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Abstract

Hearing loss is the most common sensory disorder in the elderly population. Overall, 10% of the
population has a hearing loss in the US, and this age-related hearing disorder is projected to afflict
more than 28 million Americans by 2030. Age-related hearing loss is associated with loss of
sensory hair cells (sensory hearing loss) and/or spiral ganglion neurons (neuronal hearing loss) in
the cochlea of the inner ear. Many lines of evidence indicate that oxidative stress and associated
mitochondrial dysfunction play a central role in age-related neurodegenerative diseases and are a
cause of age-related neurosensory hearing loss. Yet, the molecular mechanisms of how oxidative
stress and/or mitochondrial dysfunction lead to hearing loss during aging remain unclear, and
currently there is no treatment for this age-dependent disorder. Several mouse models of aging and
age-related diseases have been linked to age-related mitochondrial neurosensory hearing loss.
Evaluation of these animal models has offered basic knowledge of the mechanism underlying
hearing loss associated with oxidative stress, mitochondrial dysfunction, and aging. Here we
review the evidence that specific mutations in the mitochondrial DNA or nuclear DNA that affect
mitochondrial function result in increased oxidative damage and associated loss of sensory hair
cells and/or spiral ganglion neurons in the cochlea during aging, thereby causing hearing loss in
these mouse models. Future studies comparing these models will provide further insight into
fundamental knowledge about the disordered process of hearing and treatments to improve the
lives of individuals with communication disorders.
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Introduction

A large body of evidence indicates that oxidative stress and associated mitochondrial
dysfunction play a central role in aging and age-related diseases (Balaban et al., 2005; Lin
and Beal, 2006; Wallace, 2005). It is now well established that mitochondria are a major
source of reactive oxygen species (ROS) and a major site of ROS-induced oxidative
damage, and that ROS production increases with age (Balaban et al., 2005; Lin and Beal,
2006; Wallace, 2005). Accordingly, ROS generated inside mitochondria are hypothesized to
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damage key mitochondrial components such as mitochondrial DNA (mtDNA), membranes,
and respiratory chain proteins. This damage accumulates over time, leads to mitochondrial
dysfunction and associated energy depletion, and results in tissue dysfunction. This theory is
supported by the observations that overexpressing the mitochondrial antioxidant Sod”? (Sun
et al., 2002) increases life span in Drosophila, while overexpressing the antioxidant catalase
in the mitochondria increases lifespan in mice (Schriner et al., 2005).

Hearing loss is a common symptom of human mitochondrial diseases (Fischel-Ghodsian,
2003; Someya and Prolla, 2010). A role for mitochondrial dysfunction in hearing loss is
supported by the findings that a number of genetic syndromes associated with hearing loss
are due to defects in mitochondria (Fischel-Ghodsian, 2003; Someya and Prolla, 2010) and
that specific mtDNA point mutations are known to contribute to mitochondrial disorders
such as MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episodes) and MERRF (myoclonic epilepsy and ragged red fibers) that are associated with
hearing loss (Fischel-Ghodsian, 2003). Several deletions of mtDNA have also been
associated with mitochondrial disorders such as Kearns—Sayre syndrome whose symptoms
include hearing loss (Fischel-Ghodsian, 2003). Furthermore, several mutations in the nuclear
DNA POLG (mitochondrial DNA polymerase gamma) cause mitochondrial disorders such
as Alpers syndrome whose symptoms also include hearing loss (Nguyen et al., 2005). These
results strongly suggest that mitochondrial dysfunction plays a causal role in the
development of hearing loss.

Age-related hearing loss (AHL) or presbycusis is a common feature of aging and is the most
common sensory disorder in the elderly population (Gates and Mills, 2005; Liu and Yan,
2007; Someya and Prolla, 2010). AHL affects more than 40% of people over 65 years of age
in the US and is projected to afflict 28 million Americans by 2030. Yet, currently there is no
treatment for this age-related disorder. AHL is generally classified into three types based on
the relationship between cochlear pathology and hearing levels: sensory hearing loss (loss of
sensory hair cells), neuronal (loss of spiral ganglion neurons), and metabolic (strial atrophy)
(Gates and Mills, 2005; Schuknecht, 1955), and it is now well established that most cases of
AHL exhibit a mixture of these pathological changes (Gates and Mills, 2005). This idea is
supported by the observation that the progressive loss of hair cells and spiral ganglion
neurons leads to AHL because these two cell types do not regenerate in mammals (Gates
and Mills, 2005).

There are several mouse models of aging and age-related diseases whose phenotypes are
caused by the defects in mitochondria and symptoms include neurosensory hearing loss.
Evaluation of these animal models has offered basic knowledge of the mechanism
underlying neurosensory hearing loss associated with oxidative stress, mitochondrial
dysfunction, and aging. In this review, we discuss the evidence that specific mutations in the
mtDNA or nuclear DNA that affect mitochondrial function result in increased oxidative
damage, and associated loss of sensory hair cells and/or spiral ganglion neurons in the
cochlea during aging, thereby causing hearing loss in these animal models. The relatively
early onset of hearing loss in mice, its slow progression, and our ability to monitor its
progression non-invasively, make animal models of age-related mitochondrial neurosensory
hearing loss an ideal system to study fundamental mechanisms of age-related mitochondrial
diseases as well as neurodegenerative diseases in humans.

Polg knockin mice

Polg knockin mice were created by introducing a two base substitution, which results in a
defect in mtDNA proof-reading ability (Kujoth et al., 2005; Trifunovic et al., 2004). Young
Polg mutator mice are indistinguishable from wild-type (WT) littermates, but these mutator
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mice display a variety of premature aging phenotypes such as kyphosis and alopecia (Kujoth
et al., 2005; Trifunovic et al., 2004) by 9 months of age. Importantly, Po/g mutator mice
display a reduced life span: the median survival of the Polg mutator mice was 416 days,
while the median life span of WT mice was >850 days. Age-related weight loss, a common
feature of elderly (Kalu and Masoro, 1988; Wallace, 2005; Weindruch, 1996), was noted
from 24 weeks of age in these animals. A reduction in subcutaneous fat is also a common
feature of aging skin (Kalu and Masoro, 1988; Wallace, 2005; Weindruch, 1996). Trifunovic
et al (Trifunovic et al., 2004) performed quantitative assessments of body composition with
X-ray densitometry of the whole mouse and found that the fat content was reduced in Polg
mutator mice. The 40 weeks old mutator mice also displayed a reduced bone mineral
density, a common feature of age-related osteoporosis. Furthermore, 9 months old Polg
mutator mice displayed age-related loss of skeletal muscle, a common feature of sarcopenia
(Lexell et al., 1988).

Auditory brainstem response (ABR) hearing tests were conducted in these animals: young
Polg mutator mice displayed normal hearing compared to age-matched WT mice: however,
by 9-10 months of age, Polg mutator mice displayed a significant elevation of ABR
thresholds at 4, 8, and 16 kHz, indicating that mtDNA mutations play a causal role in AHL
(Kujoth et al., 2005; Niu et al., 2007; Someya et al., 2008) (Table 1). Importantly, these
results were consistent with the observation that mutations in the human POLG cause Alpers
syndrome that is associated with both mitochondrial dysfunction and hearing loss (Nguyen
et al., 2005). Moreover, examination of the histology of the basal cochlear region confirmed
that 9-10 months old Pofg mutator mice displayed severe loss of spiral ganglion neurons
and hair cells, and these results were confirmed by cell counting (Niu et al., 2007; Someya et
al., 2008). TUNEL staining and caspase-3 immunostaining also revealed that the levels of
apoptosis markers were significantly elevated in the cochlea of Polg mutator mice.

How does the Polg mutation lead to age-related neurosensory hearing loss in mice? As
stated earlier, mitochondria are a major site of ROS-induced oxidative damage, and ROS
generated inside mitochondria are thought to damage key mitochondrial components such as
mtDNA (Balaban et al., 2005; Lin and Beal, 2006; Wallace, 2005). It is also thought that
oxidative damage to mtDNA leads to further ROS production due to impaired electron
transport that could result from mutations in the mitochondrial genome (Harman, 1972).
Nucleus-encoded POL G is the only known DNA polymerase in animal cell mitochondria
and has conserved polymerase and exonuclease domains, which repair mtDNA mutations
(Kujoth et al., 2007). Because Polg mutator mice lack the ability to repair mtDNA
mutations, mtDNA mutations accumulate beginning during development in these animals
(Kujoth et al., 2005): the frequency of mtDNA mutations in the Po/g mutant mice is 3 to 8
times that in wild-type mice in the heart, liver, and duodenum. This is consistent with the
report that the frequency of mtDNA mutations in the temporal bone of patients with
presbycusis is significantly higher compared to controls (Fischel-Ghodsian et al., 1997).
Therefore, it is likely that age-related accumulation of mtDNA mutations results in increased
ROS production due to impaired electron transport changes in the mitochondria, which in
turn leads to further mitochondrial dysfunction, causing loss of hair cells and spiral ganglion
neurons in the cochlea. The loss of these neurosensory cells then leads to the onset of
hearing loss during aging.

MCAT transgenic mice

To determine the role of ROS in limiting mammalian life span, Schriner et al (Schriner et
al., 2005) generated mice overexpressing human catalase, an antioxidant enzyme which
removes hydrogen peroxide, in the peroxisome (PCAT), nucleus (NCAT), or mitochondria
(MCAT). PCAT animals showed a slight extension of median life span, while NCAT mice
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did not show a significant extension of median and maximum life span. However,
overexpression of catalase in the mitochondria (MCAT) extended both median and
maximum life span, and the increased life span was confirmed in both males and females.
MCAT mice also displayed increased catalase activities in the heart, skeletal muscle, and
brain. Furthermore, oxidative DNA damage and hydrogen peroxide (H,05) levels were
significantly reduced in the heart from MCAT mice. These results were supported by the
observation that catalase activity was significantly higher in the red blood cells of
centenarians (Klapcinska et al., 2000).

ABR hearing tests were conducted in these transgenic animals. Young MCAT mice
displayed normal hearing compared to age-matched WT mice: however, at 13 months of
age, the mean ABR thresholds of MCAT mice were significantly lower than those of age-
matched WT mice, indicating that catalase overexpression in the mitochondria slows the
development of AHL (Someya et al., 2009) (Table 1). Consistent with these results, catalase
overexpression in the mitochondria reduced age-related loss of spiral ganglion neurons and
hair cells in the cochlea (Someya et al., 2009), and these results were confirmed by cell
counting. Furthermore, oxidative DNA damage increased in the cochlea of WT mice during
aging, while catalase overexpression in the mitochondria reduced oxidative DNA damage in
the cochlea.

The Free radical theory of aging postulates that aging is the result of accumulated oxidative
damage caused by ROS generated inside mitochondria (Beckman and Ames, 1998; Harman,
1956). In support of this hypothesis, ROS are generated in cochleae exposed to high
intensity noise (Jacono et al., 1998; Ohlemiller et al., 1999), while age-related cochlear hair
cell loss is enhanced in mice lacking the antioxidant enzyme SodZ (McFadden et al., 1999b).
Mice lacking the antioxidant enzymes Gpx1 or Sod1 also show enhanced susceptibility to
noise-induced hearing loss (Ohlemiller et al., 2000). Moreover, oxidative protein damage
increases with age in the cochleae of mice (Jiang et al., 2007; Someya et al., 2009; Staecker
et al., 2001). Therefore, increased mitochondrial catalase activity in the cochlea may result
in reduced levels of ROS, thereby protecting mitochondrial components and cochlear cells
from oxidative stress, and slowing the development of AHL.

Gpx1l KO mice

The antioxidant enzyme Glutathione peroxidase 1 (Gpx1) plays an important role in
mitochondrial antioxidant defense by reducing hydrogen peroxide (Halliwell and
Gutteridge, 2007; Mari et al., 2009). Cheng et al (Cheng et al., 1997) generated mice
deficient for Gpx1. Both male and female GpxZ~/~ mice appear normal, are fertile, and do
not show any physical abnormalities up to 20 months of age. GpxZ*/~ mice show a 40-60%
reduction in GpxI mRNA levels in the brain, heart, kidney, liver, and lung, while no GpxI
mRNA was detected in these tissues of GpxZ~/~ mice. GpxI*/~ mice also show a 40-60%
reduction in Gpx1 activity in the same tissues, while no or very low Gpx1 activity was
detected in these tissues from GpxZ~/~ mice. Interestingly, no changes in the other
antioxidant activities except glutathione reductase activity were found. Furthermore, no
significant differences were found in oxidized protein and lipid levels in the brain, heart,
kidney, liver, and lung between WT and GpxZ~/~ mice, suggesting that changes in the Gpx1
antioxidant defense pathway are compensated by the other antioxidant defense pathways
such as the catalase pathway, which also decomposes hydrogen peroxide into water
(Schriner et al., 2005).

Ohlemiller et al (Ohlemiller et al., 2000) investigated whether GpxZ deficiency increases

noise-induced hearing loss in mice (Table 1) and found that GpxZ~/~ mice showed
significantly greater ABR threshold elevation after noise exposure compared to WT.
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Consistent with these hearing test results, noise-exposed GpxZ~'~ mice showed significantly
more sensory hair cell loss compared to WT mice. As stated earlier, ROS are generated in
cochleae exposed to high intensity noise (Jacono et al., 1998; Ohlemiller et al., 1999), while
age-related cochlear hair cell loss is enhanced in mice lacking the antioxidant enzyme Sodl
(Johnson et al., 2010; McFadden et al., 1999a; McFadden et al., 1999b). Therefore, the lack
of mitochondrial Gpx1 activity in the cochlea may lead to increased levels of ROS and/or
increased susceptibility to noise. This then leads to a decline in mitochondrial function,
thereby promoting cochlear cell loss and the development of hearing loss during aging or
noise exposure.

Bak knockout mice

In mitochondria, Bcl-2 family members play a major role in regulating apoptosis (Lindsten
et al., 2000; Youle and Strasser, 2008). Of the Bcl-2 family members, the proapoptotic
proteins Bak and Bax are hypothesized to play a central role in promoting mitochondria-
mediated apoptosis (Lindsten et al., 2000; Youle and Strasser, 2008). These Bcl-2 proteins
promote permeabilization of the outer mitochondrial membrane, leading to cytochrome ¢
release, caspase activation, and cell death. Lindsten et al (Lindsten et al., 2000) generated
Bak-deficient mice and found that Bak-deficient mice are fertile and do not display any
developmental abnormalities, suggesting that the role of Bak may be redundant with that of
other proapoptotic Bcl-2 family members such as Bax in development.

ABR hearing tests were conducted in these knockout animals. Young Bak™~ mice displayed
normal hearing compared to age-matched WT mice: however, ABR hearing thresholds from
middle-aged Bak™'~ mice were found to be significantly lower than those of age-matched
WT, indicating that Bak is required for the development of AHL (Someya et al., 2009)
(Table 1). To investigate whether Bax and Bak may function in a redundant manner
(Lindsten et al., 2000), hearing levels were also measured in Bax”'~ mice. Interestingly, no
significant differences were observed in ABR thresholds between middle-aged WT and
Bax™~ mice, indicating that Bak and Bax do not function in a redundant manner in aged
cochlear cells. Consistent with those hearing test results, middle-aged Bax™~ mice displayed
only minor loss of SG neurons and hair cells in the cochlea compared to extensive cell loss
in age-matched WT mice. Cell counting also demonstrated that Bak deficiency increased SG
neuron survival as well as outer hair cell survival. Furthermore, TUNEL staining revealed
that the levels of apoptosis markers were significantly reduced in the cochlea of middle-aged
Bax!~ mice compared to age-matched WT mice.

How does Bak deficiency reduce loss of hair cells and spiral ganglion neurons and slow the
development of AHL in mice? It is well well-established that the nuclear transcription factor
p53 promotes apoptosis in response to DNA damage in neurons (Culmsee and Mattson,
2005). Previous studies have shown that, in response to cell stress, p53 rapidly translocates
to mitochondria, directly binds to Bak, and leads to cytochrome c release and eventually to
cell death (Leu et al., 2004; Mihara et al., 2003). Edwardss et al (Edwards et al., 2007) have
also reported that p53-induced apoptotic genes are induced in multiple tissues with aging.
Consistent with the role for p53 in aging, p53 is activated in primary cultured hair cells from
rats following exposure to the ototoxic drug cisplatin (Zhang et al., 2003), while deletion of
p53 protects hair cells from cisplatin-induced cell death (Cheng et al., 2005). Therefore,
cochlear cells lacking Bak may be more resistant to p53-mediated mitochondrial apoptosis
in response to oxidative DNA damage, thereby protecting cochlear cells from cell death and
slowing the development of AHL.
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BCL-2 transgenic mice

As stated above, Bcl-2 family members play a major role in regulating apoptosis (Lindsten
et al., 2000; Youle and Strasser, 2008). Of the Bcl-2 family members, the anti-apoptotic
protein Bcl-2 is localized to the outer mitochondrial membrane where it functions to block
cytochrome c release (Lindsten et al., 2000; Youle and Strasser, 2008): the presence of
cytochrome c in the cytoplasm results in the activation of caspase-9 and cell death
(11048732). Martinou et al (Martinou et al., 1994) generated transgenic mice in which
neurons overexpress human BCL-2 using the neuron-specific enolase promoter (Forss-Petter
et al., 1990). BCL-2mRNA was detected in the uterus, kidney, testis, heart, and brain of
these transgenic animals, but not in the non-neuronal tissues such as vagina and liver.
Interestingly, the weight of the brain from BCL-2Tg mice was increased by 12%, indicating
hypertrophy of the brain. Furthermore, BCL-2transgenic mice displayed a 40% increase in
facial motoneuron number compared to WT mice. Ganglion neurons were also counted in
the central retina, and the transgenic animals displayed a 50% increase in the number of
ganglion neurons

Cunningham et al (Cunningham et al., 2004) first confirmed that BCL-2 proteins were
detected in the hair cells of the utricle in the vestibular system of the inner ear from the same
transgenic mice (Table 1). Overexpression of BCL-2increased hair cell survival in the
cultured utricle organs treated with neomycin, which causes hair cell death (Cunningham et
al., 2002), although untreated WT and BCL-2 overexpressing utricle organs contained
similar numbers of hair cells. Furthermore, Bc/-2 overexpression reduced active caspase-9
positive hair cells in the utricle compared to WT cells. As stated earlier, the anti-apoptotic
protein Bcl-2 is localized to the outer mitochondrial membrane where it functions to block
mitochondrial apoptosis by inhibiting cytochrome c release (Lindsten et al., 2000; Youle and
Strasser, 2008). Therefore, cochlear cells overexpressing Bc/-2may be more resistant to
mitochondrial apoptosis, thereby protecting cochlear cells from cell death and slowing the
development of AHL.

Conclusions

Most inbred mouse strains display some degree of AHL, and the age of onset of AHL is
known to vary from 3 months in DBA/2J mice to over 20 months in CBA/CaJ mice (Zheng
etal., 1999). The background strain of the Pofg mutator, MCAT transgenic, GpxI KO, Bak
KO, and BCL-2transgenic mice is the C57BL/6J strain, which displays the classic pattern of
AHL by 12-15 months of age (Hunter and Willott, 1987; Zheng et al., 1999), a pattern
similar to that reported in humans (Gates and Mills, 2005). However, this mouse strain is
also known to carry a specific mutation in the cadherin 23 gene (Cah23'°3A), which encodes
a component of the hair cell tip link (Keithley et al., 2004; Noben-Trauth et al., 2003).
Because this mutation promotes early onset of AHL in C57BL/6J mice (Keithley et al.,
2004; Noben-Trauth et al., 2003; Zheng et al., 1999), hair cells in these mouse models
carrying the Cah23">3A mutation may be more susceptible to oxidative stress and oxidative
stress-induced apoptosis during aging, thereby limiting the general implication of the
findings from these models. However, in both C57BL/6J strain and CBA/CalJ strain, which
does not possess the Cah23'53A mutation and displays late onset of AHL by 18-20 months
of age (Ohlemiller, 2006; Zheng et al., 1999), the onset of AHL begins in the high-frequency
region and spreads toward the low frequencies with age, and the loss of hair cells and spiral
ganglion neurons begins in the base and spreads toward the apex of the cochlea with age
(Ohlemiller, 2006; Someya and Prolla, 2010; Zheng et al., 1999), which are the classic
patterns of AHL reported in humans (Gates and Mills, 2005; Zheng et al., 1999). Moreover,
oxidative damage increases with age in the cochlea of both the C57BL/6J and CBA/J strains
(Jiang et al., 2007; Someya et al., 2009; Staecker et al., 2001), which also does not carry the
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Cah23"53A mutation (Ohlemiller, 2006; Zheng et al., 1999). Therefore, we speculate that the
Cdh23"53A allele affects age of onset of AHL, but the basic mechanisms of cochlear aging
are likely to be similar in C57BL/6J, CBA/CaJ and CBA/J strains, and the presence of the
Cdh23"53A mutation in the mouse models is less likely to limit the general implication of the
findings from these models, as far as the basic roles of oxidative stress and mitochondrial
dysfunction in AHL.

Although AHL is likely a multifactorial process, there is now a growing body of evidence
implicating oxidative stress and associated mitochondrial dysfunction as key factors in the
development of AHL, and the findings from the five mouse model studies discussed above
significantly strengthen the mechanistic connections between oxidative stress, mitochondrial
dysfunction, apoptosis, loss of neurosensory cochlear cells, and hearing loss during aging.
What are the common age-related mechanisms of AHL across all the mouse models
discussed? We postulate that ROS generated inside mitochondria play a central role in AHL
in all these models (Fig. 1). Direct evidence for ROS in AHL comes from the observations
that overexpression of the antioxidant enzyme catalase in the mitochondria reduces
oxidative DNA damage and loss of sensory hair cells and spiral ganglion neurons in the
cochlea, and slows the development of AHL in mice (Someya et al., 2009), and that the
antioxidant enzyme GpxI deficiency significantly increases sensory hair cell loss and ABR
thresholds after noise exposure compared to WT (Ohlemiller et al., 2000) (Fig. 1). These
findings provide strong evidence that ROS generated inside mitochondria play a causal role
in the loss of sensory hair cells, spiral ganglion neurons, and hearing during aging. Another
evidence for ROS in AHL comes from the observation that mice engineered to carry a
mutation that disrupts the exonuclease domain of the mitochondrial Po/g show early onset of
age-related loss of sensory hair cell, spiral ganglion neuron, and hearing (Kujoth et al., 2005;
Niu et al., 2007; Someya et al., 2008). Because ROS generated inside mitochondria are
known to damage key mitochondrial components such as mtDNA (Balaban et al., 2005; Lin
and Beal, 2006; Wallace, 2005) and presbycusis patients display a higher frequency of
mtDNA mutations in the temporal bone (Fischel-Ghodsian et al., 1997), the findings from
the Polg mutator mouse study also support our hypothesis that ROS play a central role in
AHL. The Free Radical Theory Aging postulates that ROS damage key cell components
such as nuclear DNA and mtDNA (Beckman and Ames, 1998; Harman, 1956). Such
damage accumulates over time and drives the aging process. It is also well established that
oxidative DNA damage can initiate an apoptosis program and that p53 promotes Bak-
mediated mitochondrial apoptosis in response to DNA damage (Culmsee and Mattson,
2005; Erster et al., 2004; Leu et al., 2004; Mihara et al., 2003). Hence, the findings from the
Bak KO mouse model study provide a link between ROS, Bak-dependent mitochondrial
apoptosis, and age-related loss of sensory hair cells, spiral ganglion neurons, and hearing.
This idea is also supported by the observations that overexpression of the anti-apoptotic
gene Bcl-2increases hair cell survival (Cunningham et al., 2002), and that Bcl-2 functions to
block mitochondrial apoptosis by inhibiting cytochrome c release (Lindsten et al., 2000;
Youle and Strasser, 2008). In summary, the findings from those mouse models undoubtedly
strengthen the mechanistic connections between oxidative stress, mitochondrial dysfunction,
age-related hearing loss in mammals, and future studies comparing these models will
provide further insight into fundamental knowledge about the disordered process of hearing
loss during aging. Yet, many questions remain, including whether the same results as those
from the five mouse models will be observed in the CBA/CaJ mouse background, and
importantly, how applicable these findings are to human presbycusis as well as other human
age-related neurodegenerative diseases. Therefore, it is our hope that the findings from these
models will be validated in the CBA/CaJ background as well as other mammalian species,
including humans.
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Fig. 1.
A model for mitochondrial neurosensory hearing loss. In this model, ROS play a central role
in AHL.
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