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FVB/NJ mice demonstrate a youthful sensitivity to noise-
induced hearing loss and provide a useful genetic model for the
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Abstract

The hybrid mouse diversity panel (HMDP), a panel of 100 strains, has been employed in genome
wide association studies (GWAS) to study complex traits in mice. Hearing is a complex trait and
the CBA/CaJ mouse strain is a widely used model for age-related hearing loss (ARHI) and noise
induced hearing loss (NIHL). The CBA/Cal strain's youthful sensitivity to noise and limited age-
related loss led us to attempt to identify additional strains segregating a similar phenotype for our
panel. FVB/NJ is part of the HMDP and has been previously described as having a similar ARHI
phenotype to CBA/Cal. For these reasons, we have studied the FVB/NJ mouse for ARHI and
NIHL phenotypes in hopes of incorporating its phenotype into HMDP studies. We demonstrate
that FVB/NJ exhibits ARHI at an earlier age than CBA/CaJ and young FVB/NJ mice are
vulnerable to NIHL up until 10 to 12 weeks. This suggests that FVB/NJ may be used as an
additional genetic model for neural forms of progressive hearing loss and for the study of youthful
sensitivity to noise.
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Introduction

The two most common forms of hearing loss in our society are age-related (ARHI) and
noise-induced (NIHL). Age-related hearing loss is one of the most common sensory
abnormalities in the world, affecting 30% of people by the age of 65 [National Institute on
Deafness and Communication Disorders, 2010]. Noise-induced hearing loss is the most
common preventable form of sensorineural hearing loss (SNHL) worldwide [Dobie, 2008]
and approximately 500 million individuals are exposed to hazardous levels of noise in
occupational and social environments [Sliwinska-Kowalska and Davis, 2012]. Of concern,
adolescents and young adults are increasingly exposed to hazardous levels of noise during
social activities [Smith et al., 2000; Sadhra et al., 2002; Serra et al., 2005; Vogel et al.,
2007]. Several reports have shown that this age group reports symptoms of hearing loss
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[Niskar et al., 2001; Shargorodsky et al., 2010; Henderson et al., 2011] and a cohort of
children and adolescents aged 6 to 19 were found to have audiometric evidence of NIHL
[Maassen et al, 2001; Mercier et al., 2002]. In addition, an increasing number of teenagers
and adolescents are using personal listening devices [Punch et al., 2011; VVogel et al., 2007]
and listening to music at damaging levels [McNeill et al., 2010; Portnuff et al., 2011] with
significant threshold shifts at high frequency and decreased distortion product otoacoustic
emission (DPOAE) amplitudes [Sulaiman et al., 2013]. Moreover, studies in both humans
and mice have shown evidence that the effects of noise exposure and aging combine, leading
to a faster progression of hearing loss with age [Gates et al., 2000; Kujawa and Liberman,
2006].

Identifying susceptibility genes will ultimately inform treatment strategies for these two
ailments. We are able to exploit the evidence that there are genetic and environmental
factors influencing ARHI and NIHL [Friedman et al., 2009; White et al., 2009]. Recently,
genome wide association studies (GWAS) have been employed to discover genes conferring
susceptibility to complex traits in humans. We have recently identified variations in GRM7
associated with ARHI in a European cohort and validated our findings in a US cohort
[Friedman et al., 2009; Newman et al., 2012]

Estimates from human twin studies suggest that the heritability of NIHL is approximately
36% [Johnson et al., 1992] and candidate gene studies using single nucleotide
polymorphisms (SNPs) have identified a small number of potential susceptibility genes
[Henderson et al., 1991; Fortunado et al., 2004; Helfer et al., 2005; Van Eyken et al., 2007;
Price, 2007]. Unfortunately, many of these studies have low statistical power due to small
sample sizes and lack replication. Finally, the combined risk from these alleles fails to
account for the majority of the genetic risk. [Heinonen-Guzejev et al., 2005].

Although many insights have been gleaned for many human diseases utilizing GWAS and
candidate gene studies, only a modest proportion of the genetic risk has been explained for
most traits and the effects of environmental exposures such as noise are difficult to control
[McCarthy et al., 2008]. It is for this reason that many researchers have turned to mouse
models. For almost 50 years, the mouse has been an essential animal model for studies in
hearing loss. Advances in mouse genetics including genome sequencing and high-density
SNP maps provide a suitable system for the study of complex traits such as ARHI and
NIHL. Strain variation in ARHI and NIHL susceptibility has been demonstrated in both in
our laboratory [Niu et al., 2006] and in others [Van Laer et al., 2006; Konings et al., 2007;
Konings et al., 2009a]. These data indicate that a significant component of these forms of
hearing loss is heritable. Furthermore, several strain-specific loci for ARHI are also
associated with NIHL susceptibility, confirming an overlap [Konings et al., 2009b].

Much of the progress in the genetics of hearing disorders in the mouse has come from the
application of linkage analysis (i.e. QTL analysis) to identify naturally occurring single gene
mutations (Mendelian traits) and the analysis of targeted gene deletions. Little attention has
been directed towards the definition of the genetics of common hearing disorders. Classical
genetic approaches have been used to identify several QTL that modulate ARHI and NIHL
susceptibility [Johnson et al., 2006]. One of the most significant shortcomings of QTL
analysis is the use of a limited resource (i.e. a segregating F2 population). Another limitation
of this approach is the genomic resolution, typically on the order of 10 Mbp or greater. It is
for these reasons that we have begun using a novel high-resolution association mapping
strategy, the hybrid mouse diversity panel (HMDP), to study common forms of hearing loss
in mice.
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The HMDRP is a panel that combines the use of 29 classical inbred and 71 recombinant
inbred strains of mice for association studies [Bennett et al., 2010]. Power calculations have
demonstrated that this panel is superior to traditional linkage analysis and is capable of
detecting loci responsible for 10% of the overall variance. Several studies have successfully
mapped candidate loci for complex traits using this panel [Farber et al., 2011; Park et al.,
2011; Smolock et al., 2012; Davis et al., 2013]. Use of the HMDP for GWAS in mice can
allow us to map genes at a much higher resolution than traditional analyses. A minimum
requirement for success is the accurate phenotyping of the clinical traits of interest in mice
that are distantly related.

Resistance to noise exposure and age-related changes are important phenotypes to
understand and use in GWAS. Historically, CBA/CaJ mice have been extensively studied as
a model of resistance to NIHL [Kujawa and Liberman, 2006; Li, 1992; Li and Borg, 1993]
and ARHI [Li and Borg, 1991; Willott et al,. 1992; Frisina et al., 1997]. They also exhibit
ARHI at a much older age than other strains of mice [Martin et al,. 2007; Zheng et al., 1999;
Zhou et al,. 2006]. Of additional interest, a youthful sensitivity to NIHL has been
demonstrated in CBA/CaJ mice. In an effort to identify mice with a phenotype similar to
CBA/CaJ, we explored strains that have been grouped as “CBA-like.” FVB/NJ mice have
been described as “CBA-like” in comparisons of hearing phenotypes via DPOAE [Martin et
al., 2007] and auditory brain response (ABR) measurements [Zheng et al., 1999; Zhou et al,.
2006]. Yet, previous studies have not characterized NIHL in FVB/NJ mice. In this
manuscript, we characterize F\VB/NJ noise susceptibility and age-related hearing changes by
ABR and DPOAE. We demonstrate that like CBA/CaJ, FVB/NJ mice exhibit susceptibility
to NIHL at a young age, and age-related changes in auditory thresholds. CBA/CaJ has
recently been added to the HMDP. Identifying additional strains, such as FVB/NJ, within
the panel that are “CBA-like” will only enhance our ability to map the loci responsible for
both the youthful sensitivity to noise and the strain variation in ARHI.

FVB/NJ mice were housed with ambient noise not exceeding that of normal air
conditioning. Occasional periods of increased noise may have been present weekly during
cage changing activity. To avoid any confounding variables related to sex, only female
animals were used. Pre-exposure threshold levels were obtained via ABR from 4-5, 9-10,
12-13, 15-16, 20-22, 26, and 34 week old mice (n=4 to 17). Mice were purchased from The
Jackson Labs (Bar Harbor, ME) or bred internally. The use of animals described in this
study was performed in accordance with guidelines placed by the Institutional Animal Care
and Use Committee (IACUC) at the House Research Institute and with principles stated in
the Declaration of Helsinki. All procedures were approved by the IACUC and conformed to
institutional standards.

Noise exposure and audiometric equipment

5, 10, 12, and 22 week old mice (n=4 to 13) were exposed to 10 kHz octave band noise
(OBN) for 2 hours at 100 dB SPL using a method adapted from Kujawa and Liberman
(2009). The OBN noise exposure was previously described [White et al., 2009]. During
exposure, mice were housed in a circular ¥ inch wire-mesh exposure cage with four pie
shaped compartments and were permitted to move about within the compartment. The cage
was placed in a MAC-1 sound-proof chamber designed by Industrial Acoustics (IAC,

Bronx, NY) and the sound chamber was lined with 1-in-thick acoustical soundproofing foam
to minimize sound reflections. Noise recordings were played with a Fostex FT17H Tweeter
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Speaker built into the top of the sound chamber. Calibration of the damaging noise was done
with a B&K sound level meter with a variation of 1.5 dB across the cage.

Stimuli were delivered by a custom acoustic system, consisting of two miniature speakers.
Sound pressure was measured by an electret condenser microphone. A data acquisition
board from National Instruments (National Instruments Corporation, Austin, Texas) was
controlled by custom software and was used to generate the stimuli and to process the
response. All tests were performed in a separate MAC-1 sound-proof chamber to eliminate
both environmental and electrical noise. Testing involved the right ear only.

ABR and DPOAE measurements

Mice were anesthetized with an intraperitoneal injection of a mixture of ketamine (80 mg/kg
body weight) and xylazine (16 mg/kg body weight). Body temperature was maintained and
an artificial tear ointment was applied to the eyes. Mice recovered on a heating pad at body
temperature.

Auditory signals were presented as tone pips with a rise and a fall time of 0.5 msec and a
total duration of 5 msec at the frequencies 4, 8, 12, 16, 24, and 32 kHz. Tone pips were
delivered below threshold and then increased in 5 dB increments until reaching 100 dB.
Signals were presented at a rate of 30 per second. Responses were filtered with a 0.3 to 3
kHz passband and amplified 10,000 times. Up to 512 waveforms were averaged for each
stimulus intensity. Stainless-steel electrodes were placed subcutaneously at the vertex of the
head and the right mastoid, with a ground electrode at the base of the tail. Hearing threshold
was determined by visual inspection of ABR waveforms and was defined as the minimum
intensity at which wave 1 could be distinguished. Data was stored for offline analysis of
peak to peak (p-p) values (from peak to trough) for wave 1 amplitudes.

DPOAEs were obtained as input/output (I-O) functions with 2f;- f, as the primary measure.
Primary tones were set at a ratio of fp/f; = 1.2 with the f, between 5.6 to 32 kHz, f, level set
10 dB less than the f; level, and L, ranging from 20 to 70 dB. The DPOAES were extracted
after both waveform and spectral averaging. The noise floor was obtained by averaging 6
spectral points above and below the 2f;- f,. Threshold was defined as the L level needed to
produce a DPOAE of 0 dB SPL, with a signal to noise ratio of at least 3 dB.

Determination of permanent threshold shifts

Statistics

Results

Pre-exposure threshold levels were obtained at least 4 days prior to noise exposure. These
threshold levels were used as a baseline to determine threshold shifts after exposure to noise.
Animals were assessed for noise damage three to four weeks after exposure. The permanent
threshold shifts (PTS) for ABR and DPOAE were defined as the difference between pre-
exposure and post-exposure thresholds at each tested frequency or L, level, respectively.

Comparisons between thresholds, amplitudes and PTS were performed using student's t tests
(Welsh test). P-values less than 0.05 were considered significant.

FVB/NJ mice demonstrate age-related changes in hearing

Zheng et al., in 1999, characterized ABR thresholds in young and old classically inbred
strains of mice. In their study, they demonstrated that CBA/CaJ mice maintain stable
threshold sensitivity as they age [Henry, 1982; Jimenez et al., 1999]. The FVB/NJ strain was
not detailed in that study but has long been considered phenotypically similar to CBA/CaJ.
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To explore this in the hopes of identifying an identical phenotype for genetic study, we
sought to characterize the hearing of FVB/NJ mice with age utilizing ABR. Martin et al., in
2007, conducted a comparison of DPOAE in 28 inbred strains of mice, including FVB/NJ.
In their study, DP-grams for FVB/NJ mice were identical to those of CBA/CalJ
demonstrating stable outer hair cell function over time (5 months being the oldest). Their
conclusion supported the notion that FVB/NJ was in fact a very similar strain with regard to
ARHI. In addition, in a study by Jimenez et al. CBA/CaJ mice have been shown to display
stable DPOAEs for up to 15 months of age [Jimenez et al., 1999].

To characterize hearing with age in FVB/NJ mice, we performed ABR at several ages
ranging from 5 weeks to 34 weeks (Figure 1). Unlike CBA/Cal, 34 week-old FVVB/NJ mice
demonstrated statistically significantly elevated thresholds at 32kHz (p < 0.027). These data
suggest that, unlike the stability of OHC function (DPOAE) demonstrated by Martin et al. in
FVB/NJ mice [Martin et al., 2007], there may be a loss of cochlear neurons accounting for
age-related changes that might serve as a good genetic model for neural presbycusis. We
sought to test this notion by looking at wave | p-p amplitudes over time.

Suprathreshold ABR in FVB/NJ mice supports the notion that ARHI in FVB/NJ mice results
from cochlear neuronal loss

We performed suprathreshold ABR measurements of p-p wave | amplitudes across a select
number of time points (Figure 2 a, b, ¢). Although measurements for 8 kHz and 16 kHz are
similar between 5, 10, and 34 week-old mice, p-p wave | amplitudes at 32 kHz are
significantly reduced when comparing the youngest mice (5 week-old) to the oldest mice (34
week-old) (Figure 2c¢). These data, in light of the DPOAE data described previously
[Jimenez et al., 1999; Martin et al., 2007] support the notion that the age-related changes in
the FVB/NJ mice at 34 weeks are the result of loss of cochlear neurons.

FVB/NJ mice are vulnerable to NIHL at an early age

As previously described, permanent thresholds shifts after noise exposure are measured at
approximately three to four weeks post exposure when they are at a steady state [Miller et
al., 1963]. To further characterize the potential similarities between CBA/CaJ and FVB/NJ
we evaluated vulnerability to NIHL with age.

In brief, age at the time of noise exposure was systematically varied at 5, 10, 12, and 22
weeks. As noted in a previous study [Kujawa and Liberman, 2006], the largest threshold
shifts were noted at 16 kHz and the age-dependent vulnerability can be seen in Figure 3. The
youngest mice (5 weeks) demonstrate the greatest vulnerability to NIHL with PTS of
approximately 50 dB for ABR and 30 dB for DPOAE suggesting a combined injury with the
larger component of the injury occurring in the cochlear neurons. Further analysis of the
data shows resistance to noise occurring at approximately 12 weeks when measuring ABR
and roughly 10 weeks for the DPOAES. The older mice (22 weeks) have a minimal PTS by
DPOAE; however, in contrast, the PTS remains relatively high when looking at the ABR.
These data confirm a greater vulnerability to NIHL in the younger animals, and also suggest
that the OHC are both the earliest site of resistance with aging and more resistant to noise
than the cochlear neurons at all ages.

To study the effect of NIHL on outer hair cells and the cochlear nerve further, we looked at
suprathreshold responses (DPOAE and ABR) to a 16 kHz stimulus in mice exposed to noise
at 5 and 10 weeks (Figure 4). As anticipated, the post-exposure amplitudes were diminished
in both groups of mice. On closer observation, the cochlear neurons do not show differences
in sensitivity to noise between the groups. On the other hand, the DPOAE I-O functions
demonstrate greater OHC resistance in the older mice (Figure 4). These data are congruent
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with the findings shown in Figure 3 and reinforce the notion that the OHCs experience a
decreased sensitivity to noise at an earlier age than cochlear neurons.

Discussion

Early neural presbycusis and noise susceptibility

CBA/Cal is a well-characterized model for delayed onset ARHI and exhibits stable ABR
thresholds until later in life at 39 weeks of age at least [Zheng et al., 1999; Yoshida et al.,
2000; May et al., 2002]. Although FVB/NJ has been previously thought to be similar to
CBA/CaJ, our results indicate that F\VB/NJ exhibits high frequency ARHI at a significantly
younger age (Figure 1) than CBA/Cal [Li, 1992; May et al., 2006]. Using Schuknecht's
models of presbycusis as a framework to understand ARHI, neural presbycusis describes
neuronal degeneration that occurs sooner and at a greater degree than loss of hair cells
[Schuknecht and Gacek, 1993]. A few models have been reported, including knockouts of
the nicotinic acetylcholine receptor beta 2 subunit [Boa et al., 2005] and SOD1 [Keithley et
al., 2005]. FVB/NJ exhibits neural presbycusis, with high frequency loss at 32kHz starting at
34 weeks as demonstrated by decreased ABR wave 1 amplitudes (Figure 2). Thus, FVB/NJ
exhibits an increase in ABR thresholds at an earlier age than CBA/CaJ and can be used as a
model for earlier onset neural presbycusis.

In C57BL/6J mice, the Ahl locus has also been found to confer genetic susceptibility to
noise damage within the cochlea [Harding et al,. 2005]. Increased vulnerability to NIHL has
been attributed to the Dystrophin gene [Chen et al., 2012], Vasodilator-stimulated
phosphoprotein [Schick et al., 2004], and Heat shock factor 1 genes [Sugahara et al., 2003;
Farber et al., 2011]. In addition to Cdh23A", Cdh23Y transgenic mice with knockouts of the
genes Cp, GPx1, Pmca2, Sod1, and Trpv4 show vulnerability to noise damage [Ohlemiller,
2006].

Yet, when studying the effect of noise on hearing loss, age has also been shown to interact
with noise, influencing the degree of damage. Resistance to NIHL with age has been
previously reported in CBA/Cal [Nemoto et al., 2004; Kujawa and Liberman, 2006] and
CBA/Ca mice [Li and Borg, 1993; Li et al., 1993] and evidence suggests that mice are much
more susceptible to NIHL at younger ages [Henry, 1982; Ohlemiller et al., 2000; Saunders
and Hirsch, 1976]. FVB/NJ also exhibits resistance with age, with decreased PTS for both
ABR and DPOAE measurements in older mice (Figure 2).

Age influences the effects of noise exposure

In 2006, Kujawa and Liberman showed that young CBA/CaJ mice were much more
sensitive to high-level noise damage than older mice after exposure to 100dB SPL OBN for
2 hours. Permanent threshold shifts were observed to decrease extensively between 8 and 16
weeks of exposure for both ABR and DPOAE. In a study by Henry (1983), CBA/J mice also
showed dramatically decreased sensitivity to NIHL after 16 weeks [Henry, 1983]. To
investigate this large change in sensitivity with age between 8 and 16 weeks in FVB/NJ, we
looked at noise exposed mice at 5, 10, 12 and 22 weeks. Similar to Kujawa and Liberman'’s
findings, our results show relatively high threshold shifts at 16 kHz for both ABR and
DPOAE at 5 weeks of exposure, approximately 50 and 30 dB, respectively, and lower
values for exposure at 22 weeks (Figure 3). Looking at exposure at 10 and 12 weeks, the
PTS interestingly drops first for DPOAE at 10 weeks exposure (Figure 4), followed by a
decrease in PTS for ABR at 12 weeks exposure (Figure 3). These results suggest that the
OHCs become more resistant to noise damage at a younger age than the inner hair cells
(IHCs) and cochlear nerve.
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Based upon the present findings that the DPOAE PTS decreases before the ABR, one may
infer that the IHCs could exhibit greater or earlier morphological changes than the OHCs
secondary to noise exposure at these ages. However, noise exposure has been shown to
cause OHC loss, followed by IHC and spiral ganglion cell loss [Ou et al., 2000; Wang et al.,
2002]. After exposure to noise (2 hours of broad band noise at 106 dB), male CBA/CaJ mice
at 10 to 12 weeks of age show greater degrees of OHC loss than IHC loss towards the basal
end of the cochlea [Hirose and Liberman, 2003]. Similar findings are reported in 12 week
old CBA/J mice [Chen et al., 2012].

On the other hand, our results are consistent with the notion that the cochlear nerve is
relatively more sensitive than the OHCs at younger ages. This agrees with a study which
showed that 16 week old CBA/CaJ mice exposed to 2 hr OBN at 100 dB displayed complete
recovery of DPOAEs by 8 weeks and ABRs which showed only modest recovery, especially
at suprathreshold values [Kujawa and Liberman, 2009]. Although our study uses mice
exposed to traumatic levels of noise, moderate noise exposure in CBA/CaJ mice has recently
been shown to damage the cochlear nerve at a dramatically greater degree than OHCs. In
CBA/CaJ mice from 4 to 144 weeks of age, exposure to moderate levels of noise (between
50 to 60 dB >95% of time and less than 80 dB >99% of the time) caused shown IHC
synaptic loss prior to changes in OHC thresholds and hair cell counts [Maison et al., 2013].
This evidence suggests that noise induced damage may have its greatest affect on the
cochlear nerve across a range of ages.

FVB/NJ, as part of the HMDP, adds to our capacity to map hearing loss loci via GWAS

In recent years, mouse GWAS have led to the discovery of many genes associated with a
variety of complex traits in humans. Successful use of GWAS for hearing disorders rests on
the basis that the genes controlling the hearing phenotype in mice are similar to those in
humans and that the genetic and phenotypic variation in mouse strains can be harnessed to
study the variation in human populations. In the past, some GWAS have been challenged as
lacking enough power to detect genes that may have small contributions to complex
phenotypes [Pletcher et al. 2004, de Bakker et al. 2005, Payseur and Place 2007]. A solution
to this constraint, the HMDP, was created as a resource for GWAS and has the power to
map complex traits with relatively small variances in phenotype (70% power to detect effect
sizes < 10%) [Bennett, 2010]. The HMDP includes FVB/NJ and has been successfully used
to find candidate loci for several complex traits in the mouse including fear conditioning
[Park et al., 2011], bone morphogenic density [Farber et al., 2011], heart rate [Smolock et
al., 2012], and blood cell traits [Davis et al., 2013]. The identification of FVB/NJ's
phenotypic similarity to CBA/CaJ, while having distant relatedness, provides an additional
useful strain for the study of susceptibilities to both ARHI and NIHL in mice.
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Figure 1.
Mean ABR thresholds (+ SD) for mice of various ages from 5 to 34 weeks. Mice at 34
weeks demonstrate significantly elevated thresholds at 32 kHz (p < 0.027).
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Figure2.

ABR wave 1 amplitudes for 5, 10, 34 week old mice (mean + SD) show that suprathreshold
amplitudes at (A) 8kHz and (B) 16kHz do not show a difference in threshold values, but at
(C) 32kHz, there is a significant difference decrease in suprathreshold values for old mice
(34 weeks) in comparison to 5 week old mice.
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Figure 3.

Permanent threshold shifts (PTS) for ABR and DPOAE at 16kHz for mice exposed to noise
during various ages (mean = SD). The vertical dashed line denotes the age of exposure (10
weeks) at which the PTS for DPOAE has dropped significantly (p = 0.0099) without a
corresponding change in PTS for ABR (p > 0.05), and at 12 weeks, PTS for ABR has
diminished significantly as well (p = 0.000902).
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Figure4.

(A) ABR wave 1 and (B) DPOAE amplitudes (I-O functions) for mice at age of exposure
and post-exposure for 16kHz (mean + SD). Mice exposed at 5 weeks demonstrate a dramatic
decrease in DPOAE amplitude after noise exposure in comparison to mice exposed at 10
weeks.

Audiol Neurotol Extra. Author manuscript; available in PMC 2015 January 01.



