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Abstract

The molecular mechanisms underlying the vast differences between individuals in their
susceptibility to noise-induced hearing loss (NIHL) are unknown. The present study demonstrated
that the effects of noise over-exposure on the expression of molecules likely to be important in the
development of NIHL differ among inbred mouse strains having distinct susceptibilities to NIHL
including B6 (B6.CAST) and 129 (129X1/SvJ and 129S1/SvimJ) mice. The noise-exposure
protocol produced a loss of 40 dB in hearing sensitivity in susceptible B6 mice, but no loss for the
two resistant 129 substrains. Analysis of gene expression in the membranous labyrinth 6 h
following noise exposure revealed up-regulation of transcription factors in both the susceptible
and resistant strains. However, a significant induction of genes involved in cell-survival pathways
such as the heat shock proteins HSP70 and HSP40, growth arrest and DNA damage inducible
protein 45 (GADD45), and CDK-interacting protein 1 (p21¢P1) was detected only in the
resistant mice. Moreover, in 129 mice significant upregulation of HSP70, GADDA45, and p21¢iP1
was confirmed at the protein level. Since the functions of these proteins include roles in potent
antiapoptotic cellular pathways, their upregulation may contribute to protection from NIHL in the
resistant 129 mice.

Keywords

gene expression; noise-induced hearing loss; membranous labyrinth; B6.CAST and 129X1/SvJ
and 129S1/SvimJ inbred mouse strains

"Correspondence should be addressed to: Ana Elena Vazquez PhD, Department of Otolaryngology, University of California, Davis,
Davis, CA 95618, avazquez@ucdavis.edu, Tel: +1 (530) 752 2890, Fax: +1 (530) 754 5046.

*Current address: Department of Otolaryngology-Head, Neck Surgery, St Louis University, St Louis MO, USA

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

Introduction

Exposure to intense noise may produce either a temporary or permanent hearing loss
depending upon multiple factors. Such factors involve the physical parameters of the noise
stimulus including its intensity, duration, and frequency range as well as an inherent,
genetically determined susceptibility to noise-induced hearing loss (NIHL). For example, a
great variability in susceptibility to NIHL reflecting differences in the underlying genetic
background has been reported for both humans (Davis et al., 2003; Fortunato et al., 2004)
and mice (Ohlemiller et al., 2007; Sliwiniska-Kowalska et al., 2006; Sliwinska-Kowalska et
al., 2006; Van Laer et al., 2006). Moreover, certain inbred mouse strains such as the 129Sv/
Ev (Yoshida et al. 2000), 129X1/SvJ, and MOLF/EiJ (Candreia et al. 2004) exhibit a very
high resistance to noise damage.

It has long been known that acoustic overstimulation induces adverse changes to the
morphology and function of the inner ear (Engstrom et al., 1970). At the cellular level,
excessive noise exposure produces permanent damage to the organ of Corti including
destruction of the outer hair cells (OHCSs), hair cell stereocilia, and occasionally inner hair
cells (IHCs) (Hu et al., 2002; Ou et al., 2000; Wang et al., 2002; Yang et al., 2004). In
addition, the pattern of damage depends upon the genetic background of the individual (Hu
et al., 2002; Ohlemiller et al., 2007; Yang et al., 2004; Zhu et al., 2002). Over the past
decade or so, the most intensely investigated mechanisms assumed to underlie the noise-
induced degeneration of hair cells have included the production of reactive nitrogen and
oxygen species as well as an overload of CaZ* that leads to the triggering of apoptosis, the
latter being one of the pathways to noise-induced hair cell death (Bohne et al., 2007,
Henderson et al., 2006; Kopke et al., 1999; Ohinata et al., 2000; Ohlemiller et al., 1999b;
Yamane et al., 1995). In addition, several studies of the ultrastructural changes associated
with acoustic over-exposure have described an inflammatory response that involves the
appearance of a phagocytic cell population in the cochlea (Fredelius, 1988; Fredelius et al.,
1990; Hirose et al., 2005).

An increase in reactive oxygen species, which has been detected after sound
overstimulation, is thought to play a major role in the development of NIHL (Henderson et
al., 2006; Ohlemiller et al., 1999a; Ohlemiller et al., 1999b). However, an increase in the
activity of enzymes of the antioxidant defense system after noise exposure has also been
reported, specifically enhanced glutathione reductase, y-glutamyl cysteine synthetase, and
catalase activities (Jacono et al., 1998). Other efforts exploring noise susceptibility have also
focused on defining the molecular changes induced by intense sounds. For example, Cho et
al. (2004) demonstrated that several immediate early genes including transcription factors
and cytokines were induced 3 h after a noise exposure that resulted in permanent hearing
loss. In contrast, upregulation of these genes did not occur in response to a milder noise
exposure that caused a temporary, but not a permanent shift in hearing thresholds. Other
studies have demonstrated induction of heat shock proteins (HSPs) after intense noise
exposure (Lim et al., 1993). In addition, Kirkegaard et al. (2006) found significant early
upregulation of inflammatory-response genes and genes involved in cellular antioxidant
defense following over-exposure to noise. Thus, it appears that a large number of genes
from various interlocked pathways are likely to make significant contributions to the
development of NIHL. Particularly, the stress-associated c-Jun N-terminal kinase (JNK)
signaling pathway, known to contribute to neuronal cell death induced by a variety of
stressful stimuli (Derijard et al., 1994; Kyriakis et al., 1994), was demonstrated to be
important in the development of NIHL. Blockade of this particular pathway provided in vivo
protection from NIHL (Ahn et al., 2005; Pirvola et al., 2000; Wang et al., 2003; Wang et al.,
2007; Zine et al., 2004). Additionally, antisense oligonucleotides that prevent the
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upregulation of the JNK target gene c-Jun protected cultured spiral ganglia neurons from
oxidative-stress damage, a known mediator of NIHL (Scarpidis et al., 2003).

Nevertheless, given that the pathophysiological processes of NIHL are complex, it is
difficult to discern a coherent profile of alterations in gene expression with molecular
methods such as the Northern blot analysis or the reverse transcriptase polymerase chain
reaction. Most significantly, these techniques preclude the simultaneous analysis of large
numbers of genes. The advent of cDNA-microarray technology has afforded an efficient and
reliable tool for quantifying the expression of many genes simultaneously. Indeed, several
studies, some of which were noted above, have described the noise-induced changes in gene
expression in the cochleae of various animal species using this strategy (Cho et al., 2004;
Kirkegaard et al., 2006; Lomax et al., 2001; Taggart et al., 2001).

The knowledge that some inbred mice exhibit a very high resistance to the adverse effects of
noise overstimulation is intriguing. The aim of the present study was to further our
understanding of the endogenous molecular mechanisms that confer such protection. Here,
the results of a microarray analysis of gene expression in microdissected membranous
labyrinths from different mouse strains representing unique susceptibilities to noise damage
are described for a time period of 6 h after the noise exposure. Thus, changes in gene
expression were studied at a period of time for which no loss of hair or supporting cells is
expected which could otherwise invalidate the gene expression experiments (Wang et al.,
2002). The major finding was that exposure to excessive noise differentially affected the
expression of molecules likely to be important in the development of NIHL in inbred mouse
strains that are distinct in their susceptibility to NIHL. Thus, this study may provide valuable
insights with respect to the future design of targeted protective interventions regarding
NIHL.

2. Materials and Methods

2.1. Mice

The B6.CAST-Cdh23CAST/J (B6) strain used in this study is a congenic strain derived from
the C57BL/6J but corrected for the age-related hearing loss of the parental strain by
replacing its defective ahl allele with the wildtype Ahl of the Cast/Ei (Johnson et al., 1997).
The ahl allele of the 129X1/SvJ (129X1) is the ahl allele common to most laboratory mouse
strains including other 129 strains. This ahl allele is different from the Cast/Ei’s and also
different from the defective C57BL/6J’s (Noben-Trauth et al., 2003). No information is
available about the ahl allele of the 129S1/SvimJ (129S1). The B6 and the 129S1 mice were
purchased from The Jackson Laboratory (Bar Harbor ME), while the 129X1 mice were bred
within the vivarium facilities of the University of Pennsylvania. Hereafter, the two
substrains will be referred to as the 129 mice. Female B6 and 129 10-wk-old mice were
divided into sham-exposed (control) and noise-exposed (experimental) groups. Within each
of the control and experimental groups, eight mice of each strain were used for the
functional evaluation of noise-exposure effects using measures of the auditory brainstem
response (ABR), 16—24 mice were used for gene profiling (eight mice/array as listed in
Table 1; sham-exposed mice served as controls to account for expression changes in stress-
related genes not directly related to the noise over-exposure), and three mice were used for
immunohistochemistry. All animal procedures were approved by the Institutional Animal
Care and Use Committees of the University of California, Davis, and the University of
Pennsylvania.
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2.2. ABR Measurements

Mice were anesthetized by intraperitoneal injection of a mixture of ketamine hydrochloride
(100 mg/kg) and xylazine (4 mg/kg). In a few cases, when required, an additional
maintenance dose (ketamine 50 mg/kg and xylazine 2 mg/kg) was given. ABRs were
measured using a commercial system (Intelligent Hearing Systems, 2061, Miami FL).
Specifically, ABR-detection thresholds were determined for tonepip stimuli (rise/fall=1 ms,
duration=3 ms, repetition rate=21 Hz) at three frequencies (i.e., 8, 16, 32 kHz). Utilizing
subdermal electrodes (vertex=active, reference=mastoid, ground=back), the responses to
1024 tonepip presentations were amplified (100K), filtered (100 Hz-3 kHz), and
synchronously averaged. Each stimulus was presented initially at 100 dB SPL, and then
stimulus intensity was decreased systematically in 5-dB steps, until a visually discernible
ABR waveform could no longer be detected. ‘Threshold” was defined as the lowest level of
the stimulus that produced a visually detectable response. ABRs were measured initially at
10 wk of age for all mice to establish baseline measures. In mice used for functional
evaluations, ABRs were again measured immediately after the noise exposure and then
again after 5 d.

2.3. Noise Exposure

The noise overstimulation episode consisted of a 1-h exposure to a 105-dB SPL, 10-kHz
centered octave band of noise (OBN). The OBN exposure was generated using white noise
synthesized by a Universal Serial Bus controlled digital signal processor system (Intelligent
Hearing Systems, Miami FL) connected to a personal computer and a custom-designed noise
filter (Intelligent Hearing Systems, Miami FL) consisting of a four-pole, band-pass filter
with a center frequency of 10 kHz and a bandwidth extending from about 7-14 kHz. The
noise signal was then amplified (Crown D75A, Elkhart IN) and transduced by four speakers
(RadioShack Corp, Ft Worth TX) attached to the walls of the sound-isolation chamber. The
noise spectrum ranging from 8-16 kHz was analyzed in 1/3-octave frequency bands, with
the maximum energy occurring at the center frequency of 10 kHz and having a 60-dB/
octave roll-off.

During the noise-exposure sessions, one mouse was placed into each of four compartments
(12 cm wide) of a custom-made, wire-mesh cage. The cage was placed in the center of the
sound-isolation chamber that was fitted with hard-reflecting surfaces ensuring uniform
noise-exposure levels. The homogeneity of the sound field was confirmed using a sound-
level meter (Quest Technologies, model 2100, Oconomowoc WI) with the microphone
placed at various locations within the cage that approximated typical mouse positions.

2.4. Gene Chip Experiments Sample Preparation and Hybridizations

For the gene-expression studies, the lateral wall; including the spiral ligament and stria
vascularis, and the organ of Corti tissues were microdissected from each cochlea under
RNAse-free conditions. These tissues were placed into 100 ul of RNAlater (QIAGEN Inc,
Valencia CA). All dissections were performed by the same skilled cochlear anatomist.
Tissues were stored overnight at 4°C and at —20°C the next morning unti | processed. Total
RNA was extracted using RNeasy Protect Mini Kit (QIAGEN Inc, Valencia CA). The RNA
was utilized to synthesize biotinylated RNA using MessageAmpTM Il ARNA kit, (Ambion,
Austin TX). The biotinylated RNA was then fragmented and its quality was assessed using
test arrays (Affymetrix Test 3, Affymetrix, Santa Clara CA). The breakdown of the two
experimental (noise-exposed B6 and 129) and two control (sham-exposed B6 and 129)
groups is indicated in Table 1. Although the experiments were designed to obtain three
biological replicates for each group of arrays, two of the RNA extractions for the B6 groups;
one for the noise-exposed and one for the sham-exposed did not yield adequate RNA. Thus,
only two replicate arrays, instead of three, were obtained for these two groups (see Table 1).
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All arrays hybridizations were performed at the UC Davis School of Medicine Microarray
Core Facility following Affymetrix’ standard procedures.

2.5. Gene Chip Data Analysis

The MGU74v2A gene chip (Affymetrix, Santa Clara CA) used for gene expression profiling
contained 12,489 sequences and expressed sequence tags. The sequences in this
oligonucleotide chip were from Build 74 of the UniGene database. Each 25-mer
oligonucleotide probe in these gene chips is uniquely complementary to a particular gene,
with approximately 16 pairs of oligonucleotide probes used to measure the transcript level of
the genes represented (additional details may be obtained at
http://www.affymetrix.com/index.affx). The images of all arrays were inspected visually to
ensure that there were no problems due to contamination, artifacts or bad hybridization. Data
analysis was performed using DNA-Chip Analyzer (dChip v.4/14/06, freely available
http://biosunl.harvard.edu/complab/dchip/). First each array was normalized to an array
with median overall intensity, chosen by dChip, as the baseline array for each group. The
group means and standard errors (SEs) was calculated using dChip by pooling arrays from
each group of biological replicates from the complete set of arrays (see Table 1). In addition,
all the data was uploaded blindly to the “class predicting tool” of the Biometric Research
Branch Array Tools (BRB-ArrayTools, freely available:
http://linus.nci.nih.gov/BRB-ArrayTools.html) and this program was used to define
“classes” within the set of arrays.

2.6. Statistics

The amount of frequency-specific hearing loss due to the noise exposure was defined as the
difference between ABR thresholds at 5 d post-noise exposure compared to their pre-
exposure counterparts. Specifically, ABR threshold shifts were calculated for each mouse by
subtracting the baseline ABR threshold from the ABR threshold 5 d post-exposure. The
mean hearing loss [+1 standard deviation (SD)] was determined at each test frequency for
each strain (B6 and 129) of mice and plotted as a function of frequency. The hearing loss
between the different mouse strains was subjected to a two-factor ANOVA (test frequency x
strain) (StatView, v.5, Macromedia, Mountainview CA). Post-hoc comparisons used the
Student-Newman-Kuehls test, and statistical significance was set at a probability level of
<0.05.

For comparisons between groups of microarrays (i.e, n=10 microarrays as indicated in Table
1), the criterion selected required the fold change between group means to exceed a
threshold value that was set as two-fold. Statistical significance was set at a probability level
of <0.05 by testing with unpaired t-tests. The p-value threshold of 0.05 identified genes that
differed between the group means with a two-tailed stringent p-value threshold (e.g., 0.05
divided by the total number of genes on the array). Bonferroni corrections were computed
assuming that all genes were independent (dChip v.4/14/06:
http://biosunl.harvard.edu/complab/dchip/).

2.7. Functional Categorization by Gene Ontology

The transcripts found to be differentially expressed (i.e., transcript levels exhibiting a >2-
fold difference that reached, at least, a p<0.05 level of significance) in pre-exposure
comparisons between 129 and B6 mouse groups with different genetic backgrounds (see
Table 2), and in pre and after noise exposure comparisons (see Table 3) were clustered
according to their roles in a cellular process. If no cellular process had been assigned to
them, genes were alternatively clustered by specific molecular function, e.g., transcription
factors known to function as regulators of immune response, are listed only under “immune
response”. The functional clustering was performed using the Database for Annotation,
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Visualization and Integrated Discovery (DAVID) tools of the National Institute of Allergy
and Infectious Diseases (http://david.abcc.ncifcrf.gov/gene2gene.jsp).

2.8. Hierarchical Clustering Analysis

Hierarchical clustering analysis was performed according to the expression profiles of each
gene using the dChip software noted above; such clustering of genes identifies potential
coordinated regulation of expression by highlighting similar alterations in expression levels.
Additionally, in the differentially expressed groups of genes, functional clusters were
identified utilizing DAVID and medium stringency criteria; DAVID’s default criteria.

2.9. Immunocytochemistry and Immunofluorescence

Anesthetized mice were transcardially perfused with 4% paraformaldehyde in 0.1 M
phosphate buffered saline (PBS). The temporal bones were isolated and the stapes removed.
Cochleae were then perfused perilymphatically via the round window and immersed in
fixative for 1 h. After rinsing in PBS, cochleae were decalcified in 120 mM EDTA (PBS, pH
7.4) at 23°C, dehydrated in a graded ethanol series, paraffin-embedded in pairs (two
cochleae: a cochlea from the sham and a cochlea from the noise-exposed groups, were
embedded together in one block for each strain), and sectioned at 6 um in the midmodiolar
plane. Slides were prepared in this manner containing tissues from each of three mice of the
sham and three mice of the noise-exposed groups of each strain. Slides containing 129
cochlear sections and slides containing B6 cochlear sections were subsequently stained
simultaneously in two sets of experiments, allowing the comparative interpretation of the
results. In the first set, three B6 and three 129 slides were stained simultaneously in
independent experiments for immunodetection of HSP70, GADDA45p, and the p21¢iP1
proteins. For the second set of experiments, tissue sections in three B6 and one 129 slide, all
containing tissues of the corresponding sham and noise-exposed groups, were stained
simultaneously.

Immunoperoxidase was used for HSP70 detection. Rehydrated cochlear midmodiolar
sections were incubated with rabbit anti-HSP70 (1:200) primary antibody (Santa Cruz
Biotechnologies, Santa Cruz CA) overnight at 4°C. The sections were then washed and
incubated for 2 h at 23°C with a biotinylated goat anti-rabbit secondary antibody followed
by incubation with ABC complex (Vector Labs, Burlingame CA), and then DAB substrate
(Sigma, fast-DAB tablets, St. Louis MO) for color development. Light microscopy
(Olympus BH-2, Tokyo Japan) was used to capture the images with a digital camera (Spot
RT) and associated image-analysis software (Diagnostic Instruments Inc, Sterling Heights
MI).

For GADDA45p and p21¢iP1-protein detection, immunofluorescence was employed. By this
protocol, dehydrated midmodiolar sections were incubated with either a goat anti-GADDA4503
antibody (1:600) or a mouse monoclonal anti-p21¢P1 antibody (1:100) overnight at 4°C
(Santa Cruz Biotechnologies, Santa Cruz CA and Upstate Biotechnology, Dillerica MA,
respectively). The next day, sections were washed and incubated for 2 h at room temperature
with the corresponding secondary antibody consisting of either Alexa Fluor 647-labeled
rabbit anti-goat (Molecular Probes, Carlsbad CA) or Cy5-labeled goat anti-mouse (Jackson
Immuno Research Laboratories, West Grove PA) antibodies. Sections were then washed in
PBS, a drop of mounting media containing DAPI (Vector Labs, Burlingame CA) was placed
on the tissue, and the slides were cover-slipped. In each independent experiment, 1-um
images were collected using a confocal microscope (Zeiss LSM 510, Thornwood NY). In
independent experiments, a 650- to 710-nm bandpass filter was used for imaging either the
Alexa 647 or the Cy5 fluorescence associated with the GADDA45p or p21¢iP1
immunoreactivity, respectively. The same settings were used on the confocal microscope to

Hear Res. Author manuscript; available in PMC 2012 July 1.


http://david.abcc.ncifcrf.gov/gene2gene.jsp

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gratton et al.

3. Results

Page 7

image the control and noise-exposed cochlear sections. Imaging software (LSM 5 Image
Examiner, Zeiss, Thornwood NY) was used for data processing. Final illustrations were
assembled using commercially available software (Adobe Photoshop v.7, San Jose CA).

3.1. Inbred Strains of Mice Differ in Susceptibility to Noise Damage

The hearing sensitivity of each mouse used was evaluated within one week prior to the noise
exposure. The average pre-exposure ABR thresholds at 8, 16, and at 32 kHz, were 32 £3, 21
+2, and 24 +2 dB SPL (+ SD) for the B6, 29 +7, 16 +3, and 44 £5 for the 129X1 and 47 +10,
37 £10, and 38 8 for the 129S1 mice. Figure 1 illustrates the effects of the 1-h, 105-dB
SPL, 10-kHz OBN exposure on the auditory function of the B6 (black bars), 129X1 (light
gray bars), and 129S1 (dark gray bars) mice. Specifically, threshold shifts (TSs) measured
immediately after exposure (Fig 1A) were significantly greater (ANOVA, df=2, f=70.483,
p<0.001) for the B6 mice, which exhibited more than a 60-dB TS for all test stimuli. In
contrast, the average TS detected immediately post-noise exposure for the 129S1 mice was
less than 25 dB for all stimulus frequencies, while the TS of the 129X1 mice ranged from a
maximum of 40 dB at 16 kHz to only 10 dB at 32 kHz. At 5 d post-exposure (Fig 1B), mice
of both 129 substrains (129X1=light and 129S1=dark gray bars) exhibited essentially
complete recovery from the TSs observed immediately post-exposure. For example, the TSs
remaining at 5 d post-exposure in the 129 mice were 5 dB or less. The B6 mice (black bars
in Fig 1B), however, demonstrated significantly less recovery (ANOVA, df=2, f=93.9
p<0.01) in that at 5 d post-exposure, TSs of approximately 40 dB remained for all test
frequencies indicating that only 20 dB of recovery had occurred. The sham-exposed control
counterparts for all three strains of mice were handled in the same manner as the noise-
exposed mice and were also tested 5 d after their sham noise exposures. As expected, no TSs
was detected for any of the sham-exposed control mice (data not shown).

3.2. Gene Expression Profiling

Gene expression profiling was performed to identify molecular mechanisms likely to
underlie the differences in susceptibility to noise damage exhibited by these mouse strains.
On average, 60% of the sequences in each of the 10 arrays were found to be expressed, i.e.,
expression ranged from 57 to 61% of the 12,489 sequences. These gene-expression results
can be accessed in the Gene Expression Omnibus (GEO Accession “GSE8342”;
http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE8342). Additionally, input
of all array data blindly to the “Class Prediction” tool of BRB arrays (see Methods) yielded
four classes of arrays matching the four groups listed in Table 1.

The gene-expression data were specifically inspected for the expression of several cochlear
markers. Myosin IC (MYO IC), myosin VI (MYO VI), and a-tectorin, were detected over
the background signal in all arrays. A fourth cochlear marker, myosin VIIA (MYO VIIA)
was not detected in two of the ten arrays. This is reasonable since in gene expression
experiments probe sets of low intensity, such as MYO VIIA, may be designated as “absent”
in some arrays. The levels of MYO VIIA however were similar in all arrays (i.e., compare
MYO VIIA intensity for each array in Table 1).

3.3. Gene Expression in the Cochleae of Mice Differing in Their Susceptibility to Noise

Damage

The significantly differentially expressed genes when comparing gene expression in the
control mice of the two strains are listed in Table 2. Table 2 is organized as nine clusters of
functionally related genes in decreasing order of the strength of the functional association
between the genes, and followed by the genes that were not clustered functionally (see
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Methods). Of 128 genes differentially expressed between the sham-exposed control mice of
these different genetic backgrounds 6 genes were strongly associated with programmed cell
death processes and thus are listed in the first cluster of Table 2. Three of these genes were
higher in the B6 mice while the remaining three were higher in the 129 mice. 7 genes were
functionally associated with immune response, and 6 genes were associated as modulators of
kinase activity. All the genes associated with immune response as well as the genes
clustered modulators of kinase activity were expressed at higher levels in the B6 than in the
129 control mice (shaded gray in Table 2). None of the other 7 functional clusters exhibit
such a bias. The immune response cluster included the most robust difference between the
strains; a 17.6 fold higher level of CD276 antigen mRNA in the B6 mice (see Table 2).

3.4. Noise-Induced Gene Expression Changes in the Cochleae of Mice Differing in Their
Susceptibility to Noise Damage

Table 3 lists the Affymetrix probe sets significantly changed 6 h after the 1-h exposure. In
comparison between the arrays from the noise- and sham-exposed 129 mice, the levels of
expression of 54 genes were significantly changed, while only seven genes were
significantly changed when the gene arrays from the noise-exposed B6 mice were compared
to the ones from the B6 sham-exposed mice. Table 3 lists 56 probe sets including two probe
sets for Junb and two probe sets GADDA45p and thus corresponding to 54 genes. It was
reassuring that for genes represented by two probe sets, the changes in expression measured
by each probe set were in close agreement. For example, for the 129 mice, the two jun B
oncogene (Junb) probe sets changed by 3.0 and 2.8 fold (p=0.024 and p=0.047,
respectively), thus, providing further evidence for the validity of this approach.

Considering genes significantly changed when comparing the noise- and sham-exposed
arrays for each strain, only Fos and C/EBP-d were in common in that they were significantly
changed in both strains of mice after the noise exposure (highlighted in Table 3). Under the
significance change criterion chosen (see Methods), the remaining significantly changed
genes were unique between the two strains. Table 3 lists the 61 probe sets significantly
changed after noise exposure, corresponding to 59 genes. Five clusters of functionally
related genes were identified in this group (listed in Table 3 in order of the strength of the
functional association). The functional clusters were: inducible regulators of signal
transduction pathways (6 genes), immune response (7 genes), transcription regulation/DNA
binding (15 genes), kinase activity and modulation of kinase activity (5 genes), and protein
stabilization/folding (2 genes). The remaining genes were not functionally clustered. The
most robust alteration in mMRNA levels was detected for growth differentiation factor 15
(Gdf15), an immediate early gene. Specifically, the mRNA level for this gene in 129 mice
increased 22 fold (p=0.027) after noise exposure. Also apparent in Table 3, Gem, another
immediate early gene related to the RAS family of small GTP binding proteins, increased in
129 mice by 21 fold (p=0.025) following the noise exposure.

Hierarchical clustering of the 61 significantly changed probe sets was also performed
according to the alteration in expression after noise exposure. A branch of the tree of
clusters contained a cluster populated with genes that have functional roles in apoptotic
signal pathways (e.g., genes identified by dChip as related to apoptosis have the gene
symbol in blue in Fig 2). This branch is shown in Fig 2 and the expression level of each
gene is indicated by color, i.e., the darkest blue to the darkest red represents the lowest to
highest expression levels, respectively, with the lighter in-between shades symbolizing the
intermediate levels of mMRNA (see color key at bottom of figure). Of the 59 significantly
changed genes, transcription factor E2F1 (included in Fig 2) was the only gene having
ontogeny annotations in dChip relevant to apoptosis that did not cluster with the remainder
of the apoptosis-related genes.
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The expression levels for the genes in the clusters illustrated in Fig 2 were higher following
noise exposure in contrast to the expression of E2F1, which was lower after noise. This
decrease in expression was significant for the comparison of the B6 arrays; seemingly
because the sham-exposed control levels of E2F1 mRNA in these mice were higher (see
dark red only in B6 sham-exposed control arrays in Fig 2). A subset of transcription factors
was upregulated in both strains of mice by the noise exposure. However, only two of the
genes were significantly changed in both strains of mice, namely CCAAT/enhancer binding
protein 6 and FBJ osteosarcoma oncogene (Fos). Thus, using the criterion chosen the overall
balance of noise- induced gene expression changes was unique for the noise-resistant and
noise-susceptible mice.

Two of the differentially expressed genes when comparing the two genetic backgrounds
were significantly changed by noise only in one of the strains (highlighted in Tables 2 and
3). Specifically, 3.9 fold higher levels of Gem2 were detected in the B6 that in 129 mice and
after the noise exposure this gene was upregulated in the 129 mice only (2.6 fold higher
levels after noise exposure; Table 3). Also 3.3 higher baseline levels of Snrpal mRNA were
detected in 129 mice than in B6 mice while this gene was 3 fold upregulated after noise
exposure in the B6 mice but not in the 129 (Table 3).

3.5. Induced HSPs Expression after Noise Exposure in the Cochleae of Mice Highly
Resistant to Noise Damage

HSPs are major contributors to a stress protection response and are well known to be
upregulated in the cochlea by noise exposure. In the present study, significant upregulation
was observed in the noise-exposed 129 mice for HSP70 (HSPala: heat shock protein 1A,
Table 2 and Figs 2 and 3). It is also noteworthy that a significant upregulation of DnalJ (also
called HSP40), a HSP70 chaperon protein, was detected as well in the 129 arrays.
Immunohistochemistry for HSP70 was then performed to investigate the degree to which
these alterations in mMRNA expression translated into an increase of HSP70 protein as well
as to identify in which cochlear cell types this change could be distinguished. As illustrated
in Fig 3 and Fig 4, this analysis showed that immunoreactivity for HSP70 was present in
both sham-exposed and noise-exposed cochleae. For example, in the sham-exposed control
cochlea of Fig 3A, C, and E, HSP70 was localized to spiral ligament Types | and V
fibrocytes to the organ of Corti, and to the spiral limbus. In the cochleae of the noise-
exposed 129 mice, Fig 3B, D, and F show that HSP70 immunoreactivity increased in the
lateral wall, in regions of type I and type IV fibrocytes, in the organ of Corti and in the spiral
limbus when comparing HSP70 immunoreactivity of a noise-exposed versus a sham-
exposed control cochlea.

Immunoreactivity for HSP70 was also detected in both sham-exposed and noise-exposed
cochleae of B6 mice as shown in Fig 4. In contrast to the difference in HSP70
immunoreactivity intensity observed between sham-exposed and noise-exposed 129
cochleae (Fig 3), HSP70 immunoreactivity was similar in most cochlear structures from
both groups of B6 mice with the exception that an increased expression of HSP70 was
detected in the Deiter cells (D) after noise exposure (panel D vs C). Figure 4A, C, and E
show HSP70 immunoreactivity in a sham-exposed control B6 cochlea and Fig 4B, D, and F
illustrate a noise-exposed B6 cochlea. Comparable intensity of HSP70 immunoreactivity
was localized to the stria vascularis, spiral ligament Types | and V fibrocytes and to the
spiral limbus in both groups of B6 mice. Similar intensity of HSP70 immunoreactivity was
also noted in the sham-exposed and noise-exposed cochlea in the region of the inner hair cell
(arrow, panels C and D) or outer hair cells (arrowhead, panels C and D). HSP70
immunoreactivity of either group of B6 cochlea was more pronounced than HSP70 in the
sham-exposed control 129 cochlea (compare Fig 3A, C, and E and Fig 4A, B, C, D, E and
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F), but generally less than the noise-exposed 129 cochlea (compare Fig 3B, D, and F and Fig
4A, B, C, D, Eand F).

3.6. Significant Induction of GADD45 B and p21¢iP1 6 h After Noise Exposure in the
Cochleae of Mice Highly Resistant to Noise Damage but not in the Cochleae of Susceptible

Mice

The GADDA45 proteins are emerging as powerful modulators of apoptosis. In the present
study, two GADDA45 genes, GADD45p3 and GADDA45y, were upregulated significantly
following noise exposure in the resistant 129 mice as shown in both Fig 2 and Table 3.
Additionally, there were two probe sets for GADDA45p in the array used in this work. When
the 129 noise-exposed arrays were compared to their 129 sham-exposed counterpart arrays,
as indicated in Table 3, a 6.2 and a 6.1 fold increase in the levels of the GADD45p3
messenger were measured independently by each of the probe sets (p=0.000 and p=0.004,
respectively, student t-test with Bonferroni adjustment). Moreover, Gadd45p was one of the
genes differentially expressed between the noise-exposed arrays for mice of different genetic
backgrounds, representing a genetic difference apparent only after the noise exposure.
Three-fold greater GADD45B mRNA was detected in 129 noise-exposed arrays than in B6
noise-exposed arrays (p=0.025).

In addition to mRNA expression, the GADDA45p protein expression was also explored as
indicated in Fig 5, which shows cochlear sections stained with the GADD45p antibody. Figs
5B, D, and F illustrate the GADDA45p immunofluorescence evident in sections from 129
mice that had been exposed to noise and sacrificed 6 h postexposure. In contrast, as shown
in Figs 5A, C, and E virtually no immunoreactivity was detected in the cochleae of sham-
exposed control mice. GADD45p immunofluorescence was most evident in the marginal
cell region of the stria vascularis of noise-exposed 129 mice (arrows in Fig 5B). In contrast,
identical staining conditions for the sham-exposed stria vascularis shown in Figs 5A
revealed no GADDA45p immunostaining. Enhanced GADDA45p immunoreactivity following
noise exposure was also evident in both the organ of Corti and spiral limbus. In noise-
exposed cochleag, the localization of GADDA45 to IHCs, OHCs, and some supporting cells
is shown (arrowheads) in Fig 5D. Figures 5F demonstrate the presence of GADDA458 in the
interdental cells of the spiral limbus in noise-exposed 129 cochleae. Additionally, as shown
in Fig 5, very strong immunofluorescence was observed in 8™ nerve fibers after noise
exposure when compared to corresponding sections from sham-exposed control mice were
virtually no immunofluorescence was detected (Fig 5F vs. 5E). Further, no
immunofluorescence was detected in experiments were the primary antibody was omitted
(data not shown).

p21CiP1 s thought to have an antiapoptotic role by mediating protection from oxidative stress
(O’Reilly et al., 2001; Zaman et al., 1999), which contributes to NIHL (reviewed in:
(Henderson et al., 2006; Kopke et al., 1999). The present findings demonstrated the noise-
induced upregulation of p21¢iP1 in the membranous labyrinth of resistant 129 mice. The
mRNA level for p21°iP1 was 2.1 fold higher (p=0.005) after noise exposure in resistant 129
mice as indicated in both Fig 2 and Table 3.

Using a p21¢iP! antibody, p21¢iPL protein expression was further investigated. Specifically,
as shown in Figs 6B, D, and F, reactivity for p21¢iP1 was noted in sections from 129 mice
that had been exposed to noise and sacrificed 6 h after the exposure whereas, as illustrated in
Figs 6A, C, and E, virtually no reactivity was noted in cochleae from sham-exposed 129
mice. Figures 6B show p21¢P1 immunofluorescence in the stria vascularis of noise-exposed
mice. In contrast, no reactivity was noted in Figs 6A, which exhibit the sham-exposed stria
vascularis. Localization of p21¢P1 in the organ of Corti was associated with the hair cells as
shown in Fig 6D. Following noise exposure, an intense immunofluorescence was observed

Hear Res. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gratton et al.

Page 11

in the 8!M-nerve fibers of the osseous spiral lamina as shown in Fig 6F. A less intense
reactivity was noted in the interdental cells of the spiral limbus, and only a faint reactivity
was detected in the fibrocytes of the spiral limbus as seen in Figs 6F. No
immunofluorescence was detected in experiments in which the primary antibody was
omitted (data not shown).

Cochleae sections of B6 mice were stained simultaneously with the 129 cochleae as
described above, for p21°P1 However, no p21°P1 immunofluorescence was detected. No
p21¢P1 immunofluorescence was detected in the organ of Corti, osseous spiral lamina, or a
portion of the spiral limbus tissues from B6 mice that had been exposed to noise and
sacrificed 6 h after the exposure (data not shown, since all panels are completely black).
Further, no p21°'p_1 immunofluorescence was noted in sham-exposed control B6 mice and
there was no p21¢P1 immunofluorescence detected in the lateral wall tissues of either group
of B6 mice either (data not shown).

B6 cochleae were inspected for GADDA45p protein expression in the same manner. A very
faint GADDA45p immunofluorescence detected in the 8t nerve fibers in the osseous spiral
lamina from a B6 mouse exposed to noise and sacrificed 6 h after the exposure (data not
shown). No GADD458 immunofluorescence was detected in lateral wall tissues of these
mice. GADD45f immunofluorescence was not detected either in cochleae from two other
noise-exposed B6 mice, stained in the same manner. In sham-exposed control B6 mice, no
GADDA45p immunofluorescence was detected (data not shown). In contrast to this higher
intensity of GADDA45p immunofluorescence was consistently noted in noise-exposed 129
cochleae as is evident in Fig 5 panels B, D, and F.

4. Discussion
4.1. Inbred Mice Differ with Respect to Their Susceptibility to NIHL

The pre-exposure ABR thresholds of the mice used in this study was in close agreement to
previously reported values (Johnson et al., 1997). The B6 mice is a congenic strain corrected
for the age related hearing loss exhibited by the C57/BL6J; as expected, no loss of hearing
sensitivity was noted in these mice by ten weeks of age. On the other hand, by this age, the
129 mice exhibited slightly elevated ABR thresholds, as reported previously (Zheng et al.,
1999). Susceptibility to noise damage was demonstrated to be dependent on the specific
genotype (Jimenez et al., 2001; Ohlemiller et al., 2007). Mice of two 129 substrains, 129Sv/
Ev (Yoshida et al., 2000) and 129X1 are known to exhibit very high resistance to NILH. The
data presented here demonstrate that yet another 129 substrain, the 129S1, not previously
studied with regards to NIHL, incurred no permanent loss of hearing after the noise
exposure used in this study. In contrast, a 40-dB elevation of hearing thresholds persisted in
the B6 mice (Fig 1). Thus, the B6 congenic mice, carrying the wildtype Ahl allele, which is
not expected to contribute to the effects of noise overexposure is more susceptible to noise
damage than the 129 strains. Deficient ahl alleles exacerbate noise susceptibility (Sliwinska-
Kowalska et al., 2008). However, it has also been demonstrated that other factors, besides
ahl, are involved in the cochlea’s response to noise overexposure (Harding et al., 2005). The
NIHL incurred in the B6 mice in this study supports this.

4.2. Noise-induced Gene Expression Changes in the Cochleae of Mice with Distinct
Susceptibility to NIHL

The gene-expression comparisons between the sham-exposed control 129 and B6 mice as
well as the noise-exposed 129 and B6 arrays reflect differences in the genetic background of
these inbred mouse strains. Understandably, many of these differences may not be relevant
to the differences in noise susceptibility, which is the primary interest of the present work.
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To test the hypothesis that resistance to NIHL reflects the ability of specific cell types in the
cochlea to induce protective mechanisms such as the ability to upregulate genes required to
maintain or restore normal cochlear function, the noise-induced changes in gene expression
were determined in mice exhibiting very different susceptibilities to NIHL. Only
conspicuous differences between the two genetic backgrounds (Table 2) and noise-induced
changes in gene expression are presented here (Table 3). A more stringent significance
criterion than the default settings for dChip, which has as default a 1.2-fold difference, was
set (see Methods). No previous comparisons of gene expression levels have been made in
the cochlea between mice of different genetic backgrounds. Notably, basal levels of genes
involved in modulation of kinase activity (a cluster of 6 genes) and genes clustered as
related to immune response (a cluster of 7 genes) were expressed at higher levels in B6 than
in 129 mice (shaded gray in Table 2). The latter may be interpreted as an ongoing
inflammatory process in the B6 cochlea but further research is required to understand these
differences.

It has been demonstrated that noise exposure activates an immune response in the cochlea
(Hirose et al., 2005; Miyao et al., 2008; Tornabene et al., 2006). In this current work,
upregulation of a set of genes involved in immune response was detected 6 hrs following the
exposure in 129 mice which did not incur hearing loss (Table 3). The most robust of these
immune response changes is an eight-fold increase in Socs3 expression. This was in
contradiction with two previous comprehensive gene expression studies which did not detect
upregulation of Socs3 in rats following a noise exposure (Cho et al., 2004; Kirkegaard et al.,
2006). Notably, Socs3 down-regulates the JAK/STAT pathway by recruiting cytokines
receptors for proteolysis and is considered to be anti-inflammatory and protective (for
example, see Hotson et al., 2009 and Sutherland et al., 2007). In agreement with the
previous gene expression studies, however, upregulation of Cxcl10 was noted following the
noise exposure in 129 mice (Table 3). Definitely, further research is required to determine if
the increased expression of Socs3 has a role in protection from NIHL in 129 mice as well as
to confirm and understand the significance of the differentially expressed immune-response
genes to noise-induced processes in the cochlea.

The noise—induced gene expression findings in this study are generally in agreement with
previous studies that have reported the noise-induced upregulation of transcription factors
and immediate early genes in the cochlea (Cho et al., 2004; Kirkegaard et al., 2006),
although those studies investigated different time periods after noise over-stimulation. The
present microarray experiments detected a 4.9- and 6.8-fold noise-induced increase in Fos
MRNA in the 129 and B6 mice, respectively (p<0.001, see Table 3). This was consistent
with previous studies which demonstrated increase in the expression of Fos protein and of
AP-1 binding to DNA in the in the guinea pig cochlea after acoustic trauma (Ogita et al.,
2000). Noise-induced Fos expression was also detected following noise exposure in the
cochleae of rats in a previous microarray study (Cho et al., 2004). Immunocytochemistry
studies by other investigators additionally demonstrated a remarkable increase in Fos
expression shortly after noise exposure in the supporting cells of the organ of Corti (Shizuki
et al., 2002). Supporting cells are important for survival of adult spiral ganglion neurons
(Stankovic et al., 2004; Sugawara et al., 2005) and likely contribute to the functional effects
of noise over-exposure.

To investigate the molecular basis of the resistance to noise overstimulation we focused on
genes known to be involved in a protective response to stress or in cell-survival signaling
pathways upregulated by noise in resistant 129 mice. These genes included HSP70, HSP40,
GADDA458, and p21¢iPL, It is conceivable that early upregulation of these factors contributes
synergistically to inhibition of apoptosis.
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HSPs are major components of a protective cellular response to stress. HSP70 deficient mice
show more extensive infarcts due to unrestrained apoptotic mechanisms (Lee et al., 2004).
HSP27, 70, and 72 are known to be expressed in the cochlea and have been shown to be
upregulated specifically by noise over-exposure (Gower et al., 1997; Leonova et al., 2002;
Lim et al., 1993; Neely et al., 1991). However, it was important to learn whether there was a
difference between mice strains exhibiting very distinct susceptibilities to noise damage and
different functional outcomes after the noise exposures used in our study. In the resistant
129 strain, HSP70 and HSP40--a chaperone of HSP70 that has not been previously studied
in the cochlea--were both significantly upregulated following noise exposure (see Table 3
and Figs 2 and 3). In B6 mice, no upregulation of the HSP70 mRNA level was noted and
comparable intensity of HSP70 immunoreactivity was noted in the sham-exposed and noise-
exposed mice in most regions of the cochlea (Fig 4). However, an increased HSP70
immunoreactivity was noted in the Deiter cells after noise exposure. Because Deiter cells are
a small subset of the cells in the cochlea it is reasonable that no significant increase in
HSP70 mRNA was detected after noise exposure in B6 mice (Fig 2 and 4).
Immunocytochemical studies by other investigators demonstrated that noise over-exposure
induces an accumulation of HSP72 protein, specifically in the stria vascularis and the OHCs
(Gower et al., 1997; Leonova et al., 2002; Lim et al., 1993; Neely et al., 1991). Additionally,
overexpression of HSP70 conferred significant neuroprotection by reducing caspase-8 and
caspase-9 activation in a mouse model of hypoxia injury (Matsumori et al., 2006; Matsumori
et al., 2005).

The induction of GADDA45p expression by noise overstimulation found in highly resistant
129 mice may contribute to protection from apoptosis, and therefore from NIHL. In previous
studies, GADDA45p was demonstrated to suppress JNK apoptotic signaling (De Smaele et al.,
2001), which is involved in hearing loss after noise exposure. Specifically, GADD45p was
demonstrated to bind INK kinase MKK7/JNKK2 and to halt its catalytic activity (Papa et
al., 2007; Papa et al., 2004). MKK?7 is a requisite activator of INK in this pathway.
Sequestration of MKK7 by GADDA45p prevented the activation of JNK and subsequent cell
death. Additionally, experiments with cell-permeable peptides demonstrated that GADD45f3
was required for efficient blocking of TNF-a—induced killing (De Smaele et al., 2001; Papa
et al., 2004). De Smaele et al. (2001) found that GADDA45p was upregulated rapidly through
a mechanism that requires NF-xp and that the NF-xp anti-apoptotic functions depended on
the suppression of JNK activation. The NF-xp and JNK pathways are both affected by the
transcriptional activation of GADD45p. Furthermore, GADD45p3 may be involved in
additional pathways and perform other functions, since its induction was also proposed to
regulate apoptosis by direct interaction with the cell cycle kinase inhibitor, p21¢P1 (Kearsey
etal., 1995).

Significantly, p21¢iP1 was also upregulated after noise exposure in the resistant 129 mice
and increased protein expression was detected after the noise exposure (see Figs 2 and 6 and
Table 3). The functions of p21¢P1 are highly multifaceted but importantly, its induction has
been linked to resistance to cell death after various cellular insults, (Besson et al.,
2008;0’Reilly, 2005). Notably, after hyperoxia-induced oxidative DNA damage, cell death
was more prevalent in p21¢iP1-deficient mice epithelia than in control mice (O’Reilly et al.,
2001). In agreement with an antiapoptotic role for p21¢P1, the protective effect of iron
chelators in cortical neuronal cultures after oxidative stress has been correlated with
upregulation of this protein (Zaman et al., 1999). In hair cells of the mouse organ of Corti,
p21°iP1 was expressed at embryonic day 14.5 and it remained expressed by postnatal day 6
but was not detected in the adult (Mantela et al., 2005). Mice deficient for p216iPL expression
exhibited no aberrant hearing phenotype. However, deficiency of p21°iP1 expression
exacerbated a mild progressive hair cell loss phenotype exhibited by mice deficient for
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expression of p19'"k4d_ another cyclin-dependent kinase inhibitor (Chen et al., 2003;Laine et
al., 2007).

Other genes of interest have not been previously investigated in the cochlea either. For
example, a large body of work by other investigators has demonstrated powerful positive as
well as negative cell-type specific regulation of apoptosis by ler3, which increased by 2.2
fold in resistant 129 mice (Table 3). In vivo constitutive expression of ler3 prevented
specific subpopulations of lymphocytes, but not others, from undergoing apoptosis. T cells
were precluded from undergoing apoptosis in transgenic mice over-expressing this gene
resulting in mice that suffered from a high incidence of T cell lymphoma (Garcia et al.,
2002;Wu, 2003;Zhang et al., 2002). Still, another finding pointing to new avenues for future
research is the noise-induced decrease in the expression of histone H2B type 1-P
(Histlh2bp) mRNA detected in the resistant 129 mice (—4.1 fold, p=0.01, Table 3). This
finding warrants further study, because during apoptosis, HistLh2bp is known to undergo
phosphorylation and such modification facilitates apoptotic chromatin condensation (Ajiro,
2000). It is tempting to speculate that, if there are lower levels of this H2B specific form,
Hist1h2bp, then other H2B isoforms, which do not undergo the phosphorylation supporting
apoptosis, could be assembled into the nucleosomes, thus decreasing apoptotic DNA
condensation. Clearly the contribution of such mechanisms to NIHL needs to be tested and
additional lines of research are required.

The comprehensive study of noise-induced gene expression changes in the cochleae of rats
by Kirkegaard et al. (2006) utilized an impulse noise exposure protocol resulting in hair cell
apoptosis and deafness. Significantly, the differentially expressed genes 3 h (34 genes) and
24 h (30 genes) postexposure in this report did not include the potentially protective changes
in gene expression described here for the resistant 129. Indeed, the GADD45p and p21¢iP1
noise-induced upregulation described in the current report has only been detected in the
resistant 129 mice. These gene expression results were confirmed by the detection of
significantly enhanced GADDA45p and p21¢P1 immunofluorescence following noise
exposure in the 129 but not in the B6 mice cochleae (see Figs 5, and 6). Further,
immunofluorescence for both of these proteins was enhanced in cochlear cell types known
to be affected by noise overstimulation. That is, IHCs and OHCs, cochlear nerve fibers,
fibrocytes of the spiral limbus, as well as cells in the stria vascularis, were strongly stained
in 129 noise-exposed mice, but not in their sham-exposed control counterparts or in the B6
mice.

Considering the differences in the noise-induced gene expression changes found between the
mouse strains, sequence variations linked to HSPala, Gadd45p, and Cdknla genes are of
special interest. The differences in the regulation of the expression of these genes may be
due to sequence differences between the strains at those loci, but also to the downstream
effects of a genetic difference at another locus. No simple nucleotide polymorphisms (SNPs)
are linked to the Gadd45p gene [http://www.ncbi.nlm.nih.gov,
http://bioinfo.embl.it/SnpApplet/, http://mouse.perlegen.com (Frazer et al., 2007)].
However, SNPs have been annotated about 2500 nucleotides to the 5’ end of the Gadd45f3
gene, and these may include variations in regulatory sequences. Additionally, 25 SNPs are
linked to HSPala and 138 SNPs are linked to Cdknla. Some of these SNPs include
sequence differences between C57BL/6J and 129SvJ 129X1. The B6 strain is a congenic
strain of the C57BL/6J and except for the Ahl locus, in chromosome 10, these strains are
genetically equivalent. The HSPala and Cdknla genotype, in chromosome 17 are the same
as the genotype of the C57BL/6J mice. Notably, human polymorphisms in the HSP70 gene
have been correlated with the individual’s susceptibility to NIHL (Chang et al., 2010).
Further research is required to determine if the sequence variations noted above contribute to
the resistance to NIHL exhibited by 129 mice.
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In summary, gene expression differences induced by a noise exposure without detrimental
functional consequences for mice of the 129 strain were revealed. Although the implications
of the upregulation of these genes and proteins are not understood, their functional
capabilities are known to be complex. For example, GADD45p and p21¢iP1 are likely to
influence various interrelated cellular pathways and there is strong evidence for the
antiapoptotic roles of these proteins. The increased expression of HSP70, GADD45p, and
p21¢iP1 may contribute to the resistance to NIHL observed in 129 mice. Additionally, the
possibility of coordinated signaling resulting in the induction of p21¢iP1 and GADD458 has
been proposed, by other investigators (Kearsey et al., 1995; Wang et al., 2005). These
findings may contribute to the design of novel interventions against NIHL using endogenous
protective mechanisms known to interfere with pathways of cell death.

Research Highlights

« Different noise effects in gene expression accompany distinct functional
outcomes.

e Expression of strong modulators of apoptosis is induced by noise in resistant
mice.

+ Induced p21°iP1 and Gadd45p protein levels may contribute to protection from
NIHL.
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Abbreviations

129 combined 129X1/SvJ and 129S1/SvimJ mouse substrains
B6.CAST-Cdh23CAST/ congenic mouse strain derived from C57BL/6J but carrying the
ahl allele of the Cast/Ei and abbreviated here as B6
day(s)
dB decibel
E2F1 E2F transcription factor 1
GADD45 growth arrest and DNA damage inducible protein 45
Gdf15 growth differentiation factor 15
hour(s)
HSP heat shock protein as in HSP40 and HSP70
Hz Hertz
ler3 ler3 protein contributing to regulation of T cell proliferation
IHC inner hair cell
JINK c-Jun N-terminal kinase
kHz kilohertz
MOLF MOLF/EiJ inbred mouse strain
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MPKK7 mitogen-activated protein kinase kinase 7
MRNA messenger RNA
NIHL noise-induced hearing loss
OBN octave band of noise
OHC outer hair cell
p21¢ipl cyclin-dependent kinase -interacting protein 1
RT-PCR reverse transcription polymerase chain reaction
SD standard deviation
SGNs spiral ganglion neurons
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Fig. 1.

Changes in hearing sensitivity immediately and 5 d post-noise exposure. A: Immediately
after exposure to 1 h of a 10-kHz OBN presented at 105 dB SPL, 129S1/Svimj (dark gray
bars) and 129X1/SvJ (light gray bars) mice exhibited significantly less threshold shifts (TSs)
at each test frequency (»=ANOVA, df=2, f=70.483, p<0.001) than did mice of B6.CAST
strain (black bars). B: By 5 d post-noise exposure, the 129S1/SvimJ and 129X1/SvJ
demonstrated complete recovery of hearing as tested by ABRs. In contrast, the B6.CAST
showed only minimal recovery and continued to exhibit a loss of hearing sensitivity at all
test frequencies. TSs were statistically different between noise-exposed B6.CAST and 129
mice for all frequencies tested (x=ANOVA, df=2, f=93.9 p< 0.01).
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Fig. 2.

A branch of an expression profile analysis tree clustered apoptosis modulators differentially
expressed after noise exposure in 129 mice. The gene expression levels are shown for each
array, as indicated at the top of the figure (see Table 1). The mice were sacrificed 6 h after
the exposure to a 1-h, 105-dB SPL, 10-kHz OBN or sham exposure. Gene clustering of all
the differentially expressed probe sets was performed using dChip and according to their
expression profiles. This branch cluster is shown because this branch segregated most of the
differentially expressed genes known to modulate apoptosis pathways; including Cdknl
encoding p21¢iP1, Hspala encoding HSP70, and Gadd45p encoding GADDA45p (see text).
The genes in blue type are the ones for which dChip assigned apoptosis Gene Ontology
annotations. E2f1 was the only differentially expressed gene for which dChip contains
apoptosis Gene Ontology annotations, and although it did not cluster with the other
apoptosis-related genes, it is included in the figure. The color key at the bottom of the
illustration indicates the amount of over- (reds) or under-expression (blues). C=control,
N=noise exposed group; in the array names.
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Noise exposure increased HSP70 immunoreactivity in the 129 mice cochlea.
Immunoreactivity is noted in a number of cell types in cochleae from sham-exposed 129
mice (panels A, C and E) as well as in cochleae from noise-exposed 129 mice (panels B, D
and F). The light reactivity evident in type | fibrocytes of the cochlear lateral wall (panel A,
asterisk) was upregulated after noise exposure (panel B, asterisk). Reactivity in type 1V
fibrocytes is also noted post-noise exposure. No difference in the intensity of the
immunoreactivity was noted in the sham-exposed and noise-exposed cochlea in the region
of the inner hair cell (arrow, panels C and D) or outer hair cells (arrowhead, panels C and
D). However, increased expression of HSP70 is detected in the Deiter cell (D) after noise

Hear Res. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gratton et al.

Page 23

exposure. (panel D vs C). The minimal reactivity noted in the fibrocytes of the spiral limbus
(SpL) and in the cochlear nerve fibers (CN) in the sham-exposed mice is slightly
upregulated following noise exposure (panels E and F). No immunoreactivity was detected
in any of these cochlear sites when the primary antibody was omitted (panel G). I=type |
fibrocytes, IV=type IV fibrocytes, D=Deiter cells, SpL=spiral limbus, CN=cochlear nerve.
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FIG. 4.

Noise exposure increased HSP70 immunoreactivity in the Deiters cells of B6 mice.
Immunoreactivity was noted in cochleae from sham-exposed B6 mice (panels A, C and E)
as well as in cochleae from noise-exposed B6 mice (panels B, D and F). Light reactivity was
evident in type | fibrocytes of the cochlear lateral wall in sham-exposed (panel A, I) and
noise exposed B6 mice (panel B, 1). No difference in the intensity of the immunoreactivity
was noted in the sham-exposed and noise-exposed cochlea in the region of the inner hair cell
(arrow, panels C and D) or outer hair cells (arrowhead, panels C and D). However, increased
expression of HSP70 was detected in the Deiter cells (D) after noise exposure. (panel D vs
C). The reactivity noted in the fibrocytes of the spiral limbus (SpL) and in the cochlear nerve
fibers (CN) in the sham-exposed mice was unchanged by noise exposure (panels E and F).
No immunoreactivity was detected in any of these cochlear sites when the primary antibody
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was omitted (data not shown). I=type I fibrocytes, D=Deiter cells, SpL=spiral limbus,
CN=cochlear nerve.
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FIG. 5.

Noise exposure upregulated GADDA458 in the cochlea of 129 mice. Immunofluorescence
using a goat anti-GADD45p followed by anti-goat Alexa Fluor 647-labeled rabbit secondary
antibody is shown with the phase-contrast light micrographs of the tissue to the right.
Upregulation of the protein by noise exposure was noticeable in cochleae from noise-
exposed 129 mice (panels B, D and F) when compared to their sham-exposed control mice
(A, C, and E), which show little to no reactivity for GADD45f. Upregulation of GADD45(3
post-noise exposure was detected in the stria vascularis (arrows, panel B) and in the hair cell
region of the organ of Corti (arrowheads, panel D). Moreover, the increased expression of
GADDA458 in the 8t nerve fibers in the osseous spiral lamina (asterisk, panel F) and in the
interdental cells of the spiral limbus (arrow, panel F) was quite evident. No
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immunofluorescence was detected in experiments when the primary antibody was omitted
(data not shown). The scale bar (panel F) applies to all panels.
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Fig. 6.

Noise exposure upregulated p21¢iPL in the cochleae of 129 mice. Immunofluorescence
staining using a mouse monoclonal anti-p21°iP1 followed by anti-mouse Cy5-labeled goat
secondary antibody is shown with the phase-contrast light micrographs of the corresponding
tissue to the right. Upregulation of p21°¢iP1 by noise exposure was noticeable in cochleae
from noise-exposed 129 mice (panels B, D and F) when compared to their sham-exposed
control mice (A, C, and E), which show little to no reactivity for p21¢iPL. In the cochlea
lateral wall an upregulation of the protein post-noise exposure was noted in the stria
vascularis (arrows, panel B). In the organ of Corti, the upregulation of p21¢iP1 appeared
most intense in the inner hair cells (arrowhead, panel D); however, immunoreactivity was
also detected in the region of the outer hair cells (arrow, panel D). Strong
immunofluorescence was observed in the 8™ nerve fibers in the osseous spiral lamina
(asterisk, panel F). No immunofluorescence was detected in experiments when the primary
antibody was omitted (data not shown).

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 29

Gratton et al.

“(s1saypuated ur uaalb si1 Ajisuaiul [eubis) sAelle [[e ul Jejiwis sem Ajsusiul [euBis ayp ‘Iansmoy ‘sAeiie QT aUl JO OM) Ul Paldalap Jou sem YIIA OAN
*

IA UISOAN=IA OAIN VI UISOAN=VIIA OAIN ‘D1 UISOAIN=D] OAIN ‘Pa10318p 10U=pU ‘pa1aa)ap= :pasodxa-asiou=| :|0Jju0d=o

dnoJb Jad pajood a01W Jo Jaquinu=u

a a (T7€) PU a 85 GS9 (8=U) EN TX62T

a a (00g) @ a 19 €69 (8=u) ZN TX62T pasodx3-asIoN juelsisay

a a (z2€) pu a 1S 189 (8=U) TN TX62T

a a (2e8)a a 65 889 (8=u) €2 TX6ZT

a a (coe) a a 85 759 (8=U) 2O TX62T | l041U0D pasodx3-ureys uelsisay
a a (ss) a a 65 899 (8=u) TO TX62T

a a (80e) @ a 09 8.9 (8=U) ZN 1Sv294

pasodx3-asioN a]qndaasns
a a (ove) @ a 8 €89 (8=U) TN 1Sv299d
a a (tee) a a 09 289 (8=U) 20 1SVv099
J0ju0) pasodx3-wreys ajqndaasng
a a (wve) a a 19 119 (8=U) TO 1SV094
u01aL ® | INOAW | VIIAOAN | 01 OAN
819918 Sa0uanbas Jo 95 | Alisusiu| [eubis ues|n Aeday dnouo Aeday
LSIDIBIN 1e3]420D

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

"PAWI0LIa SARLIY BUd9)

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 30

Gratton et al.

Prv6T0 AN 9v0'0 4 ¢ utsioud Buikyipow Ayanoe Joidaoel Joj YNYUW zdwey % rri66
- 9100 e,

599620 AN 9100 0C SOYTB000LT WYNQO UdMLl :TTod) /62701
97020 AN v£0°0 6'C T uIajoid uolyeso|suel} :T20] L 17 T0S66
SP8TT0 AN 2100 0€ Z aullpiw ZpIN 17/96€0T
TT0920 AN ¥00'0 9 08 a1I-10)0e} uone|AsoqL-dpe g8l 127 06v86
T6VT00T00 AN 0200 6°€ ¥ uisoAwodosn :ywd . 1TEYSS6
9756€0T00 AN 2000 6'¢ IA U1soAN:90AN e 2826
TZ6800 AN ¥10°0 A7 6 8seun| auIsolAy ursjoud :diid 1©79v9¢e6
NOILVZITvOO 1 NISLOYd/NOIT 1a5SOLAD
BTSET0 AN 9v0°0 T2 utajo.d T-pesy 3104 SWAYOUSSIW :ZoX0- 187008201

- 0v0'0 8e,
§ 0v0°0 ez ureyd JjueLieAul pajeldosse-e| y7.pD umlvmo.HOH

- €00 97,
207600 NN vv0°0 v'e T uteroud uomuBodal ueakBopndad :TdiA|Bd 7660101
05600 AN 2200 €2 10198} UIMOIB [eIaYIOpUB Jenase ByBaA 18T 0ZGE0T
096800 AN €000 g Bojowoy ursusy pue asejeydsoyd :usid 1788616
¥01800 NN ¥€0°0 6'¢ Z @2uanbas pajejal ‘(ejiydoso.p) Bojowoy Buissiw sjje9 JeIlb :gwoo 1 0 0T.V6

H1Vv3d 1130 A3NINVIO0dd 40 NOILYT1NO3d

ar o3s 43y anjea-d 99/6¢T anjen-d 621/99

nma:ohm pasodxa-weys Ussmiag aoualaplp pjo4

aweN :|oquAS aus9 18s 8001d

NIH-PA Author Manuscript

"801W |0ju0d pasodxe-weys ZT pue 9g Buriedwod uaym S18s aqoid passaldxa Ajjenuaiayla

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 31

T06520 N 8100 2t » apndadAjod 11 (eus) asesswkjod Nedjod  1e1EOEYOT
202€50 AN 8€0°0 e 1d X0q peayptioy :Tdxo 1¢7€8196
G9€0T0 NN 2€0°0 ee w0y Hoys utgjodd |-114L (IZRO TS 962Y6
78STT0 AN LT0°0 € eydye J0)dagal suoulioy proJAYL :ZPTIN 179,066
Yv1€20 NN 8000 (%4 utaroid Buipuiq Jaweoo ‘Buiurejuod-urewop-nod-uou :ouoN 18 TE8E6
SETTT0 AN 5000 € , 1ungns ‘xa]dwod uondiosue.] Jou-4129 110U e ¥9ST0T
762800 NN 200 vy T 10306 %20y Jeay ZJsH 1 GGTTOT

ONIANIG VNA/NOILVY1INO3d NOILdIdOSNVA L

- 1000 o,
YEL8TO NN 8000 0¢ v ute104d Buipuiq sprosjonu syejAuent :ydqo 1e202€0T
- 0v0°0 o,
€8/GT0 NN 700 ze uajoud a|q1onput-eydye uosaudul :zd1o 12722886
202€50 AN 8€0°0 e 1d X0q peayptioy :Tdxo 1¢7€8196
0920T0 AN ¥00°0 ee Z uigro4d Buipuiq sprosjonu syejAuent :zdqo /65701
62800 NN 6v0°0 S 70 dUdB PajeAIROe UOISHAIUL [yOZYl  18°S ¥ZTv6
000 19°€,
6/GTT0 AN 1000 8'c utajoid on1oads [1ao- 1 bl 127906201
€E€B6EET NN 9000 9.1 usbnuy 9/2a0:9/zad ¥ 4 THTITIT
3SNOJSTI INNANII
TCTT10 AN 2€00 ¥4 Bojowoy aseunt a1|-0jod ‘TAld ¥ B 0GETOT
TZTTT0 AN €700 14 Bojowoy aseuny a1l-0jod ‘TAId 1€ J 660€6

Gratton et al.

ar o3s 434 anfea-d 99/62T anfea-d 621/99

awep :|oquiAs aua 13S 9004d
nma:o‘_m pasodxa-Weys Uasmiaqg aoUaJapllp pjo4 N “10qWAS O e

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 32

Gratton et al.

768TT0 AN 900 12 (payeroosse->1q) g utslod Buipuiq urewop-gys :dagys 1®99/86
- 1000 sse,

€79600 AN €000 a4 ewweh Jongiyur sseuny utelold :Bid ® 67526
9G€TZ0 AN 9700 0¢€ T utsjoid pareloosse-z utelold punog 103dadas 10joey yimoih (Tqes 1®7206€6
Y0TTI0 AN 1700 0¢e uojisda ‘o aseuy uteloid :80%.d 1 €22€0T
662120 AN €200 a4 € dWAZos| aseury| sjejAuape 10} YNYW XV 1® 26126
ALTATLOV 3SYNIX 40 NOILV TNAOW ANV ALIATLOV 3SYNIA

- 0100 LE,
T€86¢0 N 0700 9€ 90P/ZTO0LT WYNQO UL H1Y90A/ZTO0LT ¥ 4 9T.V6

- 5200 soc,
66200 AN G200 0¢ auisdayreo :as1y 18 ) 198¢6
921600 NN 900 L2 g Jaguisw ‘(ungpeno) Jonquyu esepndad ‘egquidias 18 9T8T0T
€79600 NN 0700 0€ TT urewop ssepndadojelsw pue unBaIuISIp B TTWePY 1® 02656
865600 INN G200 1€ T swAzus BunieAuoo | uisusiolbue :80y 18} yZZT9T
286600 N 0500 g€ 9 uisdaypes (0810 18020T0T
ALIATLOV 3SVAild3d
LITOVT AN 7700 0C (enydosoup) z Bojowoy 0z—+ uoehaliea Jo Jossaiddns :ZyozyAnS 181 0FFT9T
Zvv00 AN 9800 gz ¥ SSa[eIsLe pX|Y 1229101

£10°0 eV,
7€9€T0 NN €700 ¥'g utaloud Buipuiq 103dadal pajeanoe Jojelaprjosd swosixosad :dgredd 18709097
76¢TT0 AN 9€0'0 12 6d ursjoud Buipuig wYNQ papuesns ajbuls :1qns 18 086T0T

ar o3s 434 anfea-d 9d/6eT anfea-d 6¢1/99

aweN :|oquAs aus9 198 800Jd

nma:o‘_m pasodxa-Weys Uasmiaqg aoUaJapllp pjo4

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 33

Gratton et al.

- 7000 e,

€97700 AN 8100 ee (reunsayun) T urajod you-autRisho TduD 1€ T90v6
675600 NN 1000 v'E G8T urejoud Jabuly ourz:G8TdyZ 162201
0ESPPT AN 8000 v'e eTT Bulureiuod adAy 429 sabuyy ouiz :eTTYEIZ 1 8/6€0T
9€€T20 NN 2€0°0 ee Je utajoidoajonuogtl Jeajonu |fews gn :Tedus 1® 626T9T
098520 AN 6100 ze 81 apndadAjod xoq (dse-efe-n|6-dse) peap :gTxpa 1©7/€000T

- SE0'0 e,
62vZ/T NN GEO'0 8'c T BuluIelu0d Urewop uoJnNau 00w [BAIAINS :TOPUWIS 12 29166
SNISSIO0dd VNI
210020 AN GEO'0 ze T uajoad Jabuy Buu yTiUY 178566
228510 NN 2200 A4 € urajoud Jeadas Ya1-auIIN3| pue X0g-} :g1Xa ¥ Levent
€88TT0 AN 8000 ze (4zy) ursroud Jabuly oUIZ ONIY (ETIUY  J&S 996TOT
NOILVOIJIdOW NIF10dd 1VNOILV ISNVY1-1S0d

- 1700 vo's,

728250 NN 9200 89 ased LV wnissejod wnipos Jo Jungns ewiwed :gpAx4 /2876

- 6T0°0 vie,
ZTvve0 AN 2€0'0 ee )] [3UUEBY 8PLIOJYI "EMNDID e 28.€0T
799€T0 NN 5000 A% Z J9u10dsue) uones d1ueblo 10y YNYW :2egedls ¥ /76201
6596T0 NN 8€0°0 9¢ Z-MINOY [auueyd winisselod BuiAynoas Ajpsemut :TENOM 1 2L6€0T
SYILIOdSNVAL/STANNVHO NOI
¥TZI00 AN 1700 0¢  9seuy 11-820AD/20AD WAID ¥ S LE6TOT

aroas43y  enpead 9g/6zT  enjead 621/9¢

nma:o‘_m pasodxa-Weys Uasmiaqg aoUaJapllp pjo4

aweN :|oquAs aus9 p18s 3qoid

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 34

Gratton et al.

GES6TO NN 8200 ze VNYW | ujiydopus :z16eys 1 EL926
§656¢T INX 8100 €€ €/8/091e aouanbas passaidxa :g/8/091V 1B} 15226
675600 NN L00°0 v'e 68T ulajoud Jabuly ourz:ggTd)Z ¥ G/220T
9%¥9700 NN L00°0 v'e uabnue gepo :gEPD 18/L00T
0ESPPT AN 8000 v'e eTT Bulureluod adAy Y29 Jabuly oulz (eTTYEIZ 1 8.6€0T
656.¢0 NN ¥00°0 v'e 9 pajeroosse asesawos! apynsip uajoid :geipd 186 602v6
578800 NN 1100 9 Tp asedijoydsoyd :Tpld 3¢ B 829T0T
2000 L9°€,

N 2000 8¢ 20U8000TTT YNQO UdMU XI4ZOH8000TTT 1795196
16T€20 NN 5000 TV 60U8000TEZ YNQD UM NIM60HB000TEZ ¢ § 2/809T
6.2010 NN 0700 s T eydje Joidadal 101oe) o1ydoiioinau paaLiap aul| [199 [e116 :Tes 1 2/856
L66EET NN 2100 0'g 4 urjoudodijode :jody ¥ 7.096
692670 NN LE0°0 € €00£0000ST VNGO UdML HIHE00E0000ST 18790996

- 000 vo'L,
96T€20 AN 000 LS elix dnoub ‘ze ssedijoydsoyd reztbzeld 1) ErEVOT

- 620°0 eL9,
716€T0 NN 1€0°0 G/ Buiwioysueny jowny Areynud :T6nd 1S 220TOT

- 100°0 Lo,
780787 INX 6100 Ll TOPEEYOT8Z NGO UdMU MIYTOAEEYOT8C 18 TH.T0T
779800 AN 5800 7’8 uronw Areatfes pue|b seingipuewgns ‘0T UPNW :QTININ -~ 181 6ETTOT
ATIYNOILONNS 383 1SNT10 LON SINTD

aroas43y  enpead 9g/6zT  enjead 621/99

awieN :|oquWAS auas)

198 800Jd

Hear Res. Author manuscript; available in PMC 2012 July 1.

nma:o‘_m pasodxa-Weys Uasmiaqg aoUaJapllp pjo4

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



Page 35

Gratton et al.

- 1000 Se'e,

T66800 NN 8000 ze utajoid suelquusw [ewosixoled QY 0L :£A0GV 1€ Gv0E6
- £10°0 8s'e,

TEY6TO NN 2200 ee Gy U1Rj0.d auBIqISWISUEL "BGHWaL | ¥ /%001

286620700 AN V€00 ee usjoud Bundesaiul £29ss (diggoss e T/8€0T
121920 NN G000 ee LTB0ZYEE8Y WYNQD UM NIY.TO0ZYEESY 127 866T0T
WIZLT AN 8000 7T €968210d d2uanbas passaldxs :£9682T99 1eGE2E6
159TT0 NN G000 vz € urajoud ax1l-Aggny :edinL 116926
9EVTI0 NN €200 'z Bulurejuod-syeadal e ssejd 41p] ‘101daoas pare|al-ui|1nos (T|10S 18 88800T
€90600 NN 0100 o4 GS9OY JoyeinBas Buijeubis utejoid o :Gsby 1 762€0T
760820 NN 5000 S 89 U12104d BUBJGLIBLUSUEI] :gIWAW | 1029701
988870 N L¥0'0 L2 8 81anjos ‘Buipulq asoyoe(ed ‘unos| :gsfeh 17819091
€5T920 AN 2000 8¢ GTALSS0€LG VNGO UMM ANIYSTELGG0ELS ¥ 902v0T

- 100°0 te,

IT9520T00 AN 1€0°0 8 T 9SEPII09JONU PajeAIlde WNID[ED (TIUED & § GTHZ9T
1T6ET0 INN 900 8 Buiwioysueny Jowny Arennud :Tnd 1©7920T0T
€GEET NN 2100 6'C T JoHqiyui 3oeqpasy 10)dadal qaia :TiHT ¥ 1666
T0L029 WX S¥0°0 o€ uajoud Buipuig-abi 03 Jejiwis :€609¥S00T ¥4 806E
8/78T0 AN 0€0'0 T 8 Ulpneo :gup|o e 9vTE6
09€0T0 NN L¥0'0 ze G NW ‘aseJaysuell-s auolypeINif [SWISO 18y ZZ/T9T
TOV6T0 AN L100 ze Joyoelajul (vels pue) Aow-u N ¥ 12yToT
aroas43y  enpead 9g/6zT  enjead 621/9¢

aweN :|oquAs aus9 198 800Jd

nma:o‘_m pasodxa-Weys Uasmiaqg aoUaJapllp pjo4

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 36

Gratton et al.

- £00°0 vy,
G6E6T0 AN 1200 06 T sejeydsoydsiq asojonuy :1da4 181696
- 1000 €9,
69€800 N 5000 96 ureyd eydre ‘J01dsoal g unjnajIelul BIg]| 1765626
GIZ0ET WX 2700 0Z (6 uniydojaAo) 6 ssesswost |Ajo1d-1Apndad :61dd 127685091
- 2100 0c,
G88TT0 AN 2100 12 TS u1Bj01d [eLI0SOqH [eLPUOYI0HW (ZTSAIN ® /%586
80¥800 AN ¥10°0 02 T ugjod sueiquisw [eibisiul reENS 122686
G68YYT AN 6200 02 Bojowoy uneds ‘0z eibajdered onseds :0zbds 1©7609¢€6
8€0210 AN v€0'0 0¢ T I|-UIUISIA T|USA 1766626
796600 AN LY0°0 12 qeydre ‘unpeishio :qeliy  1e7y 80€C9T
- 5000 %ee,
asejonpal |Auogled _
882800 AN 8700 T2 /oseuaBolpAyap prosaisAxoipAy-e19qTT o} YNHW TATTPSH ®© /986
980£50 AN €€0°0 12 T utgroidoydsoyd Apog-paj100 pue Jejoajonu :To|ON 1 GE/G6
7S9¢€T AN ST0°0 12 uabnue ygpo PO ®€L6
920020 AN 0200 A4 111-8seJajuen|Asoloeleb-g T e1aq 0YNO|OeISg-[eD-dan :€lebed  1e7S 09686
6v7200 AN 8700 A4 2 Jaquisw ‘Ajiwey e asesjonuoqu ‘uluabolbue :zbuy ¥y GELTOT
952//T AN 620°0 A4 T 90uanbas palejal ‘g uixopalixolad :TsI-9Xpid  1eS ¢EE00T
wN 0200 A4 £FBEEB U0 IOVINI B § ¥ST.6
- 8000 e,
76670 AN 9000 A4 urejold Ayanoe-Alongiyui-ewouesu 1oy YNYW :Teln 1 ESPTOT
ar-o3s 43y anfea-d 9d/6eT anfea-d 6¢1/99
aweN :|oquAs aus9 198 800Jd

nma:o‘_m pasodxa-Weys Uasmiaqg aoUaJapllp pjo4

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 37

Gratton et al.

€5€800 AN 6700 4 T €18 101de0al ZT unajaul “TaIZTII 1®0vZ86
6798€T AN 7€0°0 e 1A ulwBejoydeuds :/ TIAS ®©0/£€6
- €00 ese,
G98620 AN ST0°0 L' 208860076 WYNQ2 Us)I 142038600576 ® YrhyoT
G/7700 AN 1200 L€ 2 ewiweb ‘uteisAio 06410 18798596
- 1200 e,
T8€600 AN €000 8¢ Bojowoy yTi0ds sAIsuOdsal auowoy ploJAyy :dsiy L 18790£09T
WN 0800 e u19101do2A|6 surIqWIBW 1) 6L.26
- £20°0 88'e,
T9%720 AN 1000 (o4 LT12€00T8T WYNQO U MIY.TIZE00TST 1 ¥EZ20T
VN €200 oY 1169/ 8ousnbas passaidxa ://69.0 12785656
29TEST AN 8100 TS € 9Se10NpPaJ UIXOPaJOoIy) :EPJUXL T84 E70TIT
- 9000 Les,
Bulurejuod
822720 AN €700 €'g urewop asesasaipoydsoyd JaisaipoydsoydossdA|b :gpdpo 1 LT2Y0T
€000 evy,
076520 AN 1100 ey 012700792 YNQO UaXL MIdy012y00T92 18 ) 695€6
- 9000 €09,
076520 AN 1000 9 7012700792 YNQO UYL MIdy01Z700T92 18 | 895€6
- €00 8v'0T,
908520 AN 2100 vl £2UT0000TT YNQO UYL HMIYEZHTO000TT 1®€£086
- Lv00 69,
¥€8ET0 AN L¥0°0 8L T-dyds utsloid paje|al pa|zzily payesss (TdyS 1®/66.6
ar-o3s 43y anfea-d 9d/6eT anfea-d 6¢1/99
aweN :|oquAs aus9 198 800Jd

nma:o‘_m pasodxa-Weys Uasmiaqg aoUaJapllp pjo4

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 38

Gratton et al.

" 8suodsal sunuwiwt,, 18pun Ajuo paisi| ae asuodsal sunuill 8y} Jo sio1ejnfial se uonouny o) UMOUY $1030e) uondiiasues 68 ‘uonouny Jejnosjow oiy198ds Ag palsisn|d

Alanneulsyje atom sausb ‘wayy 03 paubisse sem ssaooldd Jejnj|ad ou | 'ssad04d Jepn|ad e ui sajoJ Jiayl 01 Buipiodde (dsl-ausbzausb/aob 11041ou-09ge pinep//:dny) sjo0l AIAYA Buisn paisisn|d aiam sauss)

'sdnoJB pasodxa-asiou ay J0 UosLedWod sy} Ul PUNOY OS[e SeM [3AS] UOISSaIdxa Ul 3duaIayiIp edliubis e 1 Ajuo pasi| ‘sdnolB pasodxa-asiou sy Usamiag uosiiedwod ayi 1oy anfea-d pue adualagip pjo4
x

*3uab ey Jo UOISSaIdX® JO [9A3] JaYBIY UMM Urelis U3 109]491 03 99/62T 0 62T/99 Jopun paist| a1e anfea-d pue S|aA3] UoISsaIdxa Ul S92UaIagIp Plod

q

*(Juswisnlpe 1uoLIBJUOG YNM 1S8)-1 JUBPMIS ‘'G"0>d) [9A] UOISSaIdX® Ul 82UBIa44IP JaYBIY 10 PJOJ-0MI B YJIM SIS aqoud,,

/78970 NN 1€0°0 02 101da0a uoissaldosen aululibe eTA :eTidAy 1 2526
Z0Z0T0 AN 0200 (14 2 UIXBIOWaYD PBALISP-{192 81A00XNaT 121091 17826207
T uigo4d Bunoelayul _
12€T20 AN 1200 0¢ (€ uraoud paonpui-eydje ‘103084 s1S0108U Jown)) edIVANL :TdiuL 1®G65/10T
EVT0T0 AN 7000 0¢ €4 J0)dada1 yda :gqud3y 1®697€6
9007€T WN 2100 12 G adAy aseusboipAysp |ouney :supy ®TEYTOT
€G/€T0 NN 600 14 ¥8£66X 80uanbas YNQD :¥8E66X 1 J $9STIT
972800 AN 2200 A4 2 9seyuAs ueuoin(eAy :zseH 18759886
- ) 8ve,
896800 AN €700 22 aseyiuAs uijoAoesoud :sifiid 17 8ESH0T
- 1000 TTe,
€97700 AN 8100 (34 (reunsayur) T utsjoid ya1-auIB)sAd :TdLD ®©T90v6
I¥7800 AN 0£0°0 4 Z J01ds0al uIsusloINaU SZISIN ' /ETE6
ar-o3s 434 anfea-d 9d/6eT anfea-d 6¢1/99

n&:o;m pasodxa-Wweys Uasmiag a0UaJaplIp pjo4

aweN :|oquAS ausD p}9s 3goud

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

; available in PMC 2012 July 1.

Hear Res. Author manuscript


http://david.abcc.ncifcrf.gov/gene2gene.jsp

Page 39

Gratton et al.

¥0T800 AN 0v0'0 97 (enydosoi@) ¢ Bojowoy Buissiw 5190 [e1)6 :zwo9 176 0T.Y6
77600 NN G100 L' T Jaquiaw v Ajiwey ‘urewiop axj1-ABojowoy utisyosd :Teplud  ¥e 628091
TBETTO AN 0200 Le Bojowoy g X0qoaLOY Paje|al-siNdo duls :EXIS 18006201
9T¥800 AN Ly0'0 8 auafoouo g-ung :qunc  Je 1 €9€Z0T
9T¥800 AN 7200 o€ auafoouo g-ung :qung 81 ¢9€z0T
£€88600 NN 0v0'0 T q '(dg3/2) ursroud Buipulg JadueYUS/1 YD :qdgad 152626
6900 NN 0¥0'0 v'e 0000 v'e p ‘(dg3/0) ursioud Buipuig JeoUBYUS/1YYDD pdgad 1B ¥6809T
¥EZ0TO WN 0000 8'9 0000 67 3UaBoouO BLUI0JIESORISO [EH 1504 1B 066EDT
ONIANIE VNG/NOILY 1N93d NOILdIdOSNVYL
62€800 WN  0£0°0 6% 0 auab pajeAiioe uosspaul 11 08TTIT
€€T0 AN 8700 6'¢- T 'gT ewoydwAj/eiwaynaj 189~ L :TqTI9L & 76996
9GETTT WX €€0°0 v'e (INIB1) 9 ureys Aneay utingojBountuwy :9-ybi 1 0Cr66
076TT0 AN 1200 14 €202 8ush pajennioe uoJapIBIul :qZ0ZHI ® Y1176
0v6TT0 AN 2€0'0 97 €20z 8uab pajeAiloe UOJBLISIUI :GZ0ZHl ¥ § E€LTTIT
29GET0 NN 2100 9¢ T JojenBas [eyuawdoanap paye|al-Uuosajialul TPy 1€ 260091
772120 NN ¥00°0 (R 0T puebi] (Jnow J-X-0) aUowayd :0TI9X 167858¢E6
702200 NN 1000 98 ¢ Buieubis auI0149 Jo Jossaiddns :£500S 18} 902Z9T
3SNOJSTd INAWII
770020 NN $00°0 0z 2 13onpsuel) [eubls ;e PaleIoosse-iown) :Zpisoe L 18159091
759800 AN 6€0°0 144 9TT auaf asuodsal Arewnid uonenualaip plojpAw :9TTPAN 18 €9%09T
Z99EET NN 1000 2T € asuodsai AL1es ajeipswiw :g19| e 18EY6
792TT0 AN 1200 97 9T Buireubis uts)oid-o 4o Joye|nBal 919 e 8LEY6
9720T0 AN 1200 e (a19snwi e3agexs Ul passaidxalano) ureloud Buipuig d 19 :we9 1 YEST6
6T8TT0 AN 5200 L'12 GT J0J0B) UORIUIMIP YIMOIB [STIPD 18 99Y0T
SAVMHIVd NOILONASNVIL TVNDIS 40 SJ01V 1N93d I 1910NANI
anjen-d  abueyo pjoy  enjea-d  abueyd pjoy

— aWeN :JoqWAS auss)  p 18S 8Qo.id

alr o3s43y qod 4

NIH-PA Author Manuscript

"301\l 99 pue 62T Ul sabuey) uolssaldxg auss) paonpul-asioN
€ 9lgqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 40

Gratton et al.

050010 AN 700 LT 11 2dA} ‘sutuoiAyjopol ‘aseurpolap :zold  1e” 8EVEDT
TEVre X 2€0°0 8¢ 9 apndadAjod you-sujoid :911d 1€ S T6¥29T
80E600 AN GE0'0 6'C Al UlwBeloideuds :pIAs 1@ 06TO9T
£68800 AN G200 A ¢ eydre ‘(papallp YNQ) asesswAjod :zejod 1T 6ELTIT
VN v€0°0 ee 169..0 82uanbas passaidxa 169,20 16789656
€7T600 NN €000 Le Z 10)0B) PAALIBP |30 [eWONS :Z4pS 18T L96TOT
€670T0 NN 2000 8¢ 8|NJBJOW UOISBYPE Je|n|[30483ul (TLed| 1726196
T29600 NN GE0'0 0'S T ‘Jnow T adA3 uipuodsoquiosyy ynm (adAy uisAjoadal) asepiidadojelsw pue ayjij-uliBajuIsip e :TSiwepy 18 4 90909T
86TTTO AN €100 'S Z aseupuhs apixosadopus-uipuelbeisoid :zsbld 18 /y9r0T
ATIVNOILONNS @3¥31SNT0 LON SINTD
8v0T0 AN 9000 Le VT utajold %20ys eay :eTedSH 175/8¢6
09Z€T0 NN €700 6C 6 Jaquiaw ‘g Ajiureygns ‘Bojowoy (ovdSH) reuq :6afeud 1276996
ONIQT104/NOILVZITIaV1S NI310dd
9ETECO NN 9200 2e- aseun ajelApiwAuiAxoap Hwhig 12787986
699200 AN 5000 12 (Ted) VT Jongiyut sseunsi Juapuadap-utjakd :etuspd 1729086
969800 INN 1000 e  3SeUD| aseuly aseuly aseury uisjold payeAnde-usbonw ppdelN 18 1 G6ZTIT
ZT8TT0 NN 700 vz Agy sjqronpui-abewep-yNQ 7 1salie ymolb (Agpppes 1 6/6T0T
§59800 NN ¥00'0 19 ds ajqronpul-sbewep-yNQ % isale ymoib (dsyppes 18 62.20T
§59800 AN 0000 29 Js a1qronpui-abewep-yNQ % isalie ymoib :gsyppes 18§ 99919T
ALIAILIOV 3SVND 90 NOILYTNAOW ANV ALIATLOY ISVYNDI
T68Z00 NN 0¥0'0 92— T Joyoey uonduosuen 423 \Tiz3 ¥ €9620T
¥570T0 AN  0¥0'0 ge- 9V X0Q 0dWoY :9eX0H  1e} 6.520T
€TISFT AN 0¥0°0 vy PTH ‘T 4818N|2 8UOISIY :PTYTISIH 12788€56
669800 NN 0v0'0 02— € SN0| ‘paje|al J0joey UONALIOSURL ZHN €-OIN 18 VEETOT
¥Z69T0 AN 0100 €2- ursjoud Butpuiq Jajowoud utwinge ais @ :dg@ ¥ T¥809T
2028LT NN 0100 Ty— dazH ‘T J31sn| duossty :dgzyTisiH e vE8e6
8E90TO AN GE0'0 € 6 Jojoey I-[addniy :6YM WS 8ZSE6
2T90€0 AN 0100 9 Z 'J0}q1yul s||199-g U1 J3oueyus auab apndadAjod 1ybi| ¥ J0 1030B) JESIONU (ZIGYN  Je § €06TIT
anjea-d  ebueyo pjoy  anjea-d  sbueyd pjoy
— aWeN :|oqUWAS auss ¢ 198 30.dd
ar o3s43y q99 621

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hear Res. Author manuscript; available in PMC 2012 July 1.



Page 41

Gratton et al.

*Z 9]GB.L Ul S 1I8)LI0 aWes 8y} AQ Palaisn|d 81am sauas

"sauab asoy} 0} 8insodxa SSI0U By} Ja)e J9MO] SeM [9A3] UOISsaIdxa ay} ‘o1rel pasodxa-asiou/|0Jiu0d pasodxa-weys ay st UaAlb
aBueyo pjoy aup 1eu seredlpul UBIs aAreBaN *(, ‘9A0de parels elislIo Ag) afueyd Juediubis B sem 818y YdIyM Ul 801L JO SUIRLIS Paiqul 8U 10} palst] aJe sanjeA d pue safiueyd pjoj ueaw [aAs] uoissaldx3

q

‘NGO ZHY-0T “1dS 9p-S0T ‘U-T © 01 ainsodxalsod y 9 *(juswnsnipe 1uoiisyuog Ym 1sal- Juspnis ‘o 0>d) [aAa] uoissaidxa ui aBueyd Jaybiy 1o Pjoj-0Mmi & YlIM s1as adoid,,

92€T¢0 NN 8v00 0€ ;e apndadAjod urjosdoajonuogl Jeajonu jjews gn :Tedius 1 62619T
078670 NN 700 0¢— T Jaqwiaw ‘(4a1iodsueljod 8soon|B/wnIpos) G Ajiwre) Jaiiied 8ln|os :Tegd|S 1® /GEV6
T6vZ00 AN 2000 1'e- g aselaysueN|AsoquU-dAVY [SUY 1€ ) 6¥9T9T
¥6T220 NN 100 €¢— ¢ Buiureyuod urewop ZAL :zpzw L 1 61686
69TTT0 INN 6200 82— J01dadal unoejoud jud 12 926€6
G6.TT0 INN 0700 62— -usuodwoagns b ‘T Jusuodwod yuswajdwod :T|b1d 12 608T0T
69EZ/T NN GT00 G'G— ajosnwi [e1a]as ‘g apndadAjod Aneay ‘uisoAw :BUAIN 1S 1/€29T
VN 9€0°0 0¢ /85€GGIV doudnbas passaidxe :285EGSIV 1 67866
877800 NN £€0°0 12 (10190e1d) § ute101dodA|6 :gdo  1€7G8STIT
51800 INN 9€0°0 4 € 101da2a1 pajdnod uisioid-9 :gido 12 98/86
ZV9ET0 NN 1000 12 T asereydsoyd Auoigroads fenp :tdsng 186501
VN L€0°0 v'e G 39559@ uewny ‘LT 1yD ‘Wswhes ¥NQ :§-395S9H.TA e eeer0T
186800 NN 2100 S auaf perejal uixenuad :exid ®TELT6
GS0Z0T0 INN 8100 12 € 9|qnjos ‘Buipuiq asoloejed ‘undg| :gspeh 12 90/56
anjean-d  ebueyo pjoy  anpea-d  sbueyd pjoy
K aWeN :|OJWAS susD) ¢ 18S 800.d
ar o3s43y qod 62t

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

; available in PMC 2012 July 1.

Hear Res. Author manuscript



