequency
hair cells (Art et al. 1995). PKC has been shown to
shorten BK channel open time (Zhou et al. 2010).

It is worth emphasizing that all of these experi-
ments were performed on tissue from 0-day-old
chickens. This age was selected for study because,
unlike in mammals, there is much evidence that, in
chickens, this time point is preceded by both acquis-
ition and maturation of hearing. This observation is
confirmed by behavioral (i.e., whole animal), physio-
logical, and molecular evidence. For example, not
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only do chickens at embryonic day 19 have evoked
cochlear nuclei responses (Saunders et al. 1973,
1974), but the frequency tuning and threshold levels
of embryonic chickens resemble those of adult
animals (Rebillard and Rubel 1981). Furthermore,
acquisition of BK currents necessary for electrical
tuning is measurable in embryonic chickens and is co-
incident with hearing onset (Sokolowski et al. 1993).
Interestingly, recent work suggests that part of this
maturation process may involve developmental switch-
ing in the splice variants of BK channel subunit
transcripts (Kim et al. 2010). Moreover, work in our
lab has confirmed an identical spatial expression
pattern of transcripts encoding KCNMA1 and its
related proteins between 0-day-old and 14-day-old
chickens (Bai and Navaratnam, unpublished observa-
tions). It therefore seems unlikely that genes found to
be differentially expressed here represent transient
developmental changes rather than true stable tono-
topic expression, but this possibility cannot be defin-
itively excluded. Future work should therefore aim to
characterize these expression gradients in more
mature BPs as well. An additional point that requires
consideration is that, as was likely the case with
calbindin, the microarray probesets may only be
detecting a specific transcript variant when in reality
there may be many additional variants in this tissue,
perhaps some of which are tonotopically expressed.
Therefore, in addition to the well-known methodo-
logical limitations of microarrays, there are also bio-
logical implications to the sensitivity of the approach.

In summary, the present results suggest that 2,663
genes are differentially expressed between the HF and
LF thirds of the post-hatch chicken BP. While many of
these genes likely reflect tonotopic differences in hair
cells, which are known to have varying properties,
some of these genes may reflect tonotopic differences
in non-sensory supporting cells as well. Among those
genes identified as differentially expressed were many
potassium, calcium, and sodium channels, the inner
ear expression patterns of which have not been
previously described. Given the large number of
genes found to be differentially expressed between
the HF and LF ends of the BP, there must be gene
expression regulatory mechanisms underlying this
expression pattern. The present results point to
specific miRNA and transcription factors that may
play an important role in the maintenance of these
gene expression gradients. Because the frequency
selectivity properties of hair cells in non-mammalian
vertebrates seem to be attributable more to the
physiological properties of individual cells than to
physical properties of the basilar membrane, it would
be interesting to eventually determine whether trans-
fection with pre-miRNAs and/or transcription factors
can alter the tonotopic axis.
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