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

Michael Anne Gratton1,*, Anna Eleftheriadou2, Jerel Garcia3, Esteban Verduzco3, Glen K.
Martin4, Brenda L. Lonsbury–Martin4, and Ana E. Vázquez3,*

1 Department of Otorhinolaryngology, University of Pennsylvania, Philadelphia PA, USA
2 Department of Otorhinolaryngology, G. Gennimatas Hospital Athens, Greece
3 Department of Otolaryngology and Center for Neuroscience, University of California, Davis CA,
USA
4 Loma Linda VA Healthcare System, Research Service, Loma Linda CA, and Department of
Otolaryngology--Head & Neck Surgery, Loma Linda University, Loma Linda CA, USA

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 45β (GADD45β), and CDK-interacting protein 1 (p21cip1) was detected only in the
resistant mice. Moreover, in 129 mice significant upregulation of HSP70, GADD45β, and p21cip1

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.
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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 (OHCs), 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 Ca2+ 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, γ-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 μl 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 l processed. Total
RNA was extracted using RNeasy Protect Mini Kit (QIAGEN Inc, Valencia CA). The RNA
was utilized to synthesize biotinylated RNA using MessageAmpTM II 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://biosun1.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 ×
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://biosun1.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 μm 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, GADD45β, and the p21cip1

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 GADD45β and p21cip1-protein detection, immunofluorescence was employed. By this
protocol, dehydrated midmodiolar sections were incubated with either a goat anti-GADD45β
antibody (1:600) or a mouse monoclonal anti-p21cip1 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-μm
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 GADD45β or p21cip1

immunoreactivity, respectively. The same settings were used on the confocal microscope to
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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. Results
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 α-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 GADD45β 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 mRNA 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 mRNA (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 δ 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 Gcm2 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 Snrpa1 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 (HSPa1a: heat shock protein 1A,
Table 2 and Figs 2 and 3). It is also noteworthy that a significant upregulation of DnaJ (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 mRNA 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 I 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 I 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, E and F).

3.6. Significant Induction of GADD45 β and p21cip1 6 h After Noise Exposure in the
Cochleae of Mice Highly Resistant to Noise Damage but not in the Cochleae of Susceptible
Mice

The GADD45 proteins are emerging as powerful modulators of apoptosis. In the present
study, two GADD45 genes, GADD45β and GADD45γ, 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 GADD45β 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 GADD45β
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, Gadd45β 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 GADD45β mRNA was detected in 129 noise-exposed arrays than in B6
noise-exposed arrays (p=0.025).

In addition to mRNA expression, the GADD45β protein expression was also explored as
indicated in Fig 5, which shows cochlear sections stained with the GADD45β antibody. Figs
5B, D, and F illustrate the GADD45β 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. GADD45β 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 GADD45β immunostaining. Enhanced GADD45β immunoreactivity following
noise exposure was also evident in both the organ of Corti and spiral limbus. In noise-
exposed cochleae, the localization of GADD45β to IHCs, OHCs, and some supporting cells
is shown (arrowheads) in Fig 5D. Figures 5F demonstrate the presence of GADD45β 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 8th 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 is 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 p21cip1 in the membranous labyrinth of resistant 129 mice. The
mRNA level for p21cip1 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 p21cip1 antibody, p21cip1 protein expression was further investigated. Specifically,
as shown in Figs 6B, D, and F, reactivity for p21cip1 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 p21cip1 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 p21cip1 in the organ of Corti was associated with the hair cells as
shown in Fig 6D. Following noise exposure, an intense immunofluorescence was observed
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in the 8th-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 p21cip1. However, no p21cip1 immunofluorescence was detected. No
p21cip1 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 p21cip1 immunofluorescence was noted in sham-exposed control B6 mice and
there was no p21cip1 immunofluorescence detected in the lateral wall tissues of either group
of B6 mice either (data not shown).

B6 cochleae were inspected for GADD45β protein expression in the same manner. A very
faint GADD45β immunofluorescence detected in the 8th 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 GADD45β immunofluorescence was detected in lateral wall tissues of these
mice. GADD45β 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
GADD45β immunofluorescence was detected (data not shown). In contrast to this higher
intensity of GADD45β 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,
GADD45β, and p21cip1. 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 GADD45β expression by noise overstimulation found in highly resistant
129 mice may contribute to protection from apoptosis, and therefore from NIHL. In previous
studies, GADD45β was demonstrated to suppress JNK apoptotic signaling (De Smaele et al.,
2001), which is involved in hearing loss after noise exposure. Specifically, GADD45β was
demonstrated to bind JNK kinase MKK7/JNKK2 and to halt its catalytic activity (Papa et
al., 2007; Papa et al., 2004). MKK7 is a requisite activator of JNK in this pathway.
Sequestration of MKK7 by GADD45β prevented the activation of JNK and subsequent cell
death. Additionally, experiments with cell-permeable peptides demonstrated that GADD45β
was required for efficient blocking of TNF-α–induced killing (De Smaele et al., 2001; Papa
et al., 2004). De Smaele et al. (2001) found that GADD45β was upregulated rapidly through
a mechanism that requires NF-κβ and that the NF-κβ anti-apoptotic functions depended on
the suppression of JNK activation. The NF-κβ and JNK pathways are both affected by the
transcriptional activation of GADD45β. Furthermore, GADD45β 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, p21cip1 (Kearsey
et al., 1995).

Significantly, p21cip1 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 p21cip1 are highly multifaceted but importantly, its induction has
been linked to resistance to cell death after various cellular insults, (Besson et al.,
2008;O’Reilly, 2005). Notably, after hyperoxia-induced oxidative DNA damage, cell death
was more prevalent in p21cip1-deficient mice epithelia than in control mice (O’Reilly et al.,
2001). In agreement with an antiapoptotic role for p21cip1, 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,
p21cip1 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 p21cip1 expression
exhibited no aberrant hearing phenotype. However, deficiency of p21cip1 expression
exacerbated a mild progressive hair cell loss phenotype exhibited by mice deficient for
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expression of p19Ink4d, 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 Ier3, which increased by 2.2
fold in resistant 129 mice (Table 3). In vivo constitutive expression of Ier3 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
(Hist1h2bp) mRNA detected in the resistant 129 mice (−4.1 fold, p=0.01, Table 3). This
finding warrants further study, because during apoptosis, Hist1h2bp 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 GADD45β and p21cip1

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 GADD45β and p21cip1 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 HSPa1a, Gadd45β, and Cdkn1a 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 Gadd45β 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 Gadd45β
gene, and these may include variations in regulatory sequences. Additionally, 25 SNPs are
linked to HSPa1a and 138 SNPs are linked to Cdkn1a. 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 HSPa1a and Cdkn1a 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, GADD45β and p21cip1 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, GADD45β, and
p21cip1 may contribute to the resistance to NIHL observed in 129 mice. Additionally, the
possibility of coordinated signaling resulting in the induction of p21cip1 and GADD45β 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.

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

• Induced p21cip1 and Gadd45β protein levels may contribute to protection from
NIHL.
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Abbreviations

129 combined 129X1/SvJ and 129S1/SvlmJ mouse substrains

B6.CAST-Cdh23CAST/
J

congenic mouse strain derived from C57BL/6J but carrying the
ahl allele of the Cast/Ei and abbreviated here as B6

d day(s)

dB decibel

E2F1 E2F transcription factor 1

GADD45 growth arrest and DNA damage inducible protein 45

Gdf15 growth differentiation factor 15

h hour(s)

HSP heat shock protein as in HSP40 and HSP70

Hz Hertz

Ier3 Ier3 protein contributing to regulation of T cell proliferation

IHC inner hair cell

JNK 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

p21cip1 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/Svlmj (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 (*=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 Cdkn1
encoding p21cip1, Hspa1a encoding HSP70, and Gadd45β encoding GADD45β (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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Fig. 3.
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 I fibrocytes of the cochlear lateral wall (panel A,
asterisk) was upregulated after noise exposure (panel B, asterisk). Reactivity in type IV
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
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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 I
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 I fibrocytes of the cochlear lateral wall in sham-exposed (panel A, I) and
noise exposed B6 mice (panel B, I). 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 GADD45β in the cochlea of 129 mice. Immunofluorescence
using a goat anti-GADD45β 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 GADD45β. Upregulation of GADD45β
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
GADD45β in the 8th 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 p21cip1 in the cochleae of 129 mice. Immunofluorescence
staining using a mouse monoclonal anti-p21cip1 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 p21cip1 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 p21cip1. 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 p21cip1 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 8th 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).
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