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Abstract

Noise exposure is a major cause of hearing loss. Classical methods of studying protein
involvement have provided a basis for understanding signaling pathways that mediate hearing loss
and damage repair but do not lend themselves to studying large networks of proteins that are likely
to increase or decrease during noise trauma. To address this issue, antibody microarrays were used
to quantify the very early changes in protein expression in three distinct regions of the chinchilla
cochlea 2 h after exposure to a 0.5-8 kHz band of noise for 2 h at 112 dB SPL. The noise exposure
caused significant functional impairment 2 h post-exposure which only partially recovered.
Distortion product otoacoustic emissions were abolished 2 h after the exposure, but at 4 weeks
post-exposure, otoacoustic emissions were present, but still greatly depressed. Cochleograms
obtained 4 weeks post-exposure demonstrated significant loss of outer hair cells in the basal 60%
of the cochlea corresponding to frequencies in the noise spectrum. A comparative analysis of the
very early (2 h post-exposure) noise-induced proteomic changes indicated that the sensory
epithelium, lateral wall and modiolus differ in their biological response to noise. Bioinformatic
analysis of the cochlear protein profile using “The Database for Annotation, Visualization and
Integrated Discovery 2008” (DAVID - http://david.abcc.ncifcrf.gov) revealed the initiation of the
cell death process in sensory epithelium and modiolus. An increase in Fas and phosphorylation of
FAK and p38/MAPK in the sensory epithelium suggest that noise-induced stress signals at the cell
membrane are transmitted to the nucleus by Fas and focal adhesion signaling through the p38/
MAPK signaling pathway. Up-regulation of downstream nuclear proteins E2F3 and WSTF in
immunoblots and microarrays along with their immunolocalization in the outer hair cells
supported the pivotal role of p38/MAPK signaling in the mechanism underlying noise-induced
hearing loss.
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Introduction

Prolonged exposure to high intensity noise in occupational or recreational settings is a major
hearing health care problem. Worldwide, noise exposure accounts for roughly 16% of cases
of hearing loss in adults [1] and among combat personnel, the percentage rises to 50% [2].
Exposure to loud noise causes a number of pathological changes in the cochlea resulting in
elevated hearing thresholds. Noise exposure can adversely affect all three regions of the
cochlea (Fig. 1), the organ of Corti, the lateral wall and the spiral ganglion neurons (SGN)
[3-7]. Much of the research on noise-induced hearing loss (NIHL) has focused on the
sensory hair cells in the organ of Corti where auditory transduction occurs [8-11], but there
is growing awareness that the SGN and lateral wall of the cochlea are adversely affected by
noise [7, 12]. The organ of Corti contains two types of sensory hair cells, outer hair cells
(OHC) and inner hair cells (IHC). The OHCs, which are electromotile, act as a cochlear
amplifier enhancing the sound-induced vibration of the basilar membrane [13]. The IHC,
which make synaptic contact with 95% of SGN, play a major role in converting sound into
neural activity and relaying this information through the auditory nerve fibers to the central
auditory system. The hair cells, particularly OHCs, are considered to be the most susceptible
to noise-induced damage.

Three modes of hair cell death have been reported in the inner ear - necrosis, apoptosis [9,
14], and an atypical mode of cell death featuring loss of plasma membrane in the basal pole
of the OHC [15]. The molecular mechanisms that regulate the balance of cell death and cell
survival in the inner ear are not completely understood, but there is growing awareness that
mitogen-activated protein kinases may be important. p38/MAPK (Mapk14), a stress-
activated member of the family of mitogen-activated protein kinases, is an importing
important signaling protein that links activity at the cell membrane to downstream signaling
in the nucleus. Cellular processes in which p38/MAPK participates are numerous and
include inflammation, cell cycle regulation and apoptosis [16]. p38/MAPK can be activated
by a diverse spectrum of environmental factors and endogenous stimuli which include Fas-
mediated pathways [17] and focal adhesion signaling [18]. Inhibitors of p38/MAPK have
been shown to confer protection to the inner ear from stress induced by noise [19] and the
ototoxic antibiotic, gentamycin [20].

Williams syndrome transcription factor (WSTF) and E2F3 are two of the many signaling
proteins downstream of p38/MAPK. WSTF (Baz1b) is a nuclear signaling protein that
modulates transcription through chromatin remodeling. Phosphorylation of serine-158 on
WSTF is required for vitamin D-dependent transcription [21]. E2F3 is a transcription factor
involved in cell cycle regulation and induction of apoptosis. E2F3 activity is repressed by
binding of the retinoblastoma protein (Rb). Hyperphosphorylation of Rb by p38/MAPK and
cell cycle dependent protein kinases causes the release of Rb and transcriptional activation
of E2F3 target genes [22].

Although several groups have identified protein changes associated with NIHL using
Western blots and immunolabeling [12, 23, 24], these methods do not lend themselves to
studying large networks of proteins that are likely to increase or decrease during noise
trauma. In order to provide a broad overview of the very early protein expression changes
associated with NIHL, we used antibody microarrays to investigate proteomic responses [25,
26] to acoustic overstimulation in three discrete regions of the chinchilla cochlea, viz.
sensory epithelium, lateral wall and the modiolus containing the SGN. Importantly, an early
two hour time-point was chosen to identify the initial proteomic responses that precede the
noise-induced permanent shift in hearing threshold and loss of hair cells. Our results indicate
that intense noise increased the levels of focal adhesion kinase phosphorylated on
tyrosine-577, WSTF, diphosphorylated p38/MAPK and increased expression of E2F3.
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Collectively, these results suggests that the sensory epithelium responds to noise through
p38/MAPK signaling involving regulation of focal adhesion junctions in stereocilia and in
the apical aspects of hair cells.

Materials and methods

Animals

Reagents

Long-tailed chinchillas (C. lanigera) weighing from 450 to 750 g were used for these
experiments because there is an extensive literature dealing with the anatomical,
physiological and behavioral consequences of NIHL in this species and because their
hearing range is comparable to that of humans [27-29]. The animals were maintained in a
temperature-controlled room with a 12-h light/dark cycle and allowed free access to food
and water. The experimental protocol was reviewed and approved by the University at
Buffalo Institutional Animal Care and Use Committee. The animals were handled and
treated according to guidelines established by the National Institutes of Health and the
Institutional Animal Care and Use Committee at the University at Buffalo.

All reagents were purchased from Sigma Aldrich Chemical Company (St. Louis, MO)
unless noted otherwise.

Noise exposure

Awake chinchillas were exposed to 0.5-8 kHz bandpass noise at 112 dB SPL for 2 h. The
signal was generated by a real time signal processor (Tucker Davis Technologies, TDT-
RP2.1, Alachua, FL), amplified by a power amplifier (Samson, Servo 300) and delivered to
an acoustic driver (2445J, James B. Lansing Sound Inc. North Ridge, CA) equipped with an
exponential horn (2360T, JBL). Noise level was measured using a Larson Davis
Laboratories 824 sound level meter equipped with a % inch condenser microphone (Larson
and Davis 2540) and calibrated with a Larson Davis Laboratories CA250 calibrator.

Distortion product otoacoustic emissions (DPOAES)

Cubic distortion product otoacoustic emission amplitudes, a highly sensitive measure of
OHC function, were measured in awake, restrained animals as previously described [25, 30].
The two tones, f1 and f2, were presented at intensities where L2 = L1 — 10 dB and with f2/f1
=1.2. DPOAE input/output functions were measured at L1 levels ranging from 80 to 25 dB
SPL in 5 dB increments. F2 was varied from 4 to 16 kHz in half octave increments. Two
IHS-3738 high frequency transducers (Intelligent Hearing System, Miami, FL, USA) were
used to deliver the primary tones to the ear via flexible tubes. Sound pressure levels were
measured at the cubic difference frequency (2f1-f2) using a model ER10B+ probe
microphone (Etymotics Research, Inc., EIk Grove Village, IL) and hardware and software
from Smart Distortion Product Otoacoustic Emission System version 4.53 (Intelligent
Hearing Systems). The output of the microphone was sampled at 40 kHz over a period of
204 ms. The spectrum of each sweep was computed and averaged over 32 sweeps. The noise
floor was measured in a 24 Hz band surrounding 2f1-f2.

Cochleogram

As described previously, chinchillas were anesthetized by CO, inhalation until there was no
response to a toe pinch and then decapitated [25, 31]. The temporal bones were quickly
removed, the round and oval windows were opened and the cochleae perfused with 10%
buffered formalin (Fisher Scientific, Fair Lawn, NJ, pH 7, 40 °C) through the round window
and subsequently immersed in fixative for 3 h. Specimens were then stained with Harris’
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hematoxylin solution, dissected and mounted in glycerin on a glass slide. The number of
missing IHC and OHC were counted over 0.24 mm intervals from apex to base using a light
microscope (400x) [32]. Percent hair cell loss was plotted as function of percent total
distance from the apex and the data used to construct a cochleogram. Percent distance along
the length of the cochlea was related to frequency using a frequency-place map [33].

Sample preparation for microarray

Animals were anesthetized with CO, and decapitated 2 h after the noise exposure as
previously described [25]. Cochlear tissue from the sensory epithelium (sensory), lateral
wall (vascular) and modiolus (neural) was dissected separately from four chinchillas (Fig.
1). The bony shell was removed carefully without damaging the lateral wall and the whole
cochlea was dissected out. Then the modiolus containing the spiral ganglion cells was
gradually detached from the sensory epithelium from the apex to the base. Finally the lateral
wall tissue was separated from the sensory epithelium. The tissue from each region was
pooled from all four animals for analysis. The tissue was homogenized in a lysis buffer
supplemented with protease inhibitors, phosphatase inhibitors and benzonase supplied with
the antibody microarray (Sigma, St. Louis, MO). Homogenization was performed on ice in
Kontes 1.5 ml homogenization tubes with fitted pestles using a 50% duty cycle (20 s pestle
rotation / 20 s off) with a four cycle repetition. Homogenates were centrifuged at 10,000xg
for 10 s and pellets were discarded. Protein concentration of the supernatant was determined
using the Bradford assay [34] and adjusted to 1.5 mg/ml. Cy3 or Cy5 dyes (4,000 U, GE
Healthcare) with N-hydroxysuccinimide active linkers were resuspended in 50 pl of 0.1 M
carbonate-bicarbonate buffer (pH 9.6) and 7.5 pl of dye was added to the 100 ul protein
sample (150 pg). The reaction was allowed to proceed for 30 min at room temperature after
which labeled protein was separated from free dye by gel filtration on Sephadex G25 spin
columns (Sigma). Protein concentration was again determined by the Bradford assay and
dye incorporation was determined spectrophotometrically using extinction coefficients for
Cy3and Cy 5 of 0.15 pM~1 cm™1 at 552 nm for Cy3 and 0.25 uM~1 cm™1 at 650 nm for
Cy5. Molar dye:protein ratios were calculated assuming an average protein molecular
weight of 60,000 Da. To optimize the signal to noise ratio, labeling was repeated as
necessary to achieve a molar dye/protein ratio > 2 [25].

Antibody microarray assay

A broad spectrum antibody microarray — XPRESS Profiler 725 kit (Sigma) spotted with 725
antibodies representing proteins involved in a variety of biological pathways, was used to
profile the expression of proteins in three discrete regions of the cochlea [Note: More
detailed information on the array can be found on the manufacturer’s web site:
www.sigma.com/xp725]. Samples from the noise exposed group were mixed with their
respective controls (each labeled with opposite dyes) and applied simultaneously at equal
protein concentrations of 30 pg/ml on arrays. To control for differences in labeling
stoichiometry, a dye-swapping paradigm was used [35]. For each experiment, two slides
spotted with antibodies were incubated with labeled protein samples for 0.5 h each at room
temperature. The first slide was incubated with Cy3-labeled control sample mixed with Cy5-
labeled noise exposed sample. A second identical slide was incubated with the opposite
labeling scheme. Fluorescent signal intensities from the binding of Cy3- or Cy5-labeled
protein were recorded for each antibody spot using a GenePix Professional 4200A
Microarray Scanner (Molecular Devices Corporation, Sunnyvale, CA).

Data analysis

Background corrected fluorescence of the antibody spots was normalized using GenePix Pro
6.0 — Acuity 4.0 microarray informatics software (Molecular Devices). In this process the
fluorescent values for each spot were adjusted by a multiplier so that the mean F532 / F635
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values were equal to 1. All spots that either showed an uneven distribution or a negative
signal to noise ratio were rejected from further analysis. Fold changes in fluorescence for
each microarray slide were calculated from the arithmetic means of duplicate spots for each
antibody. A linear regression analysis was performed on the fold changes of slide 1 and slide
2 by forcing the slope to pass through 0. The data points that were within the 95% prediction
band (GraphPad Prism 5, La Jolla, CA) were included in further analysis. The geometric
mean of the fold changes obtained from slide 1 and slide 2, which met the above criteria,
was used to represent the expression levels of the proteins relative to control. Fold changes
obtained from three biological repeats were averaged and ranked.

Bioinformatics analysis

Proteins that met the further criteria of fold change (noise exposed/control) < 0.8 or >1.2
were analyzed with bioinformatics software to systematically extract the involvement of
specific signaling pathways in NIHL. The Database for Annotation, Visualization and
Integrated Discovery 2008 (DAVID - http://david.abcc.ncifcrf.gov) was used for analyzing
the data gathered from the high-throughput proteomic assays [36]. Gene symbols of the
proteins that met our selection criteria were uploaded and analyzed using the text and
pathway mining tools which classified the proteins based on their functional associations.
Scientific literature on three different species (mouse, rats and humans) were used as
background for the analysis. The clustering tool was employed to group related functional
annotations. GNCPro software from SABiosciences (http://gncpro.sabiosciences.com) was
used for network analysis.

Immunocytochemistry

Animals were sacrificed and the cochleae were fixed with 10% buffered formalin. The
cochleae were dissected in 10 mM phosphate buffered saline (PBS) and the sensory epithelia
were collected. The tissue was permeabilized with 0.2% Triton-X-100 in 10 mM PBS for 30
min and then incubated in a blocking buffer (Blocker™ Casein in PBS, Pierce Chemical
Company, Rockford, IL) for 30 min at room temperature. Specimens were incubated
overnight at 4 °C with either of three primary antibodies: anti- FAK p-Tyr577, rabbit
polyclonal antibody against focal adhesion kinase phosphorylated on tyrosine 577
(Invitrogen - Life Technologies Corp., Carlshad, CA, 1:200 in PBS), monoclonal anti-E2F3,
(Sigma, 1:200 in PBS), or rabbit anti-C-terminal Williams syndrome transcription factor
(anti-WSTF, Sigma, 1:200 in PBS). Unbound antibody was removed with three washes with
10 mM PBS. The tissues were then incubated with Alexa Fluor® 488 goat anti-mouse or
anti-rabbit 1gG (H+L) (Invitrogen Ind., 1:1000 in PBS) for 2 h, washed three times with PBS
and then counterstained with propidium iodide (5 ug/ml in PBS) for 10 min. Specimens
were mounted on slides containing antifade medium (Prolong Cold antifade reagent,
Invitrogen) and examined using a Zeiss LSM 510 META (Carl Zeiss, Oberkochen,
Germany) confocal microscope [37].

Nuclear protein and plasma membrane enrichment

Many of the proteins that underwent a noise-induced change in the sensory epithelium were
nuclear proteins. Hence, to facilitate validation by immunoblotting methods, nuclear
proteins and plasma membrane proteins from chinchilla cochleae were enriched using a
modified protocol of Widnell and Tata [38]. Two cochleae were pooled and homogenized at
4 °C in 100 pl medium that contained 0.32 M sucrose and 3 mM MgCl,. Kontes glass
micro-homogenizers were used with a 10 s rotation followed by a 20 s extraction which was
repeated 4 times. The homogenate was centrifuged at 800xg for 10 minutes and supernatant
was removed and frozen in liquid nitrogen. The pellet was resuspended in 100 pl
homogenizing medium and centrifuged again at 800xg for 10 minutes. The second
supernatant was discarded and the pellet was extracted for 30 minutes in 60 pl of RIPA
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buffer (Pierce) containing 5 mM EDTA, protease and phosphatase inhibitors (Pierce). The
extracted nuclear proteins and plasma membrane proteins were collected after centrifugation
at 14,000xg for 10 minutes. Protein concentration was determined using the Bradford assay.

Immunoblotting

Results

Specificity and antigenicity of chinchilla cochlear proteins were assessed by immunoblotting
[39]. Briefly, proteins from the nuclear and plasma membrane enriched fraction as well as
the supernatant fraction were separated on 4-12 % gradient NuPage gels (Invitrogen),
transferred to polyvinylidene difluoride (PVDF) membranes, blocked with 0.1% I-Block
(Applied Biosystems, Foster City, CA) and probed with antibodies against WSTF (1:500),
E2F3 (1:500) and v-Src (Calbiochem, 1:20) using chemiluminescence (Pierce Chemical Co.,
Rockford, IL). A Fuji model LAS 1000 imaging system (Stamford, CT) was used to
visualize gel bands. Background corrected bands (NIH Image J software) were normalized
against bands obtained by stripping the membrane with 25 mM glycine (BioRad), pH 2.0,
1% lauryl sulfate (Fisher Scientific) and reprobing with an antibody against actin (Millipore,
Billerica, MA).

Physiological measure of noise-induced permanent hearing loss

The mean (n = 10) amplitudes of the distortion products at 4, 8 and 16 kHz dropped to the
noise floor 2 h after noise exposure confirming that the exposure induced a significant loss
of OHC function in all animals used in the proteomic experiments (Fig. 2). To determine the
extent of permanent damage from this exposure, we measured mean (n =3) distortion
products for three additional animals over a 28 day period. The amplitudes of the distortion
products at 8 and 16 kHz were at the level of the noise floor 1 day after noise exposure and
remained there even after 7 days. There was a partial recovery after 28 days which was
relatively small at 16 kHz (Fig. 3, right panel) and somewhat greater at 8 kHz (Fig. 3, left
panel). Nevertheless the amplitudes were 10 — 20 dB less than the baseline levels suggesting
a permanent threshold shift (PTS) induced by the noise exposure.

Anatomical measure of noise-induced permanent hearing loss

Cochleograms were constructed for the left and right ear of three chinchillas allowed to
survive for 28 days following the exposure. This later time-point was chosen to quantify the
long-term histopathologies as quantification of hair cell loss at 2 hours is unlikely to reflect
the extent of permanent damage from this noise exposure. To summarize the histological
results, a mean (n = 3, which included the averaged data from left and right cochlea)
cochleogram showing the percentage of missing OHC and IHC was constructed for three
noise exposed chinchillas (Fig. 4, percent distance from apex on lower abscissa;
corresponding frequency on upper abscissa). Significant loss of both OHCs and IHCs was
observed 28 days after noise exposure. OHC loss was widespread. Mean OHC loss ranged
from 60-80% in the basal half of the cochlea (50-100% distance from apex) and gradually
declined from approximately 60% OHC loss near the middle to less than 20% OHC loss
near the apex. IHCs were more resistant to noise than were OHCs. IHC loss occurred mainly
from 55-85% distance from the apex; the maximum IHC loss was approximately 40% at
75% distance from the apex. Left and right cochleae sustained comparable amounts of
damage in all animals (data not shown). Together with the physiological data, the results
confirmed that the noise paradigm used in this study was sufficient to cause a permanent
threshold shift and substantial loss of OHC in the basal half of the cochlea. Hence the early
proteomic changes observed in this study at 2 h post exposure likely represent upstream
changes that in due course contribute to a permanent shift in the hearing threshold and
significant loss of OHC.
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Cochlear protein expression profile after noise exposure

To gain insight into the early changes in protein signaling pathways leading to permanent
hearing loss, we performed a proteomic analyses 2 h after noise exposure using the same
antibody microarrays that were used in our earlier proteomic studies of the inner [25, 26].
The specificity of the antibody microarray was initially assessed by immunoblotting
chinchilla cochlear proteins with several representative antibodies. Detection of sharp bands
of MAPK and Receptor Interacting Protein, at expected molecular weights, confirmed the
specificity of spotted antibodies on the array (data not shown). During the microarray
analysis, of 725 antibodies spotted on each array, we rejected the spots that did not produce
uniform fluorescence above background in each of three biological repeats. After
elimination of low level spots that represent absence of protein in cochlear samples or lack
of antibody recognition of chinchilla proteins, further analysis was performed on 584
proteins from sensory epithelium (containing sensory and supporting cells), 392 proteins
from lateral wall (containing cells that regulate ion balance and vascular supply) and 569
proteins from the modiolus (containing neurons, supporting and vascular cells in a bony
spiral capsule). Histograms of fold changes for each tissue approximated a Gaussian
distribution (Fig. 5). The range of fold changes, 0.7 to 1.4 fold, was similar for each tissue
and fold changes were distributed around a mean fold value of 1 representing no change.
However, the histogram for the modiolus was broader than for the lateral wall or the sensory
epithelium indicating that noise may induce larger increases and decreases in neural proteins
than in sensory or lateral wall proteins. An analysis of the distribution of the proteomic
changes between these three discrete regions of the cochlea was done by plotting the fold
changes of individual proteins from two different regions (e.g., sensory epithelium vs. lateral
wall, Supplementary Fig. 1). No significant correlation between any two pairs of cochlear
tissues was observed. This comparative analysis suggests that the protein levels may be
regulated differently for each of the regions. The noise-induced protein fold changes for all
detected proteins from the three cochlear regions have been presented in the supplementary
data (Supplementary Table. 1). Importantly, the detected proteins in Supplementary Table 1
represent the most comprehensive profile of proteins present in the lateral wall, organ of
Corti and modiolus of the chinchilla cochlea. Many of these proteins have not been detected
before in the cochlea and therefore provide a trove of useful, new information.

Proteomic changes in the sensory epithelium

Noise induced an increase in 7 proteins (FAK p-Tyr577, E2F3, hMps1, serine threonine
protein phosphatase 1b, activated p38/MAPK, WSTF and Fas) in the sensory epithelium that
matched our criteria for increased or decreased expression (fold change > 1.2 or < 0.8).
None of the noise-induced decreases in expression for sensory epithelium met this criterion.
Analysis using NIH-DAVID indicated involvement of the Fas-induced mitochondrial death
pathway mediated by p38 mitogen-activated protein kinase (2 proteins, p < 0.001), response
to endogenous stimulus (3 proteins, p < 0.01) and response to stress (3 proteins, p < 0.05).
The functional annotations associated with this data set were grouped into clusters based
upon their functional similarities. An enrichment score is used to rank the biological
significance of the clusters, where a higher enrichment score implies that the data set is more
enriched with the proteins associated with that particular functional group. Cluster analysis
indicated that the cluster which included tyrosine kinase activity (3 proteins, (p <0.01), and
serine / threonine kinase activity (3 proteins, p < 0.05) had an enrichment score of 1.32,
while the cluster which included 4 proteins and important functional annotations like
response to endogenous stimuli and response to stress had an enrichment score of 0.97.
Among the KEGG pathways associated with this data set, 2 proteins (FAK p-Tyr577 and
serine threonine protein phosphatase 1) were involved in focal adhesion and 2 other
proteins (p38/MAPK, activated and Fas) were involved in MAPK signaling pathway.
Network analysis using GNCPro software from SABiosciences indicated 5 of the 7 proteins
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that changed in the sensory epithelium were involved in a network that also included Src
(Fig. 6). This network is generated by searching the database for previous publications on
interactions between these proteins under ten different categories. Multiple interactions
between many of the proteins suggest that the noise-induced changes in these proteins might
be inter-related and are more likely to reflect the underlying biological mechanism. Overall,
the analysis of proteomic changes indicates the initiation of noise-induced cell death process
in the sensory epithelium.

Proteomic changes in the lateral wall

Noise induced a decrease in the expression level of 4 proteins (E2F3, tropomyaosin, CD146
and hnRNPAU1) that matched the selection criteria in the lateral wall. Bioinformatics analysis
using DAVID did not point out any common functional annotations. The noise-induced
decrease in E2F3 might contribute to the development of NIHL as E2F3 is known to have an
important role in apoptosis. No major pathways were identified. This indicates that the
noise-induced proteomic changes in the lateral wall are smaller than those in other regions
of the cochlea.

Proteomic changes in the modiolus

Noise induced an increase in 4 proteins (aurora B, BID, HDAC10 and ADAM17) and a
decrease in 7 proteins (cytokeratin 8 12, PRMTL, serine threonine protein phosphatase 2 A/
B, NG2, brain nitric oxide synthase, DEDAF and plakoglobin) that matched the selection
criteria in the modiolus. These proteins were analyzed using DAVID bioinformatics
resources. Signal transduction (p=0.0072) and cell death (p=0.0099) were among the
important functional annotations identified with the involvement of 6 and 3 proteins in each
of these categories respectively. Cluster analysis of functional annotations indicated that a
cluster representing cell death/development had an enrichment score of 0.92. On the whole,
the proteomic changes observed in the modiolus suggest the predominance of an apoptotic
response to noise exposure in the neural tissue.

Immunolocalization in organ of Corti

Three proteins of interest, E2F3, FAK p-Tyr577, and WSTF, were immunolocalized in the
inner ear 2 h after noise exposure. These three served as representatives of a larger set of
proteins whose noise-induced changes were detected by the antibody microarray assay. In
normal cochlea, E2F3 staining was barely detectable above background in OHC, IHC (OHC
and IHC shown in Fig. 7D) and supporting cells (Fig. 7A). Likewise, E2F3 was barely
detectable in IHC in noise-exposed cochleae (Figs. 7B and 7C). In contrast, immunolabeling
revealed strong expression of E2F3 in OHC nuclei in regions damaged by noise exposure.
The noise-induced expression pattern of E2F3, primarily in OHC, is consistent with the
finding of significant OHC loss at 28 days post-exposure (Fig. 4) and large reductions in
DPOAE amplitude at 2 h post-exposure (Fig. 2). Nuclear condensation is a marker of
apoptosis in NIHL [14]. E2F3 is expressed in OHC where nuclear condensation has begun,
but not in OHC with fully condensed nuclei (Fig. 7C, F). The number of OHC stained with
E2F3 and the intensity of E2F3 staining decreased with distance from the site of the lesion.
Overall, increased expression of E2F3 in noise damaged OHC is consistent with the findings
of the antibody microarray, which indicated an increase in expression level in the sensory
epithelium after noise exposure.

Immunolabeling of focal adhesion kinase phosphorylated on Tyr-577 revealed strong
expression in the phalangeal processes of Deiters’ cells and in the apical region of the pillar
cells and, to a much lesser degree, in OHC in the normal cochleae (Fig. 8A, 8B and 8C). In
these cochleag, the nuclei of IHC and Hensen’s cells also displayed strong
immunoreactivity. Following the noise exposure, a remarkable increase in the

J Proteomics. Author manuscript; available in PMC 2012 December 21.



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

1duasnuey Joyiny vd-HIN

Jamesdaniel et al.

Page 9

immunoreactivity of FAK p-Tyr577 was observed in the stereocilia of OHC in the noise-
damaged regions in the organ of Corti (Fig. 8E); in contrast, faint staining of the stereocilia
occurred in normal hair cells (Fig. 8B). In noise-damaged regions, distorted and condensed
nuclei, as illustrated by propidium iodide (PI) labeling, were evident (Fig. 8F). The increase
in the expression of FAK p-Tyr577 in stereocilia of noise-damaged hair cells is consistent
with the noise-induced increase in the expression of this protein observed in the sensory
epithelium using the antibody microarray.

WSTF immunoreactivity was detected in both the normal and noise damaged cochleae (Fig.
9). Strong signals appeared mainly in the stereocilia of OHC and IHC, OHC basal bodies,
and in phalangeal processes of Deiters’ cells. Major changes in the expression of WSTF
following noise exposure appeared either in the stereocilia of damaged hair cells (arrows in
Fig. 9D), or in the Deiters’ cell adjacent to damaged hair cells (arrows in Figs. 9E and 9F) as
evidenced by PI nuclear staining (data not shown). This increase in the expression of WSTF
in the noise-damaged cochleae is consistent with the findings of the antibody microarray,
which indicated an increase in the expression levels in the sensory epithelium after noise
exposure. Collectively, these immunocytochemistry results not only support the findings of
the antibody microarrays, but also revealed the distribution pattern of these proteins in the
organ of Corti.

Immunoblotting of cochlear tissue enriched for nuclear proteins and plasma membrane

proteins

To facilitate the validation of noise-induced changes in protein levels by immunoblotting
methods, nuclear proteins and plasma membrane proteins from chinchilla cochleae were
enriched (Fig. 10). The expression of WSTF and E2F3 was detected in this simple low speed
pellet fraction. Noise induced a 1.7 fold increase in a 94 kDa WSTF-positive protein. The
difference between the measured molecular weight for the cochlear protein and that detected
for WSTF from cell cultures (170 kDa) suggests the possibility of a cochlear specific
isoform. Alternatively, the findings may also be the result of proteolytic activity not
encountered in previous studies of WSTF [40, 41]. Although, the E2F3 immunoblot showed
multiple bands possibly due to different E2F family isoforms, the most prominent protein
band at 61 kDa which migrates with the expected electrophoretic mobility for E2F3 (57
kDa) changed by 1.3 fold after noise exposure. In addition, a noise-induced 1.3 fold increase
in Src was detected in the low speed pellet fraction. The expression levels of these proteins
were normalized with the expression of actin.

Discussion

Noise exposure is a major cause of hearing loss and tinnitus among young adults. Previous
gene expression studies have identified a host of genes that are significantly up-regulated
and down-regulated with NIHL [42-44]. Although these gene expression studies provide
important clues about the underlying mechanisms leading to NIHL and cochlear
degeneration, it is unclear if the changes in genomic message are translated into a
corresponding change in protein expression. While thousands of genes can be screened for
change of expression in a matter of day or weeks, conventional tools for screening for
changes in protein expression tend to be slower, less well developed and narrower in scope.
The antibody microarray technique employed in the current study is a relatively high
throughput method for simultaneously identifying changes in expression of more than 700
proteins. Because the antibodies are already available, any of the proteins (594 sensory
epithelium, 392 lateral wall and 569 modiolus) identified on the arrays from normal or
noise-exposed tissues (Supplementary Table 1) can then be localized to specific regions of
the inner ear. The results presented here, the first high throughput protein analysis of NIHL,
show that the early noise-induced proteomic responses differ significantly among the three
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discrete regions of the cochlea. Noise induced an early increase in the expression of FAK p-
Tyr577, E2F3, hMps1, serine threonine protein phosphatase 1b, activated p38/MAPK,
WSTF and Fas in the sensory epithelium. In contrast, a decrease in protein expression was
observed in E2F3, tropomyosin, CD146 and hnRNPAL in the lateral wall. In the modiolus, a
notable increase was observed in aurora B, BID, HDAC10 and ADAM17 while a decrease
occurred in cytokeratin 8 12, PRMT1, serine threonine protein phosphatase 2 A/B, NG2,
brain nitric oxide synthase, DEDAF and plakoglobin in the modiolus. Our subsequent
experiments focused on the sensory epithelium because it contains the organ of Corti with
the most vulnerable and critical cell types, the OHC and IHC. The involvement of nuclear
proteins E2F3 and WSTF have not previously been reported in the stress response of the
organ of Corti to noise or any other stimulus. Coupled with the detection of 2 proteins with
posttranslational modifications (activated p38/MAPK and FAK phosphorylated on tyrosine
577) the noise-induced proteomic changes in the sensory epithelium support a mechanistic
role for p38/MAPK signaling in noise-induced stress responses of the inner ear.

Sensory Epithelium Response

Our results identified important protein expression and posttranslational modifications
during the very early stages of NIHL (2 h post exposure). The DPOAEs were abolished at
this time confirming that the cochlea was severely traumatized when the protein assays were
conducted. At the 2 h time point, seven proteins in the sensory epithelium met the selection
criteria for large fold changes in expression (activated p38/MAPK, FAK p-Tyr577, Fas,
hMps1 kinase, serine threonine protein phosphatase 1b, WSTF & E2F3). Our network
analysis indicated that many of these proteins interact with one another. Evidence supporting
an interaction among p38/MAPK, WSTF, E2F3, and phospho-FAK is provided by
anatomical studies showing that all of these proteins are expressed in a common anatomical
compartment, the OHC. Our immunolabeling results indicate that WSTF, E2F3 and FAK p-
Tyr577 are expressed in OHC while previous studies showed immunolocalization of p38/
MAPK in OHC [45]. Mechanistically, all of these proteins are known to interact with
another signaling protein, Src, which has also been implicated in OHC viability in response
to noise [46].

Focal adhesion signaling

FAK is a non-receptor protein-tyrosine kinase that regulates local signaling at adherens
junctions, tight junctions and focal adhesions. FAK can also translocate to the nucleus to
modulate transcription [47, 48]. In the control organ of Corti, we detected immunolabeling
of FAK phosphorylated on tyrosine 577 in the nuclei of hair cells and supporting cells and in
the phalangeal processes of pillar and Deiters’ cells in the region of adhesion between hair
cells and supporting cells (Fig. 8). This region, the reticular lamina, is known to be rich in
both tight and adherens junctions [49]. In the noise exposed organ of Corti, FAK p-Tyr577
was also detected in OHC stereocilia, but only in noise damaged regions. Stereocilia are
among the earliest hair cell organelles to show noise-induced morphological damage [50].
We speculate that excessive noise-induced mechanical stress of stereocilia induces FAK
phosphorylation in stereocilia. FAK is known to be activated by extracellular mechanical
forces exerted through focal adhesions, by phosphorylation of tyrosine 577, and by Src
kinases that are associated with integrin signaling complexes [51]. FAK and alpha8betal
integrin have previously been linked to normal stereocilia development [52]. Because of the
critical role of stereocilia in cochlear function, the significance of observations of stimulus-
induced posttranslational modifications in stereocilia proteins must ultimately stand up to
rigorous testing. Nevertheless, we report data that suggests, for the first time, that
phosphorylation of tyrosine 577 on FAK may be an early indicator of hair cell damage.
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Phosphorylation of FAK on tyrosine 577 by Src increases its catalytic activity [53] whereas
the phosphorylation of its serine residues leads to inactivation of FAK/integrin associated
signaling [54]. The noise-induced increase in serine threonine protein phosphatase 1b
(Ppplch) observed in our proteomic experiment may serve to maintain FAK in its active
state as Ppplch has been reported to directly associate with FAK [55]. This type of
activation of FAK-Src complexes is vital for downstream signaling pathways that control
cell spreading, cell movement and cell survival. The regulation of p38/MAPK signaling via
activated Rac is one such important pathway [18].

p38/MAPK signaling

p38/MAPK signaling is an important stress activated protein kinase pathway and is central
to the observations of early noise-induced proteomic responses. Oxidative stress, which
occurs during noise exposure [9], is known to up-regulate the Fas ligand that binds with the
Fas (CD95/Apo1l) receptor and leads to the formation of the death inducing signaling
complex [56]. The noise-induced up-regulation of the Fas receptor is probably an important
upstream event in NIHL as these receptors are known to mediate signaling cascades that
ultimately lead to apoptosis through the activation of p38/MAPK [17]. The increase in the
levels of diphosphorylated p38/MAPK is consistent with this hypothesis as p38/MAPK is a
known downstream signaling molecule of Fas mediated apoptosis. Moreover, an
upregulation of p38/MAPK has been reported in the acute phase of the PTS induced by
acoustic trauma [57]. Hence, it seems likely that the p38/MAPK signaling pathway
transduces noise-induced stress signals from the cell surface to the nucleus. Up-regulation of
two downstream transcription factors (E2F3 and WSTF) that are associated with p38/MAPK
signaling, after noise exposure, strengthens this speculation.

Apoptotic signals such as Fas can inactivate Rb through p38/MAPK pathway [58]. Rb
inactivation itself can result in rapid cell-cycle reentry and death of hair cells [59]. In
response to Rb inactivation, E2F3 can promote apoptosis [22]. Over-expression of E2F3 can
induce ATM autophosphorylation which in turn phosphorylates p53 thereby promoting
apoptosis [60]. This interpretation is consistent with previous studies showing up-regulation
of phosphorylated p53 in response to ototoxic insults [61]. We interpret the noise-induced
increase in E2F3 as an early indicator of apoptotic damage to the OHC. This role for E2F3 is
supported by its striking up-regulation in OHC nuclei in regions damaged by noise.
Immunoblotting confirmed the noise-induced increase of a 61 kDa protein in the nuclear and
plasma membrane fraction consistent with a predicted molecular weight of 57 kDa for E2F3.
Although the presence of other protein bands recognized by the antibody hampers this
interpretation, it should be noted that prominent labeling is restricted to OHC nuclei (Fig 7)
and the bands recognized by the antibody in immunoblot assays (Fig. 10) are consistent with
the range of molecular weights of other members of the E2F family of transcription factors.
Results for p38/MAPK and E2F3 predict that noise will induce phosphorylation of Rb, its
subsequent release from E2F transcription factors and transcription of E2F target genes.
Future studies should test this prediction and confirm the proteomic and
immunofluorescence results with more specific E2F antibodies.

Noise also induced an increase in WSTF levels in the sensory epithelium. MAPK dependent
phosphorylation of WSTF plays an important role DNA repair mechanisms associated with
the chromatin remodeling complex WINAC [21]. Higher expression of WSTF in the nuclear
and plasma membrane extracts along with the increased signals observed in cells adjacent to
the noise damaged regions of the organ of Corti suggest that activation of WSTF mediated
repair mechanism may limit the damage caused by the noise insult. However, the lack of
immunofluorescence signal from hair cell nuclei, despite the increases observed by
immunoblotting and microarray assays, suggests the possibility that this transcription factor
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and chromatin remodeling protein may have additional non-nuclear functions not previously
reported.

The noise-induced increase in hMps1 kinase (Ttk), a critical mitotic checkpoint protein, is
also consistent with apoptotic damage since Ttk expression after DNA damage contributes
to apoptosis [62]. Collectively, the functional role of Ttk, WSTF, E2F3, Ppplchb, Fas, p38/
MAPK and FAK as well as their interactions determined by bioinformatic analysis of the
noise-induced proteomic responses suggest the initiation of the cell death process in the
sensory epithelium. These observations extend previous reports from our group of apoptosis
occurring as early as 5 min after noise exposure [63].

Lateral Wall Response

A relatively small number of proteins in lateral wall tissue showed significant changes in
expression after the exposure. Noise induced a decrease in E2F3, hnRNPAL, tropomyosin
and an endothelial cell marker protein that recognizes membrane protein CD146. E2F3 is
known to play an important role in controlling the cell cycle and apoptosis which implies
that the noise-induced decrease in E2F3 is likely to affect the cell cycle regulation and cell
death in lateral wall. hnRNPAL, a heterogeneous nuclear ribonucleoprotein is associated
with processing and export of mMRNA from the nucleus. Noise-induced decrease in
hnRNPAL assumes greater significance due to the role of hnRNPs in regulating repair and
stress response mMRNAs [64]. We speculate that the noise exposure could impair the
regulation of mMRNAS associated with the stress response in the lateral wall by decreasing
the levels of hnRNPAL. Decreased levels of CD 146, a membrane glycoprotein that
functions as a Ca2*-independent cell adhesion molecule [65] may be a biomarker for shear
stress resulting from a noise-induced increase in cochlear blood flow [66] in the stria
vascularis. Tropomyosin could also contribute to noise-induced shear stress as removal of
tropomyosin from its actin binding site facilitates myosin binding with actin leading to
muscle contraction [67].

Modiolar Response

Noise induced a variety of protein expression changes in the modiolus many of which were
associated with apoptosis. This is consistent with a previous report indicating the early onset
of damage to spiral ganglion neurons after acoustic stimulation [68]. Known functional roles
of 7 proteins that decreased in the modiolus suggest that, 2 proteins reflect a cell death
response, 3 proteins reflect a survival response while the remaining 2 have varied functions.
Noise-induced decrease in NG2 and DEDAF suggest an apoptotic response. The decrease in
NG2, a chondroitin sulfate proteoglycan 4 found in the nervous system, can inhibit axon
growth and has been associated with wound healing [69]. DEDAF is death effector domain-
associated factor that interacts with DEDs in proteins that regulate programmed cell death.
A decrease in DEDAF may indicate an attempt to maintain cellular homeostasis in the face
of noise-induced apoptosis where the DED containing proteins are trying to establish a cell
renewal point to co-regulate proliferation and apoptosis [70]. The noise-induced decrease in
gamma-catenin, serine threonine protein phosphatase 2A and nitric oxide synthase (bNOS)
suggest a survival response. The deficiency of gamma-catenin (plakoglobin), a tumor
suppressor present at cell adhesion sites [71], has been reported to result in an increase in
Bcl-X(L) and confer protection from apoptosis [72]. Serine threonine protein phosphatase
2A is implicated in the negative control of cell growth and division [73] while nitric oxide
synthase enzyme catalyzes the production of nitric oxide which mediates various functions
including nitration of proteins, which has been reported as a marker of neuronal
degeneration [74]. Apart from these, protein arginine methyltransferase 1 is a histone
methyltransferase important for signal transduction, transcription, RNA transport, and
splicing [75] while cytokeratins are intermediate filament proteins responsible for the
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structural integrity of epithelial cells. Among the 4 proteins that increased, the nuclear
protein aurora kinase B is a key regulator for the onset of cytokinesis during mitosis [76].
Adam metallopeptidase domain 17, a tumor necrosis factor-alpha converting enzyme, has a
prominent role in the activation of the Notch signaling pathway [77]. The increase of
ADAML17 in the neuronal tissue of cochlea suggests that noise activates notch signaling,
which has an important role in neuronal function and development [78]. Histone deacetylase
10 (HDAC10) is responsible for deacetylation of lysine residues on histones and presumably
on cytoplasmic substrates [79]. The biology of HDAC10 activity is largely unexplored,
however, it has recently been shown to interact with and regulate Pax3 [80] a transcription
factor which when mutated can result in congenital hearing loss associated with
Waardenburg syndrome types | and 111 [81]. The noise-induced increase in Bid, which is a
BH3 interacting domain death agonist, indicates the up-regulation of apoptotic responses in
modiolus as it is a member of the BCL-2 family of cell death regulators that mediates
mitochondrial damage induced by caspase-8 [82]. Collectively, the noise-induced changes
and the functional roles of many, if not all, of these proteins indicate the predominance of an
apoptotic response in the modiolus.

Conclusions

Overall, this first large scale proteomic study of noise induced damage to the inner ear,
indicates that the noise-induced proteomic responses of the three discrete regions of the
inner ear differ at an early stage after noise. Noise exposure induced an apoptotic response
in the sensory epithelium and modiolus while the responses in the lateral wall were more
limited. Bioinformatic analysis suggested the involvement of Fas, focal adhesion and MAPK
signaling pathways in the initiation of the cell death process in the sensory epithelium. The
noise-induced changes in cochlear proteins, including certain posttranslational modifications
(e.g., phosphorylation of FAK and p38/MAPK), from different subcellular regions of the
sensory epithelium revealed new aspects of the pivotal role p38/MAPK signaling plays in
the molecular mechanisms underlying NIHL. In addition, we measured relative expression
levels in around 500 proteins in each of the three tissue compartments; these data provide
the first comprehensive profile of the proteins located in each of these unique tissue
compartments. Finally, we identified several novel proteins associated with NIHL which
may provide new clues regarding the mechanism underlying cell death and survival in the
inner ear following noise-exposure. Proteomic analysis at later time points may further
clarify the downstream events in other cochlear regions.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NIHL noise induced hearing loss

dB decibel

SPL sound pressure level

MAPK mitogen activated protein kinase
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WSTF Williams syndrome transcription factor

IHC inner hair cells

OHC outer hair cells

SGN spiral ganglion neurons

DPOAE distortion product otoacoustic emission

DAVID Database for Annotation, Visualization and Integrated Discovery

FAK focal adhesion kinase

DEDAF death effector domain-associated factor

Rb retinoblastoma protein

Pl propidium iodide

PTS permanent threshold shift

ATM ataxia telangiectasia mutated
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Figure 1. Schematic of the Cochlea

The schematic illustrates the complex structure of the cochlea. The different cellular types
included in the three discrete regions used for proteomic screening have been highlighted
with dotted lines in this section of the cochlea.
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Figure 2. Hearing loss at 2h after noise exposure

DPOAEs recorded before and after noise exposure at f2 frequencies 4, 8 & 12 kHz for ten
animals subjected to proteomic screening indicate that exposure to 0.5 — 8 kHz noise at 112
dB SPL for 2 h induced a significant decrease in the DPOAE amplitudes at 2h after noise
exposure. The results are expressed as mean = standard error, n = 10. The traces pre- and
post- NF are the noise floor levels of the DPOAE recordings done before and after noise
exposure.
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Figure 3. Noise-induced permanent threshold shift
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DPOAEs recorded in three animals before and 1 day, 7days and 28 days after noise
exposure indicate a shift in the permanent hearing threshold. The distortion product
amplitudes at 2 frequency 8 kHz and 16 kHz showed a mild recovery 7 days after noise
exposure and a moderate recovery after 28 days. Nevertheless, the amplitude was 10 to 20
dB lower than the pre exposure levels. The results are expressed as mean * standard error, n

=3
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Figure 4. Hair cell loss after noise exposure
Cochleograms were recorded 28 days after 112dB broad band noise exposure for 2 hours

(centered at 0.5-8.0 kHz). A massive loss of outer hair cells was observed in the basal

Page 22

region with widespread loss in the middle turn and moderate loss towards the apex. The
inner hair cells indicated a 40% loss in the region expected for the noise while adjoining
areas on both sides had a small to moderate loss. Cochleograms recorded in 3 animals were

averaged.
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Figure 5. Protein profile in three discrete regions of the cochlea after noise exposure

The protein expression profile of the sensory epithelium, lateral wall and modiolus plots the
number of proteins (Y axis) versus the fold changes (X axis). These graphical illustrations
suggest that the noise-induced changes follow a normal pattern of distribution in the A)
sensory epithelium, B) lateral wall and C) modiolus of chinchilla cochlea. Proteins that
change by a value greater than 1 indicate a noise induced increase while those that change
by a value less than 1 indicate a decrease.
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Figure 6. Network analysis of noise-induced proteomic changes in sensory epithelium

Network analysis by SABiosciences GNCPro software indicated that most of the proteins
that changed in the sensory epithelium were involved in a network that also included Src and
suggested that these proteins had biochemical as well as physical interactions. Circles
represent the originally analyzed proteins while diamonds represent those that were added to
the network during a one step expansion. Gene symbols are used to indicate the proteins.
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A

Figure 7. Immunolocalization of E2F3 in the organ of Corti

Panels A and D illustrate E2F3 staining in a normal cochlea. B and E show the staining in a
section of the organ of Corti adjacent to the severely-damaged section from a noise-
traumatized cochlea. Even though there are no condensed nuclei in this region, certain nuclei
display E2F3 immunoreactivity. C and F show a severely-damaged section of the organ of
Corti from the second cochlear turn. The arrows point to the nuclei having strong E2F3
immunoreactivity. The double-arrows point to the condensed nuclei that lack E2F3
fluorescence. The panels show the inner hair cells (IHC), three rows of outer hair cells
(OHC) and supporting cells from the outer sulcus (OS). Green staining indicates E2F3 while
red (propidium iodide) indicates nuclear staining. Bar = 21 um.
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Figure 8. Immunolocalization of FAK p-Tyr577 in the organ of Corti

Panels A, B and C show a normal cochlear section. D, E and F show a section displaying
severe HC damage. Confocal images at the level of stereocilia (B and E) illustrates the
major difference between the normal and the noise damaged cochleae, with strong signals
(Green) from the stereocilia of noise exposed animals. The pillar cells (PC), Deiters’ cells
(DC), Hensen’s cells (HC) are shown in the images along with the inner and outer hair cells
(IHC & OHC). Bar = 17 um. Note panels B and E have a higher magnification.
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Figure 9. Immunolocalization of WSTF in the organ of Corti

Panels A, B and C show a normal cochlear section. D, E and F show a section displaying
noise induced hair cell damage. Confocal images at the level of stereocilia (A and D)
illustrates that stereocilia adjacent to the noise damaged region (D) indicated by arrows
show strong signals (Green). Images at the level of cuticular plate (B and E) and the body of
OHC (C and F) also indicate a similar pattern displaying increased WSTF immunoreactivity
(shown by arrows) in regions adjoining the noise damaged cells. Bar = 20 um.
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Figure 10. Immunoblotting of nuclear protein enriched fraction

Noise-induced increases in nuclear proteins were verified by immunoblotting a nuclear
fraction of cochlear protein extract. A 1.7 fold increase was detected for a single WSTF-
positive protein. E2F3 showed multiple bands possibly due to different E2F gene products
while a 61 kDa protein, which is close to the predicted molecular weight changed by 1.3
fold. Noise also induced a 1.3 fold increase in Src protein. The images were cropped to show
the particular bands as except for E2F3 all other proteins were specific. Actin was used to
normalize the protein expression levels. The images are representative samples from two

replicates.
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