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been shown (o0 induce a robust growth of neurites in cultured SGN (Staecker et al.
1995; Green et al. 2008 for reviews). Several NTFs have been shown to induce
regrowth of afferent and efferent peripheral processes into the cochlea after hair cell
loss in vivo when provided either intrascalar by mini-osmotic pumps (Altschuler
et al. 1999; Miller et al. 2007; Glueckert et al. 2008) or more recently after gene
transfer (Shibata et al. 2010).

In preclinical implant studies, treatment with these factors has been shown (o
enhance electrical responsiveness, increasing both threshold sensitivity and dynamic
range of electrical auditory brain stem responses (ABR) (Miller et al. 2002; Yamagata
et al. 2004; Maruyama et al. 2007, 2008). In these studies, it is not clear to what
extent this enhanced responsiveness reflects maintenance of SGN and to what extent
it reflects regrowth of peripheral afferent processes; it is likely that both factors con-
tribute. Electrical simulation may also induce regrowth of peripheral processes
(Altschuler et al. 1999), and NTF-induced regrowth has been shown to be further
enhanced by antioxidants (Maruyama et al. 2007, 2008). Immediately after implan-
tation, it may be appropriate to infuse NTFs to initiate a burst of neurite regrowth,
followed (or accompanied by) electrical stimulation with particular parameters for
the first weeks, followed then by different parameters of electrical stimulation for
maintenance of the connection and signal processing. Antioxidants may be used over
a period before and after implantation to enhance regrowth, as well as protect from
the trauma of implantation (Abi-Hachem et al. 2010), with little risk.

3.2 Restoration

3.2.1 Regeneration

The exciting discovery of hair cell regeneration after sensory cell death in the chick
(e.g., Corwin and Cotanche 1988§; Ryals and Rubel 1988) provided the great prom-
ise that key factors driving regeneration in birds could be introduced in mammals,
including humans. Although this task has not yet been fully accomplished, great
progress has been made. These efforts have spawned a set of strategies to identify
and analyze the inducing factors, and the first steps toward creating new hair cells in
the damaged mammalian ear have been taken. In species that naturally regenerate
sensory cells when damaged, the source appears to be the supporting cells, and the
mechanism often involves a dedifferentiation, reentry to cell cycling, and division,
with one daughter cell becoming a hair cell and the second maturing to a replace-
ment supporting cell, thus maintaining the mosaic of the sensory epithelium critical
to mechanoelectric transduction (Kwan et al. 2009; Cotanche and Kaiser 2010 for
recent reviews). If the factors that induce, modulate, and guide regeneration in the
chick can be induced in mammals, perhaps a comparable regeneration can occur.
Important guidance has also come from an increased understanding of the tran-
scription factors, their downstream pathways, and the molecular mechanisms that
control the normal development of the mammalian cochlea and guide an eventual
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hair cell versus supporting cell fate decision. Atohl is a key transcription factor in
the hair cell fate choice (Maricich et al. 2009), and forced upregulation of Atoh! by
gene transfer can induce supporting cells into a hair cell phenotype in the mature
cochlea in the profoundly deafened guinea pig with nerve fiber innervation and,
rematkably, the return of bearing (Izamikawa et al. 2005). These findings provide a
key validation of our understanding of many of the mechanisms involved in hair cell
development and repair. However, translation to human application will be techni-
cally difficult when involving gene therapy (see Sect. 3.4.1 for further discussion),
and a gene product (protein) approach affecting other key events in the differentia-
tion process is also discussed later (Sect. 3.4.2).

3.2.2 Replacement: Cellular

An alternative to gene therapy for replacement of lost sensory cells or auditory nerve
is use of exogenous cell implants. This approach has been applied to the neurodegen-
erative disorder Parkinson’s disease, with initial promising results (see Winkler et al.
2005 for a review). Although technical hurdles need to be resolved before cell ther-
apy becomes a realistic clinical tool for the treatment of Parkinson’s disease, the
promise of this strategy is clear. Importantly, the same approach could be applied to
the dysfunctional inner ear. One could implant exogenous hair cells or auditory neu-
rons or implant progenitor cells that are induced to become sensory cells or neurons.
However, because the cochlea has an extremely complex three-dimensional struc-
ture, every cellular element needs to be precisely placed and oriented to achieve
proper function. It is therefore difficult to imagine externally applied cells reaching
the appropriate location and assuming the necessary functional connections to ade-
quately replace missing hair cells and provide a functional replacement. The more
common approach to restoring sensory cells in the inner ear has, therefore, focused
on repair (as previously described) rather than replacement. Because the structural
organization of the spiral ganglion is much less restrictive, it is conceivable to imag-
ine a cell therapy approach focusing on the SGN being successful (see Li et al. 2004;
Ulfendahl et al. 2007; Altschuler et al. 2008; for reviews).

Several cell types have been tested for the purpose of implantation into the inner ear
for nerve or hair cell replacement. These range from the most immature embryonic stem
cells to well-differentiated neural tissue (Ulfendahl et al. 2007; Altschuler et al. 2008;
Edge and Chen 2008; for reviews). Stem cells are characterized by their capacity for
self-renewal and give rise to many different cell types. Embryonic stem cells have been
a major focus of research as transplantation candidates because they are both prolifera-
tive and capable of generating all tissues of the mammalian body. The cells replicate
indefinitely in vitro, which makes it possible to culture them on a large scale and could
create a nearly unlimited source of transplantable cells for auditory nerve replacement.
Adult stem cells are found also in several tissues of the adult organism, where they nor-
mally produce new differentiated cells necessary for restoring degenerated cells. _

- The challenge in the use of undifferentiated stem cells, whether embryonic or adult,
is to induce them to the appropriate phenotype. This could be done before placement in
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the target site or after placement. The cochlear fluids can provide an avenue for
infusion of agents to influence phenotype when stem cells are placed into scala tym-
pani. Embryonic stem cells naturally differentiate into neurons and glia; however, the
percentage reaching neuronal phenotype is small whend no further treatment is applied.
Gene transfer of the neuronal transcription factor Neurogenin2 (Ngn2) improved the
percentage reaching a neuronal phenotype (Hu et al. 2005b). Mouse embryonic stem
cells engineering for inducible expression of neuronal transcription factor Neurogeninl
(Ngnl) allowed for more natural transient expression. Twenty-four hours of induced
Ngnl expression was followed by infusion of GDNF and BDNF, which are the NTFs
naturally received by SGN duting development. This induced the majority of the
implanted stem cells into a glutamatergic neuronal phenotype both in vitro and in vivo
after placement into guinea pig scala tympani (Reyes et al. 2008).

An alternative to undifferentiated stem cells is to use progenitor cells; these are more
specialized cells that will develop into mature, differentiated cells of a specific type that
could reduce the risk of uncontrolled proliferation after transplantation. Such cells have
been found in both auditory and vestibular components of the developing inner ear
(Li et al. 2003a,b; Martinez-Monedero et al. 2008; Oshima et al. 2010). However, the
number of progenitor cells rapidly declines after birth and only relatively small numbers
remain in the sensory epithelivm of the mature mammalian cochlea (Lopez et al. 2004).
Interestingly, progenitor cells have been isolaied from adult human modiolus removed
during surgeries (Rask-Andersen et al. 2005); these progenitor cells formed neuro-
spheres in vitro, and could be valuable for human application. Unfortunately, as in the
animal studies, the populations of stem or progenitor cells in adult tissues are relatively
small and do not proliferate as readily as embryonic stem cells, and thus may not be able
to give rise to enough cells for cell replacement therapies.

An ideal situation would be to use tissue from the receiving subject itself,
so-called autografting. An autologous graft essentially eliminates the host reaction.
Naito et al. (2004) applied an autologous graft to the inner ear with promising
results. The recent technique for reprogramming somatic cells into induced pluripo-
tent stem (iPS) cells (Takahashi and Yamanaka 2006) is exciting. This method
would allow iPS cells, derived from. the recipient, to be transplanted back to the
same individual after necessary modifications and without the risk of rejection.
Nishimura et al. (2009) have recently applied the technique to the inner ear, although
they did not transplant the cells back to the same individual.

If the challenge of generating replacement cells with appropriate sensory hair cell
phenotype is met, there are still three remaining challenges: survival, integration into
an appropriate location/niche, and finally, forming central nervous sysiem {(CNS)
connections and achieving function. Survival of new neural connections may require
the same or similar neurotrophic or maintenance factors as required by endogenous
auditory nerve SGN (Ulfendahl 2007; Altschuler et al. 2008). Indeed, excellent
in vivo survival of mouse embryonic stem cells implanted into guinea pig cochlea
was found when exogenous NTFs were provided into scala tympani (Altschuler et al.
2008; Reyes et al. 2008). Cell survival was also greatly enhanced with a cografting
approach in which, in addition to the embryonic stem cells, embryonic neural
tissue was implanted (Hu et al. 2004b, 2005a). Because electrical activity has
been shown to enhance SGN survival after deafness in vivo (Miller et al. 2003a) or
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in vitro (Hansen et al. 2001, 2003; Green et al. 2008), it may also be that stem cells
that reach a neuronal phenotype will have improved survival if they become acti-
vated by either cochlear electrical stimulation thh a cochlear prosthesis or if they
connect to remaining THCs.

Although there is a challenge for integration into appropriate location and niche,
the scala tympani provides access (o the entire perilymphatic fluid compartment,
and implanted donor cells may be able to travel to functionally relevant locations
throughout the cochlea. Although the perilymphatic compartment is anatomically
separated from the spiral ganglion, the barriers are literally “full of holes.” Indeed,
the separating bone structures contain microscopic fenestrae, canaliculae per-
forantes (Kiigiik et al. 1991), which provide a path for the implanted cells to reach
the spiral ganglion region. An alternative, and possibly less damaging route, would
be to access the perilymphatic compartment via the lateral semicircular canal of the
vestibular part of the inner ear, as has been demonstrated by Iguchi et al. (2004).

For cells to replace or supplement SGN they must also bridge the connection
between the ganglion region and the cochlear nucleus in the brain stem. Recent
experiments have shown that embryonic stem cells or dorsal root ganglion cells
transplanted to the transected auditory nerve migrated along the nerve fibers in the
internal auditory meatus and, in some cases, even reached close to the cochlear
nucleus in the brain stem (Hu et al. 2004a). Interestingly, embryonic brain tissue
transplanted to the acutely transected ventral cochlear tract resulted not only in
regeneration but also functional recovery (Ito et al. 2001). However, there are many
chemical factors that produce a barrier between peripheral and central nervous
system and could impede the ability of central processes of replacement neurons to
make a connection in the cochlear nucleus. The central connection would also need
to connect to cochlear nucleus neurons in a tonotopic manner.

It has been hypothesized that if the SGN population were to be supplemented
with exogenous cells, the efficiency of the cochlear prosthesis would improve. Hu
et al. (2009) reported on experiments in which embryonic dorsal root ganglion cells
were implanted into the inner ears of deafened animals fitted with a scala tympani
electrode for monitoting hearing function using electrically evoked ABR. NGF was
infused to provide trophic support for the implanted cells. Indeed, extensive neurite
projections were observed to extend from the implanted cells, through the thin bony
modiolus, to the host spiral ganglion. However, no significant difference was seen
in the electrical thresholds or input/output functions. The negative results counld be
due to the low survival rate of the implanted cells, or lack of funcuonal contacts
between the implanted cells and the host nervous system.

3.3 Replacement

3.3.1 Prostheses

Although cochlear prostheses represent one of the major treatment success stories,
restoring hearing to thousands of the profoundly deaf, there are still major advances
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remaining in the future. The patient population continues to increase as benefits are
being shown from placing prostheses into patient ears with remaining hearing, and
then providing a hybrid of acoustic and electrical stimulation to those patients.
In patients with significant residual hearing, but low scores in speech discrimination
tasks, implants can be of remarkable benefit, yielding improved abilities to understand
speech (Lenarz 2009). These patients typically will demonstrate little or no hearing at
1 kHz and above; but will have significant remaining low-frequency hearing, showing
losses in the 3040 dB range below 1 kHz. To provide elecirical hearing and preserve
residual acoustic hearing, implants have been modified from long, scalar filling, and
modiolar hugging; to short, thin, free-floating, with the recent addition of amplified
acoustic stimulation of the low frequencies, in a “hybrid” device (Woodson et al. 2010
for recent review). Enhanced performance is seen in these ears with electrical stimula-
tion, presumably because of a more physiologic auditory nerve, reflecting functioning
hair cells throughout a major apical portion of the cochlea, which is further enhanced
by the acoustic stimulation, the latter contributing significantly to sound localization
and discrimination of speech in noisy backgrounds. There may also be a contribution
from electromotile responses of surviving hair cells (e.g., Grosh et al. 2004).

One major area of challenge for current cochlear prostheses is to improve speech
discrimination in noise. Many patients demonstrate remarkable speech discrimina-
tion in quiet but their scores rapidly deteriorate in noise (Munson and Nelson 2005;
for general discussion of challenges resolving speech in noise, e.g., Shrivastav and
Still, Chap. 7). Another long-standing challenge is to allow improved appreciation
of music (Gfeller et al. 2008). There is increasing bilateral implantation of prosthe-
ses, providing a potential for improved sound localization. Increasingly, the benefits
observed have offset the earlier reservations about bilateral implantation. In the
past, unilateral implants were encouraged with the hope of reserving one ear for
potential later technical improvements in the implant. However, the ease of replace-
ment surgery in the vast majority of cases where required has reduced concerns
related to bilateral implantation.

One sclution to provide beiter speech discrimination in noise and allow appre-
ciation of music and language nuances depending on tonal modulations would be an
improved channel separation, allowing an increased number of stimulation sites on
the prosthesis and dividing the signal into more channels. Directed regrowth of
peripheral processes toward stimulation sites or using stem cells to provide a closer
target for stimulation are also potential solutions. Another approach is to place pros-
theses directly in the auditory nerve (Middlebrooks and Smyder 2007), providing
more intimate contact of electrode to neural element, or to place prostheses in cen-
tral auditory system sites such as the cochlear nucleus (Colletti and Shannon 2005;
Schwartz et al. 2008) or inferior colliculus (Lim et al. 2008, 2009). Implantation
into the central auditory system further increases the implant patient candidate pool,
as it allows prostheses for those with unimplantable cochleae or lost auditory nerve
populations. The remarkable plasticity of the central auditory system (e.g.,
Kaltenbach, Chap. 8) suggests the potential for successful “remapping” of these
tonotopically organized nuclei with the advent of electrical stimulation via a central
auditory system implant.
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With electrical stimulation benefits in part dependent on hair cell survival and
acoustic hearing completely dependent on hair cell survival, primary concerns have
focused on reducing the trauma of cochlear implantation (hence smaller implants,
with much smaller fenestrae) and eliminating any negative long-term effects of the
implant or stimulation. The same strategies used for protection and repair from
NIHL and ototoxicity could also be used to reduce loss of residual hearing from
cochlear implantation trauma. This could include use of NTFs, immunosuppres-
sants, cell death pathway inhibitors (Bcl-2 genes, JNK inhibitors) (Van de ‘Water
et al. 2010), antioxidants (Abi-Hachem et al. 2010), and agents that may enhance
cochlear blood flow. Acute delivery into the cochlea at the time of surgery in forms
that allow delayed release over time may be possible, however, risk factors should
be taken into consideration (Garnham et al. 2005). The antioxidants, with and without
vasodilators, that are being evaluated in multiple human trials for prevention of
NIHL could also be considered for trials to improve postimplant hearing preservation
and have the advantage of oral delivery, low cost, and minimal or no systemic side
effects when used at recommended intake levels.

These considerations lead to a final area in the future frontiers of cochlear
prostheses: the use of drug delivery systems coupled with cochlear prostheses.
The use of drug interventions coupled with implants to preserve residual hearing is
based on the same strategies discussed to preserve and regrow the auditory nerve.
Future implant frontiers will include the integration of drug delivery with implants
with the ability to deliver locally and safely NTFs, proteins, and other agents, in some
cases with biopolymer—nanoparticle encapsulation of drugs, in systems that will
allow burst, delayed, and sustained release. In the future, biopolymer and nanopar-
ticle systems will be used to deliver genetically designed cells fixed to implants that
can release growth factors and serve as targets for nerve growth, or extend neurites
that will grow into the auditory nerve and enhance connectivity to the CNS.

3.4 Methods

34.1 Gene Therapy

Gene therapy technology has improved in recent years, making it a promising tech-
nique for treating inner ear disorders; the inner ear holds several unique advantages
as a model for gene therapy. First, the cochlea is anatomically well suited for in vivo
gene therapy both accessible and with a fluid compartment (Salt and Plontke 2009
for review). The relative isolation of the cochlear compartments minimizes unwanted
effects of the introduced gene into other tissues. The inner ear is fluid filled, allow-
ing all functionally important cells to be accessed by a transfection reagent. The
concentration and dosage of complexes introduced to the cochlea can easily be
modulated with a single injection or longer infusion via an osmotic pump. Cochlear
endolymph and perilymph volumes have been characterized in guinea pigs, rats,
mice, and also humans (e.g., Thorne et al. 1999), so adverse effects of high volume
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and pressure can be avoided. In addition, a variety of precise physiological measures,
such as otoacoustic emissions, compound action potentials, evoked potentials, and
ABR, have been developed to monitor the function of specific cells, which makes
reliable assessment of efficacy and safety of gene therapy practical. Finally, many
genes have been recently cloned in the mouse and human cochlea. More than 100
different genes have been identified that affect inner ear development or function, as
well as many loci known to be involved in deafness (see also Gong and Lomax,
Chap. 9). A transgenic technique has been demonstrated in shaker-2 mice to correct
deafness (Probst et al. 1998).

Gene therapy with NTFs has been the most frequent application of gene therapy
in inner ear animal research. For example, inoculation of an adenoviral vector
encoding human GDNF gene (Ad.GDNF) into guinea pig cochleae via the round
window membrane 4 days before injection of the ototoxic aminoglycoside antibi-
otic kanamycin (KM) and the loop diuretic ethacrynic acid (EA) provided better
hearing and less hair cell damage compared with controls (Ad.lacZ vector) (Yagi
et al. 1999). Coinoculation of two vectors, one encoding human TGF-betal gene
and the other encoding human GDNF gene, into guinea pig cochleae 4 days prior
to injection of the same ototoxic agent combination (KM and EA) provided better
hearing and less hair cell loss compared to inoculation of only Ad.GDNF
(Kawamoto et al. 2003). Endogenous antioxidant systems can be upregulated in
the same way as endogenous NTF systems, with similarly protective benefits.
Adenoviral vectors for overexpression of catalase and Mn superoxide dismutase
(SOD2) protected hair cells and hearing thresholds from a combination of KM and
EA when given 5 days before ototoxic insult. After inoculation, there was a signifi-
cant increase in catalase and a moderate elevation in SOD2 levels in tissues of the
cochlea inoculated with the respective vectors (Kawamoto et al. 2004). Gene
therapy to prevent NIHL has been more challenging, perhaps because of the more
complex mechanisms of cell death being initiated (e.g., Henderson et al. 2006; Hu,
Chap. 5, for reviews). While exogenous GDNF administered intracochlearly can
protect the inner ear from NIHL (Shoji et al. 2000a, b), Kawamoto et al. (2001)
reported no difference in the protection afforded by Ad.GDNF versus control Ad.
lacZ vectors. ‘

As described previously, Atohl overexpression after gene transfer can promote
hair cell regeneration from supporting cells after hair cell destruction (Izumikawa
et al. 2005). Other more preliminary data suggest overexpression of Atoh1 may also
promote recovery of the stereocilia of the cochlear hair cells after noise (Yang et al.,
Association for Research in Otolaryngology Meeting, 2010). The hair bundle is
susceptible to acoustic trauma and ototoxic drugs, and mammalian cochlear hair
cells lose the capability to regenerate the stereocilia spontaneously once lost. Atohl
inoculated within the first week after noise exposure, however, induced stereociliary
regeneration and the newly regenerated stereocilia were functional, as ABR and
CM measured 1 and 2 months after Atohl inoculation showed significant hearing
threshold improvement. These findings imply that Atoh1-based gene therapy has
the potential to restore hearing after noise exposure (Izumikawa et al. 2005;
Husseman and Raphael 2009).
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34.2 Protein Transduction Therapy

The objective of gene therapy is gene delivery followed by expression of gene
products that either possess a therapeutic biological activity or induce an altered cel-
lular phenotype. Gene therapy approaches to a number of genetic disorders require
long-term and appropriately regulated expression of the transgene. The short-term
requirement for the presence of the therapeutic gene product raises the possibility of
achieving the same objective by direct delivery of the gene product itself, rather than
the gene. Recent developments in protein transduction (delivery of protein into cells)
suggest this is now a realistic approach (see Tilstra et al. 2007).

Protein transduction domains (PTDs), or cell-penetrating peptides, are small
peptides that are able to carry much larger molecules such as oligonucleotides,
peptides, full-length proteins, 40 nm iron nanoparticles, bacteriophages, and even
200-nm liposomes across cellular membranes. They have proven useful in deliver-
ing biologically active cargoes in vivo and, remarkably, have the ability to transduce
nearly all tissues, including the brain, following intraperitoneal administration of
fusion proteins. At least three classes of PTDs have been described, including posi-
tively charged (ransduction domains (cationic), protein leader sequence—derived
domains (hydrophobic), and peptides identified by phage display that are able to
transduce cells in a cell-type-specific manner (tissue-specific). The positively
charged cationic PTDs are the most efficient and the best characterized. These cell
penetrating peptides (CPPs) include a TAT (transactivator of transcription) derived
from human immunodefiency virus type 1 (HIV-1) that contains numerous cationic
amino acids, where positive charges interact with the negatively charged cell mem-
brane to facilitate permeability (Patsch and Edenhofer 2007 for review).

As described previously, a significant role of Bcl-2 genes has been implicated in
NIHL as well as recovery from other auditory trauma. FNK, which has been con-
structed from Bcl-xL by site-directed mutagenesis based on the high-resolution crys-
tal structure of the rat Bel-xL, has three amino acid substitutions, Tyr-22 to Phe (F),
Gln-26 to Asn (N), and Arg-165 to Lys (K), in which three hydrogen bonds stabiliz-
ing the central a5—-a6 helices (the putative pore-forming domain) are abolished
(Asoh et al. 2002). Compared with Bcl-xL, FNK protected cultured cells more
potently from cell death induced by oxidative stress (hydrogen peroxide and para-
quat), a calcium ionophore, growth factor withdraw (serum and IL-3), anti-Fas, cell
cycle inhibitors (TN-16, camptothecin, hydroxyurea, and trichostatin A), a protein
kinase inhibitor (staurosporine, STS), and heat weatment (Asoh et al. 2000). When
FNK was fused with Tat-PTD of the HIV/Tat protein and added into culture media
of human neuroblastoma cells and rat neocortical neurons, it rapidly transduced into
cells and localized to mitochondria within 1 h and protected against staurosporine-
induced apoptosis and glutamate-induced excitotoxicity (Asoh et al. 2002). When
injected intraperitoneaily, TAT-FNK gained access into mouse brain neurons and
prevented delayed neuronal death in the gerbil hippocampus caused by transient
global ischemia (Asoh et al. 2002). Similarly, TAT-FNK was diffusely distributed in
the cochlea after an intraperitoneal administration to guinea pigs; the distribution
was most prominent in the hair cells and supporting cells, followed by the SGN and
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peaked 3 h after the injection (Kashio et al. 2007). Further, the TAT-FNK protein
intraperitoneally injected for 8 h (3 h pre-insult, 5 h post-insult) significantly attenuated
ABR threshold shifts and the extent of HC death induced by a combination of EA
and KM, and it significantly reduced the amount of cleaved poly-(ADP-ribose)
polymerase-positive HCs compared with that in the vehicle-administered controls
(Kashio et al. 2007). When TAT-FNK was topically applied on the round window
membrane of guinea pigs, this protein penetrated through the membrane, distributed
diffusely throughout the cochlea with the greatest expression 6 h after application
and continuing up to 24 h, and significantly reduced hair cell death and caspase-9
expression induced by a combination of KM and EA (Kashio et al., ARO meeting, 2010).

Recently, to increase the biological activity of transduced protein in cells, novel
carriers that transduce the target protein in its active native structural form have
been designed. For example, when a PEP-1 peptide carrier, which consists of three
domains — a hydrophobic tryptophan-rich motif, a spacer, and a hydrophilic lysine-rich
domain — was mixed with the target protein (e.g., GFP, B-gal) and then overlaid on
cultured cells, the nondenatured target protein was transduced (Morris et al. 2001).
PEP-1 peptide carriers fused with SOD1 have been shown to protect cells from
paraquat-induced oxidative stress in vitro and dopaminergic neuronal cell death
in vivo in paraquat-induced Parkinson disease mouse models (Choi et al. 2006).
Considering the rapid progress in protein transduction technology, delivery of the
therapeutic gene products (e.g., anti-apoptotic agents, antioxidants, and NTFEs) to
the inner ear for the optimal short period seems to be promising and needs to be
studied more intensively with the goal of human application.

4 Summary and Conclusions

As detailed in this chapter, and other chapters in this volume, there have been many
remarkable advances in our understanding of the mechanisms associated with NIHL
that have illuminated paths toward its prevention and treatment. More basic research
is still needed to choose the best paths and navigate their initial hurdles, to provide
guidance on which of the many approaches discussed will be the most effective, and
which combinations of therapies acting by different mechanisms can provide great-
est benefit. Clearly the “dirty work” of translational research is now demanded.
There is sufficient knowledge of mechanisms and there are interventions with suf-
ficient safety to begin studies in humans. There is a need for the difficult-to-fund
parametric dose—response measurements of efficacy and safety, in animals and then
in people; and a need to move to clinical trials. The field is much further along in
some paths than others. Cochlear prostheses are, of course, already a success story,
with wide application and they continue to be refined and improved. Antioxidant
clinical trials are already testing for protection from noise or ofotoxins. Other
approaches such as stem cell therapy or induced hair cell regeneration have shown
great promise on the benchtop but have yet to move from it. The fact that such a
large number of approaches are being considered for prevention and treatment
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provides both a large opportunity and challenge for the future. They must all be
tested, compared, and contrasted under the different conditions of noise and the dif-
ferent resulting pathologies. All the tools and knowledge are available to begin and
complete that task. The promise is great; once the initial translational efforts bear
fruit, there will be safe and effective measures that reduce the prevalence of deaf-
ness and tinnitus resulting from noise and other stressors. In addition, with the dem-
ongstration that NIHL can be medically treated, a paradigm change in perspective
will lead to prevention and treatment of many other causes of hearing impairment.

Acknowledgments The authors’ research was supported by NIH/NIDCD grants U01 DC008423,
RO1 BC003820, R01 DCO04058 and P30 DCO05188 and The Ruth and Lynn Townsend Professorship
for Communication Disorders, and MECSST grants (11557125, 17659527, 20390440). We also
acknowledge the editorial contributions to the paper made by Diane Prieskorn and Susan DeRemer.
We also thaok the editors for their helpful comments and changes.

References

Abi-Hachem, R. N, Zine, A., & Van De Water, T. R. (2010). The injured cochlea as a targel for
inflammaltory processes, initiation of cell death pathways and application of related otoprotec-
tives strategies. Recent Patents on CNS Drug Delivery, 5(2), 147-163.

Ahn, I. H., Kang, H. H, Kim, Y. I., & Chung, J. W. (2005). Anti-apoptotic role of retinoic acid in
the inner ear of noise-exposed mice. Biochemical and Biophvsical Research Communications,
335(2), 485-490.

Alischuler, R. A, Cho, Y., Ylikoski, I, Pirvola, U., Magal, E., & Miller, J. M. (1999). Rescue and
regrowth of sensory nerves following deafferentation by neurotrophic factors. Annals of the
New York Academy of Sciences, 884, 305-311.

Alischuler, R. A., O’Shea, K. S., & Miller, J. M. (2008). Stem cell transplantation for auditory
nerve replacement. Hearing Research, 242(1--2), 110-116.

Asoh, S., Ohtsu, T., & Ohta, S. (2000). The super anti-apoptotic factor Bcl-xFNK constructed by
disturbing intramolecular polar i m(eracuons in rat Bel-xL. The Journal of Biological Chemistry,
275(47), 37240-37245.

Asoh, S., Ohsawa, L., Mori, T., Katsura, K., Hiraide, T., Katayama, Y., & Ohta, S. (2002). Protection
against ischemic brain injury by protein therapeutics. Proceedings of the National Academy of
Sciences of the USA, 99(26), 17107-17112.

Bohne, B. A., & Harding, G. W. (1992). Neural regeneration in the noise-damaged chinchilla
cochlea. The Laryngoscope, 102(6), 693-703.

Bohne, B. A., Harding, G. W., Nordmann, A. S., Tseng, C. J,, Liang, G. E., & Bahadori, R. S.
(1999). Survival-fixation of the cochlea: A technique for following time-dependent degenera-
tion and repair in noise-exposed chinchillas. Hearing Research, 134(1-2), 163-178.

Branis, M., & Burda, H. (1988). Effect of ascorbic acid on the numerical hair cell loss in noise
exposed guinea pigs. Hearing Research, 33(2), 137-140.

Campbell, K. C., Meech, R. P, Klemens, J. J., Gerberi, M. T., Dyrstad, S. S., Larsen D.L,&
Hughes, L. F. (2007). Prevention of noise — and drug-induced hearing loss with D-methionine.
Hearing Research, 226(1-2), 92-103. ’

Cassandro, E., Sequine, L., Mondola, P., Attanasio, G., Barbara, M., & Filipo, R. (2003). Effect of
superoxide dismutase and allopurinol on impulse noise-exposed guinea pigs — electrophysiological
and biochemical study. Acra Oro-Laryngologica, 123(7), 802-807.

Cevette, M. J., Vormann, J., & Franz, K. (2003). Magnesium and hearing. Journal of the American
Acadenty of Audiology, 14(4), 202-212.



360 T. Yamasoba et al.

Choi, H.S., An, 1. 1, Kim, S. Y, Lee, S. H., Kim, D. W, Yoo, X. Y., & Choi, S. Y. (2006). PEP-1-SOD
fusion protein efficiently protects against paraquat-induced dopaminergic neuron damage in a
Parkinson disease mouse model. Free Radical Biology & Medicine, 41(7), 1058-1068.

Circy, M. L., & Aw, T. Y. (2010). Reactive oxygen species, cellular redox systems, and apoptosis.
Free Radic Biology & Medicine, 43(6), 749-762.

Colletti, V., & Shannon, R. V. (2005). Open set speech perception with auditory brainstem implant?

 The Laryngoscope, 115(11), 1974-1978.

Corwin, J. T., & Cotanche, D. A. (1988). Regeneration of sensory hair cells after acoustic trauma.
Science, 240(4860), 1772-1774.

Cotanche, D. A., & Kaiser, C. L. (2010). Hair cell fate decisions in cochlear development and
regeneration. Hearing Research, 266(1-2), 18-25.

Dazert, S., Kim, D, Luo, L., Aletsee, C., Garfunkel, S., Maciag, T & Ryan, A. F. (1998). Focal
delivery of fibroblast growth factor-1 by transfected cells induces spiral ganglion neurite target-

‘ing in vitro. Journal of Cellular Physiology, 177(1), 123-129.

Derekoy, E. S., Koken, T., Yilmaz, D., Kahraman, A., & Alwntas, A. (2004). Effects of ascorbic
acid on oxidative system and transient evoked otoacoustic emissions in rabbits exposed to
noise. The Laryngoscope, 114(10), 1775-1779.

Duan, M, Qiu, J,, Laurell, G., Olofsson, A., Counter, S. A., & Borg, E. (2004). Dose and time-
dependent protection of the antioxidant N-U-acetylcysteine against impulse noise trauma.
Hearing Research, 192(1-2), 1-9.

Edge, A. S., & Chen, Z. Y. (2008). Hair cell regeneration. Current Opinion in Neurobiology, 18(4),
377-382.

Erofors, P., Duan, M. L., ElShamy, W. M., & Canlon, B. (1996). Protection of auditory neurons
from aminoglycoside toxicity by neurotrophin-3. Nature Medicine, 2(4), 463-467.

Fairfield, D. A,, Lomax, M. L, Dootz, G. A,, Chen, S., Galecki, A. T, Benjamin, I. J., & Alischuler, R. A.
(2005). Heat shock factor 1-deficient mice exhibit decreased recovery of hearing following
noise overstimulation. Journal of Neuroscience Research, 81(4), 589-596.

Fetoni, A. R., Mancuso, C., Eramo, S. L., Ralli, M., Piacentini, R., Barone, E., & Troiani, D.
(2010). In vivo protective effect of ferulic acid against noise-induced hearing loss in the guinea-
pig. Neuroscience, 169(4), 1575-1588. 4

Fritzsch, B., Silos-Santiago, I. I, Bianchi, L. M., & Farinas, L. 1. (1997). Effects of neurotrophin
and neurotrophin receptor disruption on the afferent inner ear innervation. Seminars in Cell &
Developmental Biology, 8(3), 277-284.

Fukuda, K., Asoh, S., Ishikawa, M., Yamamoto, Y., Ohsawa, 1., & Ohta, S. (2007). Inhalation of
hydiogen gas suppresses hepatic injury caused by ischemia/reperfusion through reducing oxi~
dative stress. Biochemical & Biophysical Research Communications, 361(3), 670-674.

Garnham, C., Reetz, G., Jolly, C., Miller, ., Salt, A., & Beal, F. (2005). Drug delivery to the
cochlea after implantation: Consideration of the risk factors. Cochlear Implants International,
6 (Supplement 1), 12—-14.

Gfeller, K., Oleson, J., Knutson, J. F,, Breheny. P., Driscoll, V., & Olszewski, C. (2008). Multivariate
predictors of music perception and appraisal by adult cochlear implant users. Journal of the
American Academy of Audiologv, 19(2), 120-134.

Gillespie, T.. N, Clark, G. M., & Marzella, P. 1.. (2004). Delayed neurotrophin treatment supports
auditory neuron survival in deaf guinea pigs. NeuroReport, 15(7), 1121-1125.

Glueckert, R., Bitsche, M., Miller, I. M., 7hw, Y., Prieskorm, D. M., Altschuler, R. A., & Schrott-Fischer, A.
(2008). Deafferentation-associated changes in afferent and efferent processes in the guinea pig
cochlea and afferent regeneration with chronic intrascalar brain-detived neurotcophic factor and
acidic fibroblast growth factor. The Journal of Comparative Neurology, 507(4), 1602~1621.

Gooch, 1. L., Gorin, Y., Zhang, B. X., & Abboud, H. E. (2004). Involvement of calcincurin in
transforming growth factor-beta-mediated regulation of cxtracellular matrix accumulation. The
Journal of Biological Chemistry, 279(15), 15561-15570.

Green, S. He, Altschuler, R. A, & Miller, J. M. (2008). Cell death and cochlear protection. In J.
Schacht, A. N.Popper & R. R. Fay (13ds.), Auditory Trauma, Protection and Repair (pp. 275-319).
New York: Springer.



14 Frontiers in the Treatment of Hearing Loss 361

Grosh, K., Zheng, I, Zou, Y., de Boer, E., & Nuttall, A. L. (2004). High-frequency electromotile
responses in the cochlea. The Journal of the Acoustical Society of America, 115(5 Pt 1),
2178-2184.

Gunther, T., Ising, H., & Joachims, Z. (1989). Biochemical mechanisms affecting susceptibility to
noise-induced hearing loss. The American Journal of Otology, 10(1), 3641.

Halliwell, B., & Guuteridge, J. M. (1986). Oxygen free radicals and iron in relation to biology and
medicine: Some problems and concepis. Archives of Biochemistry & Biophysics, 246(2),
501-514. '

Halliwell, B., & Gutteridge, J. M. C. (2007). Free radicals in biology and medicine (4th ed.). New
York: Oxford University Press.

Hansen, M. R, Zha, X. M., Bok, I., & Green, S. H. (2001). Multiple distinct signal pathways,
including an antocrine neurotrophic mechanism, contribute to the survival-promoting effect of
depolarization on spiral ganglion neurons in vitro. The Journal of Neuroscience, 21(7),
2256-2267.

Hansen, M. R., Bok, J., Devaiah, A. K., Zha, X. M., & Green, S. H. (2003). Ca**/calmodulin-
dependent protein kinases II and IV both promote survival but differ in their effects on axon
growth in spiral ganglion neurons. Journal of Neuroscience Research, 72(2), 169-184.

Hayashida, K., Sano, M., Ohsawa, 1., Shinmura, K., Tamaki, K., Kimura, K., & Fukuda, K. (2008).
Inhalation of hydrogen gas reduces infarct size in the rat model of myocardial ischemia-
reperfusion injucy. Biochemical and Biophysical Research Communicaiions, 373(1), 30-35.

Henderson, D., Bielefeld, E. C., Hards, K. C., & Hu, B. H. (2006). The role of oxidative stress in
noise-induced hearing loss. Ear & Hearing, 27(1), 1-19. '

Hirose, Y., Sugahara, K., Mikuriya, T., Hashimoto, M., Shimogori, H., & Yamashita, H. (2008).
Effect of water-soluble coenzyme Q10 on noise-induced hearing loss in guinea pigs. Acta Oto-
Laryngologica, 128(10), 1071-1076.

Hossain, W. A., & Morest, D. K. (2000). Fibroblast growth factors (FGF-1, FGF-2) promote
migration and neurite growth of mouse cochlear ganglion cells in vitro: Immunohistochemistry
and antibody perturbation. Journal of Neuroscience Research, 62(1), 40-55.

Hou, F,, Wang, S., Zhai, S., Hu, Y., Yang, W., & He, L. (2003). Effects of alpha-tocopherol on
noise-induced hearing loss in guinea pigs. Hearing Research, 179(1-2), 1-8.

Hu, B. H.,, Zheng, X. Y., McFadden, S. L., Kopke, R. D., & Henderson, D. (1997).
R-phenylisopropyladenosine attenuates noise-induced hearing loss in the chinchilla. Hearing
Research, 113(1-2), 198-206.

Hu, Z., Ulfendahl, M., & Qlivius, N. P. (2004a). Central migration of neuronal tissue and embry-
onic stem cells following transplantation along the adult auditory nerve. Brain Research,
1026(1), 68-73.

Hu, Z., Ulfendahl, M., & Olivius, N. P. (2004b). Survival of neuronal tissuc following xenograft
implantation into the adult rat inner ear. Experimental Neurology, 185(1), 7-14.

Hu, 7., Andang, M., Ni, D., & Ulfendahl, M. (2005a). Neural cograft stimulates the survival and
differentiation of embryonic stem cells in the adult mammalian auditory system. Brain
Research, 1051(1-2), 137-144. ‘

Hu, 7., Wei, D., Johansson, C. B., Holmstrom, N., Duan, M., Frisen, I., & Ulfendahl, M. (2005b).
Survival and neural differentiation of adult neural stem cells transplanted into the mature inner
car. Experimental Cell Research, 302(1), 40-47.

Hu, Z., Ulfendahl, M., Pricskormn, D. M., Olivius, I, & Miller, 1. M. (2009). Functional cvaluation
of a ccl replaccment therapy in the inner car. Ofology & Neurotology, 30(4), 551-558.

Huang, C., Li, 1., Costa, M., Zhang, Z., Leonard, S. S., Castranova, V., & Shi, X. (2001). Hydrogen
peroxide mediates activation of muclear factor of activated T cclls (NFAT) by nickel subsulfide.
Cancer Research, 61(22), 8051-8057.

Husseman, I, & Raphael, Y. (2009). Gene therapy in the inner ear using adenovirus vectors.
Advances in Oto-Rhino-Laryngology, 66, 37-51.

Iguchi, F,, Nakagawa, T, Tateya, I, Endo, T, Kim, T. S, Dong, Y., & Tto, J. (2004). Surgicat
techniques for cell wransplantation into the mouse cochlea. Acta Oto-Laryngologica, (551,
Supplement), 43—47.



362 "F. Yamasoba et al.

Incesulu, A., & Nadol, J. B., Jr. (1998). Correlation of acoustic threshold measures and spiral
ganglion cell survival in severe to profound sensorineural hearing loss: Implications for cochlear
implantation. The Annals of Otology, Rhinology, & Laryngology, 107(11 Pt 1), 906-911.

To, I., Murata, M., & Kawaguchi, S. (2001). Regeneration and recovery of the hearing function of
the central auditory pathway by transplants of embryonic brain tissue in adult rats. Experimental
Neurology, 169(1), 30-35.

Izumikawa, M., Minoda, R., Kawamoto, K., Abrashkin, K. A., Swiderski, D. L., Dolan, D.F,, & .
Raphael, Y. (2005). Auditory hair cell replacement and hearing improvement by Atohl gene
therapy in deaf mammals. Nature Medicine, 11(3), 271-276.

Kajiyama, S., Hasegawa, G., Asano, M., Hosoda, H., Fukui, M., Nakamura, N., & Yoshikawa, T.
(2008). Supplementation of hydrogen-rich water improves lipid and glucose metabolism in
patients with type 2 diabetes or impaired glucose tolerance. Nutrition Research, 28(3), 137-143.

Kanzaki, S., Stover, T., Kawamoto, K., Preskom, D. M., Altschuler, R. A., Miller, . M., &
Raphael, Y. (2002). Glial cell line-derived neurotrophic factor and chronic electrical stimula-
tion prevent VIII cranial nerve degeneration following denervation. The Journal of Comparative
Neurology, 454(3), 350-360.

Kashio, A., Sakamoto, T., Suzukawa, K., Asoh, S., Ohta, S., & Yamasoba, T. (2007). A protein derived
from the fusion of TAT peptide and FNK, a Bcl-x(L) derivative, prevents cochlear hair cell death
from aminoglycoside ototoxicity in vivo. Journal of Neuroscience Research, 85(7), 14031412,

Kawamoto, K., Kanzaki, S., Yagi, M., Stover, T., Prieskomn, D. M., Dolan, D. E,, & Raphael, Y.
(2001). Gene-based therapy for inner ear disease, Noise Health, 3(11), 37-47.

+ Kawamoto, K., Yagi, M., Stover, T., Kanzaki, S., & Raphael, Y. (2003). Hearing and hair cells are
protected by adenoviral gene therapy with TGF-betal and GDNE. Molecular Therapy, T(4),
484-492.

Kawamoto, K., Sha, S. H.,, Minoda, R., Izumikawa, M., Kuriyama, H., Schacht, 1., & Raphael, Y.
(2004). Antioxidant gene therapy can protect hearing and hair cells from ototoxicity. Molecular
Therapy, 9(2), 173-181.

Kikkawa, Y. S., Nakagawa, T., Horie, R. T., & Tio, 1. (2009). Hydrogen protects auditory hair cells
from free radicals. NeuroReport, 20(7). 689—694.

Kirkland, R. A., & Franklin, J. T.. (2003). Bax, rcactive oxygcn, and cytochrome ¢ rclease in neu-
ronal apoptosis. Antioxidants & Redox Signaling, 5(5), 589-596.

Kopke, R. D., Wcisskopf, > A., Boong, I. L., Jackson, R. L., Wester, D. C., Hoffer, M. B, &
McBride, D. (2000). Reduction of noisc-induced hearing loss using L-NAC and salicylate in
the chinchilla. Hearing Research, 149(1-2), 138-146.

Kopke, R. D., Coleman, J. K., Liu, J., Campbell, K. C., & Riflenburgh, R. H. (2002). Candidate’s
thesis: Enhancing intrinsic cochléar stress defenses to reduce noise-induced hearing loss. The
Laryngoscope, 112(9), 1515-1532.

Kiiciik, B., Abe, K., Ushiki, T., Inuyama, Y., Fukuda, S., & Ishikawa, K. (1991). Microstructures
of the bony modiolus in the human cochlea: A scanning electron microscopic study. Journal of
Electron Microscopy (Tokyo), 40(3), 193-197.

Kujawa, S. G., & Liberman, M. C. (2009). Adding insult to injury: Cochlear nerve degeneration
after “temporary” noise-induced hearing loss. The Journal of Neuroscience, 29(45),
14077-14085.

Kwan, T., White, P. M., & Segil, N. (2009). Development and regeneration of the inner ear. Annals
of the New York Academy of Sciences, 1170, 28-33.

Lamm, K., & Amold, W. (2000). The effect of blood flow promoting drugs on cochlear blood flow,
perilymphatic pO, and auditory function in the normal and noise-damaged hypoxic and isch-
emic guinea pig inner ear. Hearing Research, 141(1-2), 199-219.

Lawner, B. E., Harding, G. W., & Bohne, B. A, (1997). Time course of nerve-fiber regeneration in
the noise-damaged mammalian cochlea. International Journal of Developmental Neuroscience,
15(4-5), 601-617.

Le Prell, C. G,, Yagi, M., Kawamoto, K., Beyer, L. A,, Atkin, G., Raphael, Y., & Moody, D. B.
(2004). Chronic excitotoxicity in the guinea pig cochlea induces temporary functional deficits
without disrupting otoacoustic emissions. The Journal of the Acoustical Society of America,
116(2), 1044-1056.



14 Frontiers in the Treatment of Hearing Loss 363

Le Prell, C. G., Hughes, L. F,, & Miller, J. M. (2007a). Free radical scavengers vitamins A, C, and
E plus magnesium reduce noise wauma. Free Radical Biology & Medicine, 42(9),
1454-1463.

Le Prell, C. G., Yamashita, D., Minami, S. B., Yamasoba, T., & Miller, J. M. (2007b). Mechanisms
of noise-induced hearing loss indicate multiple methods of prevention. Hearing Research,
226(1-2), 22-43.

Lenarz, T. (2009). Electro-acoustic stimulation of the cochlea. Editorial. Audiology & Neuro-
otology, 14 (Supplement 1), 1. '

Levine, M., Conry-Cantilena, C., Wang, Y., Welch, R. W., Washko, P. W,, Dhariwal, K. R., &
Cantilena, L. R. (1996). Vitamin C pharmacokinetics in healthy volunteers: Evidence for a
recommended dietary allowance. Proceedings of the National Academy of Sciences of the USA,
93(8), 3704-3709.

Li, H., Liu, H., & Heller, S. (2003a). Pluripotent stem cells from the adult mouse inner ear, Nature
Medicine, 9(10), 1293-1299.

Li, H., Roblin, G., Liu, H., & Heller, S. (2003b). Generation of hair cells by stepwise differentia-
tion of embryonic stem cells. Proceedings of the National Academy of Sciences of the USA,
100(23), 13495-13500.

Li, H., Corrales, C. E., Edge, A., & Heller, S. (2004). Stem cells as therapy for hearing loss. Trends
in Molecular Medicine, 10(7), 309-315.

Lim, H. H,, Lenarz, T, Anderson, D. J.,, & Lenarz, M. (2008). The auditory midbrain implant:
Effects of electrode location. Hearing Research, 242(1-2), 74-85.

Lim, H. H., Lenarz, M., & Lenarz, T. (2009). Auditory midbrain implant: A review. Trends in
Amplification, 13(3), 149-180. ‘

Lopez, I. A, Zhao, P. M., Yamaguchi, M., de Vellis, J., & Espinosa-Jeffrey, A. (2004). Stem/pro-
genitor cells in the postnatal inner ear of the GFP-nestin transgenic mouse. Infernational
Journal of Developmental Neuroscience, 22(4), 205~213.

Tynch, E, D., & Kil, I. (2005). Compounds for the prevention and treatment of noise-induced hear-
ing loss. Drug Discovery Today, 10(19), 1291-1298.

Maticich, S. M., Xia, A., Mathes, E.T.., Wang, V. Y,, Oghalai, J. S., Fritzsch, B., & Zoghbi, H. Y. (2009).
Atohl-lincal ncurons arc required for hearing and for the survival of neurons in the spiral ganglion
and brainstem accessory auditory nuclei. The Journal of Newroscience, 29(36), 11123-11133.

Martincz-Moncdero, R., Yi, E., Oshima, K., Glowatzki, E., & Bdge, A. S. (2008). Diffcrentiation of
inncr car stem cells to functional sensory neurons. Developmental Neurobiology, 68(5), 669-684.

Maruyama, J., Yamagata, T., Ulfendahl, M., Bredberg, G., Altschuler, R. A., & Miller, J. M.
(2007). Effects of antioxidants on auditory nerve [unciion and survival in dealencd guinea pigs.
Neurobiology of Disease, 25(2), 309-318.

Maruyama, J., Miller, J. M., & Ulfendahl, M. (2008). Glial cell line-derived neurotrophic (actor
and antioxidanis preserve the electrical responsiveness of the spiral ganglion neurons afler
experimentally induced dealness. Neurobiology of Disease, 29(1), 14-21.

Mattson, M. P. (1998). Neuroprotective strategies based on targeting ol postreceptor signaling
events. In M. P. Mattson (Ed.), Neuroprotective signal transduction (pp. 301-335). Totowa, NJ:
Humana Press.

McFadden, S. L., Ding, D., iang, H., & Salvi, R. 1. (2004). Time course of efferent fiber and spiral
ganglion cell degeneration following complete hair cell loss in the chinchilla. Brain Research,
997(1), 40-51. .

McFadden, S. L., Woo, J. M, Michalak, N, & Ding, D. (2005). Dietary vitamin C supplementation
reduces noise-induced hearing loss in guinea pigs. Hearing Research, 202(1-2), 200-208.

Middlebrooks, I. C., & Snyder, R. L. (2007). Auditory prosthesis with a penetrating nerve atray.
Jounal of the Association for Research in Otolaryngology, 8(2), 258-279.

Miller, I. M., Chi, D. H,, O’Keeffe, L. I., Kruszka, P, Raphael, Y., & Altschuler, R. A. (1997).
Neurotrophins can enhance spiral ganglion cell survival after inner hair cell loss. International
Journal of Developmental Neuroscience, 15(4-5), 631-643.

Miller, J. M., Miller, A, L., Yamagata, T., Bredberg, G., & Altschuler, R. A. (2002). Protection and
regrowth of the auditory nerve after deafness: Neurotrophins, antioxidants and depolarization
are effective in vivo. Audiology & Neuro-otology, 7(3), 175-179.



364 T. Yamasoba et al.

Miller, A. L., Prieskorn, D. M., Altschuler, R. A., & Miller, J. M. (2003a). Mechanism of electrical
stimulation-induced neuroprotection: Effects of verapamil on protection of primary auditory
afferents. Brain Research, 966(2), 218-230.

Miller, J. M., Brown, I. N., & Schache, I. (2003b). 8~iso-prostaglandin F,a, a product of noise
exposure, reduces inner ear blood flow. Audiology & Neuro-otology, 8(4), 207-221.

Miller, J., Yamashita, D., Minami, S., Yamasoba, T., & Le Prell, C. (2006). Mechanisms and pre-
vention of noise-induced hearing lass. Otology Japan, 16(2), 139-153.

Miller, J. M., Le Prell, C. G., Preskorn, D. M., Wys, N. L., & Altschuler, R. A. (2007). Delayed
neurotrophin reatment following deafness rescues spiral ganglion cells from death and pro-
motes regrowth of auditory nerve peripheral processes: Effects of brain-derived neurotrophic
factor and fibroblast growth factor. Journal of Neuroscience Research, 85(9), 1959-1969.

Minami, S. B., Yamashita, D., Ogawa, K., Schacht, J., & Miller, J. M. (2007). Creatine and tempol
attenuate noise-induced hearing loss. Brain Research, 1148, 8389,

Mortis, M. C,, Depollier, 1., Mery, J., Heitz, F,, & Divita, G. (2001). A peptide carrier for the delivery
of biologically active proteins into mammalian cells. Nature Biotechnology, 19(12), 1173-1176.

Munson, B., & Nelson, P. B. (2005). Phonetic identification in quiet and in noise by listeners with
cochlear implants. The Journal of the Acoustical Society of America, 118(4), 2607-2617.

Nadol, I. B., Ir,, Young, Y. S., & Glynn, R. J. (1989). Survival of spiral ganglion cells in profound
sensorineural hearing loss: Implications for cochlear implantation. The Annals of Otology,
Rhinology & Laryngology, 98(6), 411416,

Nagata, K., Nakashima-Kamimura, N., Mikami, T., Ohsawa, L., & Ohta, S. (2009). Consumption ef
molecular hydrogen prevents the stress-induced impairments in hippocampus-dependent learning
tasks during chronic physical restraint in mice. Newropsychopharmacology, 34(2), 501-508.

Naito, Y., Nakamnura, T., Nakagawa, T., Iguchi, F, Endo, T, Fujino, K., & Ito, . (2004). Transplantation
of bone matrow stromal cells into the cochlea of chinchillas. NeuroReport, 15(1), 1-4.

Neef, D. W., Turski, M. L., & Thiele, D. J. (2010). Modulation of heat shock transcription factor 1
as a therapeutic target for small molecule intervention in neurodegenerative disease. PLoS
Biology, 8(1), e1000291.

Nishimura, K., Nakagawa, T., Ono, K., Ogita, H., Sakamoto, T., Yamamoto, N., & Ito, I, (2009).
Transplantation of mouse induced plunpotcm stem cells into the cochlea. NeuroReport, 20(14),
1250-1254.

Ohinata, Y., Yamasoba, T., Schacht, J., & Miller, J. M. (2000). Glutathione limits noise-induced
hcaring loss. Hearing Research, 146(1-2), 28-34.

Ohinata, Y., Millcr, J. M., & Schacht, I. (2003). Protcction from noisc-induced lipid peroxidation
and hair ccll loss in the cochlca. Brain Research, 966(2), 265-273.

Ohlemiller, K. K., Wright, I. S., & Dugan, L. L. (1999). Barly clcvation of cochlcar reactive
oxygen specics following noisc cxposurc. Audiology & Neuro-otology, 4(5), 229-236.

Ohsawa, I, Ishikawa, M., Takahashi, K., Watanabe, M., Nishimaki, K., Yamagata, K., & Ohta, S.
(2007). Hydrogen acts as a therapeutic antioxidant by selectively reducing cytoloxic oxygen
radicals. Nature Medicine, 13(6), 688-694.

Oliva, E. N., Ronco, E, Marino, A., Alati, C., Pratico, G., & Nobile, F. (2010). Iron chelation
therapy associated with improvement ol hematopoiesis in (ransfusion-dependent patients.
Transfusion, 50(7), 1568—-1570.

Oshima, K., Shin, K., Diensthuber, M., Peng, A. W, Ricci, A. I, & Heller, S. (2010). Mechanosensitive
hair cell-like cells from embryonic and induced pluripotent stem cells. Cell, 141(4), 704~716.
Patsch, C., & Edenhofer, F. (2007). Conditional mutagenesis by cell-permeable proteins: Potential,

limitations and prospects. Handbook of Experimental. Pharmacology, (178), 203-232.

Pirvola, U., Hallbook, F., Xing-Qun, L., Virkkala, ]., Saarma, M., & Ylikoski, J. (1997). Expression
of neurotrophins and Trk receptors in the developing, adult, and regenerating avian cochlea.
Joumal of Neurobiology, 33(7), 1019-1033.

Pourbakht, A., & Yamasoba, T. (2003). Ebselen attenuates cochlear damage caused by acoustic
trauma. Hearing Research, 181(1-2), 100-108.

Probst, F. 1, Fridell, R. A., Raphael, Y., Saunders, T. L., Wang, A., Liang, Y., & Camper, S. A.
(1998). Correction of deafness in shaker-2 mice by an unconventional myosin in a BAC
transgene. Sciernce, 280(5368), 14441447,



14 Frontiers in the Treatment of Hearing Loss : 365

Puel, 1. L., Pyjol, R., Ladrech, S., & Eybalin, M. (1991). Alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid electrophysiological and neurotoxic effects in the guinea-pig
cochlea. Neuroscience, 45(1), 63-72.

Puel, J. L., Saffiedine, S., Gervais d’Aldin, C., Eybalin, M., & Pujol, R. (1995). Synaptic regenera-
tion and functional recovery after excitotoxic injury in the guinea pig cochlea. Comptes Rendus
de I’ Acadéniie des Sciences Série ITT, 318(1), 67-75.

Puel, J. L., Ruel, I, Gervais d’Aldin, C., & Pujol, R. (1998). Excitotoxicity and repair of cochlear
synapses after noise-trauma induced hearing loss. NeuroReport, 9(9), 2109-2114.

Pujol, R., & Puel, J. L. (1999). Excitotoxicity, synaptic repair, and functional recovery in the mam-
malian cochlea: A review of recent findings. Annals of the New York Academy of Sciences, 884,
249-254.

Quirk, W. S., & Seidman, M. D. (1995). Cochlear vascular changes in response to loud noise. The
American Journal of Otology, 16(3), 322-325.

Quirk, W. S., Avinash, G., Nuttall, A. L., & Miller, J. M. (1992). The influence of loud sound on
red blood cell velocity and blood vessel diameter in the cochlea. Hearing Research, 63(1-2),
102-107.

Quirk, W. S., Shivapuja, B. G., Schwimmer, C. L., & Seidman, M. D. (1994). Lipid peroxidation inhibi-
tor attenuates noise-induced temporary threshold shifts. Hearing Research, 74(1-2), 217-220.

Rask-Andersen, H., Bostrom, M., Gerdin, B., Kinnefors, A., Nyberg, G., Engstrand, T., &
Lindholm, D. (2005). Regeneration of human auditory nerve. In vitro/in video demonstration
of neural progenitor cells in adult human and guinea pig spiral ganglion. Hearing Research,
203(1-2), 180-191.

Reyes, 1. H,, O’Shea, K. S., Wys, N. L., Velkey, J. M., Prieskorn, D. M., Wesolowski, K., &
Altschuler, R. A. (2008). Glutamatergic neuronal differentiation of mouse embryonic stem
cells after transient expression of neurogenin 1 and treatment with BDNF and GDNF: In vitro
and in vivo studies. The Journal of Neuroscience, 28(48), 12622-12631.

Rivera, A., & Maxwell, S. A. (2005). The p53-induced gene-6 (proline oxidase) mediates apopto-
sis through a calcineurin-dependent pathway, The Journal of Biological Chemistry, 280(32),
29346-29354. )

Roberts, R. A, Smith, R. A, Safc, S., Szabo, C., Tjalkcns, R. B., & Robertson, F. M. (2010).
Toxicological and pathophysiological rolcs of reactive oxygen and nitrogen specics. Toxicology,
276(2), 85-94.

Ryals, B. M., & Rubcl, E. W. (1988). Hair ccll rcgencration after acoustic trauma in adult Coturnix
quail. Science, 240(4860), 1774-1776.

Sal, A.N., & Plontke, 8. K. (2009). Principles of local drug delivery to the inner car. Audiology &
Neuro-otology, 14(6), 350-360. .

Sato, Y., Kajiyvama, S., Amano, A., Kondo, Y., Sasaki, T., Handa, S., & Ishigami, A. (2008). Hydrogen-
rich pure water prevents superoxide {ormation in brain slices of vitamin C-depleted SMP30/GNL
knockout mice. Biochemical & Biophysical Research Communications, 375(3), 346-350.

Scheibe, E, Haupt, H., & Ising, H. (2000). Preventive eftect of magnesium supplement on noise-induced
hearing loss in the guinea pig. European Archives of Oto-rhino-laryngology, 257(1), 10-16.

Scheper, V, Paasche, G., Miller, J. M., Wamecke, A, Berkingali, N, Lenarz, T, & Stover, T.
(2009). Effects of delayed treatment with combined GDNF and continuous electrical stimula-
tion on spiral ganglion cell survival in deafened guinea pigs. The Journal of Neuroscience
Research, 87(6), 1389-1399.

Schwartz, M. S., Otto, S. R,, Shannon, R. V., Hitselberger, W. E., & Brackmann, D. E. (2008).
Auditory brainstem implants. Neurotherapeutics, 5(1), 128-136.

Seidman, M. D., Shivapuja, B. G., & Quirk, W: S. (1993). The protective effects of allopurinol and
superoxide dismutase on noise-induced cochlear damage. Otolaryngology and Head and Neck
Surgery, 109(6), 1052-1056.

Seidman, M., Babu, S., Tang, W., Naem, E., & Quirk, W. 8. (2003). Effects of resveratrol on acoustic
trauma. Otalaryngology and Head and Neck Surgery, 129(5), 463-470.

Shah, S. B., Gladstone, H. B., Williams, H., Hradek, G. T., & Schindler, R. A. (1995). An extended
study: Protective effects of nerve growth factor in neomycin-induced anditory neural degenera-
tion. The American Journal of Otology, 16(3), 310-314.



366 T. Yamasoba et al.

Shibata, S. B., Cortez, S. R., Beyer, L. A, Wiler, J. A,, Di Polo, A, Pfingst, B. E., & Raphael, Y.
(2010). Transgenic BDNF induces nerve fiber regrowth into the auditory epithelium in deaf
cochleae. Experimental Neurology, 223(2), 464-472.

Shim, H. J., Kang, H. H,, Ahn, J. H, & Chung, J. W. (2009). Retinoic acid applied after noise
exposure can recover the noise-induced hearing loss in mice. Acta Oto-Laryngologica, 129(3),
233-238.

Shoji, E, Miller, A. L., Mitchell, A., Yamasoba, T., Alischuler, R. A., & Miller, . M. (2000a).
Differential protective effects of neurotrophins in the attenuarion of noise-induced hair cell
loss. Hearing Research, 146(1-2), 134-142.

Shoji, F., Yamasoba, T., Magal, E., Dolan, D. F,, Alischuler, R. A., & Miller, J. M. (2000b). Glial
cell line-derived neurotrophic factor has a dose dependent influence on noise-induced hearing
loss in the guinea pig cochlea, Hearing Research, 142(1-2), 41-55.

Spoendlin, H. (1984). Factors inducing retrograde degeneration of the cochlear nerve. The Annals
of Otology, Riinology & Laryngology, 112(Supplement), 76-82.

Spoendlin, H., & Schrott, A. (1990). Quantitative evaluation of the human cochlear nerve. Acia
Oto-Laryngologica, 470(Supplementum), 61-69; discussion 69~70.

Staecker, H., Liu, W., Hartick, C., Lefebvre, P., Malgrange, B., Moonen, G., & Van de Water, T. R.
(1995). NT-3 combined with CNTF promotes survival of neurons in modiolus-spiral ganglion
explants. NeuroReport, 6(11), 1533—-1537.

Staecker, H., Kopke, R., Malgrange, B., Lefebvre, P., & Van de Water, T. R. (1996). NT-3 and/or
BDNF therapy prevents loss of auditory neurons following loss of hair cells. NewroReport,
7(4), 889-894.

Sugahara, K., Shimogori, H., & Yamashita, H. (2001). The role of acidic fibroblast growth factor
in recovery of acoustic trauma. NeuroReport, 12(15), 3299-3302.

Takahashi, K., & Yamanaka, S. (2006). Induction of plutipotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors, Cell, 126(4), 663-676.

Thome, M., Salt, A. N, DeMott, I. ., Henson, M. M., Henson, 0. W,, Ir,, & Gewalt, S.1.. (1999).
Cochlear fluid space dimensions for six species derived from reconstructions of three-
dimensional magnetic resonance images. The Laryngoscope, 109(10), 1661-1668. '

Tilstra, T., Rchman, K. K., Hennon, T., Plevy, S. B, Clemens, I, & Robbins, . D. (2007). Protcin
transduction: Tdentification, characterization and optimization. Biochemical Society Transactions,
35(Pt4), 811-815.

Ulfendahl, M. (2007). Tissuc transplantation into the inner car. In A. Martini, D. Stephens, & AP
Read (Bds.), Genes, Hearing and Deafiiess. London: Martin Dunitz & Parthcnon.

Ulfcndahl, M., Hu, Z., Olivius, I, Duan, M., & Wei, D. (2007). A cell therapy approach to substi-
tute neural elements in the inner ear. Physiology & Behavior, 92(1-2), 75-79.

Van de Water, T. R,, Dinh, C. T, Vivero, R., Hoosien, G., Eshraghi, A. A, & Balkany, T. J. (2010).
Mechanisms of hearing loss from trauma and inflammation: Otoprotective therapies {rom the
laboratory to the clinic. Acta Oto-Laryngologica, 130(3),

Webster, M., & Webster, D. B. (1981). Spiral ganglion neuron loss following organ of Corti Toss:
A quantitative study. Brain Research, 212(1), 17-30.

Winkler, C., Kirik, D., & Bjorklund, A. (2005). Cell transplantation in Parkinson’s disease: How
can we make it work? Trends in Neurosciences, 28(2), 86-92.

Woodson, E. A., Reiss, L. A, Tumer, C. W,, Gfeller, K., & Gantz, B. 1. (2010). The hybrid cochlear
implant: A review. Advances in Oto-Rhino-Laiyngology, 67, 125-134.

Yagi, M., Magal, E,, Sheng, Z., Ang, K. A, & Raphael, Y. (1999). Hair cell protection from amino-
glycoside ototoxicity by adenovirus-mediated overexpression of glial cell line-derived neu-
rotrophic factor. Human Gene Therapy, 10(5), 813—-823.

Yamagata, T., Miller, J. M., Ulfendahl, M., Olivius, N. P, Altschuler, R. A., Pyykko, L., & Bredberg, G.
(2004). Delayed neurotrophic treatment preserves merve survival and electrophysiological
responsiveness in neomycin-deafened guinea pigs. The Journal of Neuroscience Research,
78(1), 75-86.

Yamashita, D., Jiang, H. Y., Schacht, I., & Miller, J. M. (2004). Delayed production of free radicals
following noise exposure. Brain Research, 1019(1-2), 201-209.



14 Frontiers in the Treatment of Hearing Loss 367

Yamashita, D., Jiang, H. Y., Le Prell, C. G., Schacht, J., & Miller, J. M. (2005). Post-exposure
treatment attenuates noise-induced hearing loss. Neuroscience, 134(2), 633642,

Yamasoba, T., Nuuall, A. L., Harris, C., Raphael, Y., & Miller, J. M. (1998). Role of glutathione in
protection against noise-induced hearing loss. Brain Research, 784(1-2), 82-90.

Yamasoba, T., Schacht, I., Shoji, F., & Miller, J. M. (1999). Attenuation of cochlear damage from
noise trauma by an iron chelator, a free radical scavenger and glial cell line-derived neu-
rotrophic factor in vivo. Brain Research, 815(2), 317-325.

Yamasoba, T., Altschuler, R. A., Raphael, Y., Miller, A. L., Shoji, F,, & Miller, J. M. (2001). Absence
of hair cell protection by exogenous FGF-1 and FGF-2 delivered to guinea pig cochlea in vivo.
In D. Henderson, D. Prasher, R. Kopke, & R. Salvi (Eds.), Noise Induced Hearing Loss: Basic
mechanisms, prevention and control (pp. 73—86). London: Noise in Network Publications.

Yamasoba, T., Pourbakht, A., Sakamoto, T., & Suzuki, M. (2005). Ebselen prevents noise-induced
excitotoxicity and temporary threshold shift. Neurosci Letters, 380(3), 234-238.

Yeum, K. J., Beretta, G., Krinsky, N. L, Russell, R. M., & Aldini, G. (2009). Synergistic interactions
of antioxidant nutrients in a biological model system. Nutrition, 25(7-8), §39-846.

Yiikoski, J., Pirvola, U., Moshnyakov, M., Palgi, J., Arumae, U., & Saarma, M. (1993). Expression
patterns of neurotrophin and their receptor mRNAs in the rat inner ear. Hearing Research,
65(1-2), 69-78.

Ylikoski, J., Pirvola, U., Virkkala, J., Suvanto, P, Liang, X. Q., Magal, E., & Saarma, M. (1998).
Guinea pig auditory neurons are protected by glial cell line-derived growth factor from
degeneration after noise trawma. Hearing Research, 124(1-2), 17-26.

Yoshida, N., Kristiansen, A., & Liberman, M. C. (1999). Heat stress and protection from perma-
nent acoustic injury in mice. The Journal of Neuroscience, 19(22), 10116-10124.

Zhai, S. Q., Wang, D. I, Wang, J. L,, Han, D. Y., & Yang, W. Y. (2004). Basic fibroblast growth
factor protects auditory neurons and hair cells from glutamate neurotoxicity and noise expo-
sure. Acta Oto-Laryngologica, 124(2), 124-129,



HWEIEHNH > TH < NEREGNS

Headline

7. %Hﬁlﬂ@ﬁ‘f*’ﬁﬁwb\@“ﬂb\[;fi‘"“?&*71

, BRE R Ra@ﬁﬁﬁib‘ﬁ%&ﬁ?f& i

3

EWDD, [EEEMIEIEE, FEDR ﬁﬂ%u&b%ﬁ&ﬁ%i‘“ BREETD.

2. HEREEYTRERECKRDBHMOIAT, EeOEEREIC

BhEcEEOREL

BEUNCUT—2 a VEHRETHTICENERLLY

3. ATWEGHIESEI BN TEVEL S HEEERER - SENRE UKIBAG IO
THD. EREOWEOREGEAZNAEL, HBOUNLUF—Y 30 SHBERHE

[FNETHB.
PIEIRN 2 0dslefs 20 5 WPAR L o 2 B IR I O

WL R &0 L, E
SN & 7 o 22 dRTESE
FEBEENS B wH ORI,

b o) EL AR L o IS DT
J'ﬁ’f (>0 PR

H })I{J}LH @»
[l ] &
FOIFhER

[ARASIORA
A C LIRS

\,\/\: }J‘\

g 8 LB RELAIAT - (UHTIREH 2w T e
W% B 5

PR §
(R G ol :L L) “"‘,
,mwaxnmw>ax%<“oc@g
B IR R I A S s 0 B R
f i [""P)f.,"‘:-‘-nff%lf“f'dﬂf"!'ﬂjMf&%}?*:}'. Ll
ML, htr'hli)“lu A ZE L, MO
EONTHEIERE LY, h«wfﬁfﬁ@
@ﬁ<&@.@2;wﬁ At OREH I
DEWHR LTS PERST . TLTy
Ny MTHRLTOWAOIEER O ’13‘>(1f*(* zia &
AR &) b P i
WhHDD b, & ! ) uf I
Hz ~ 20 kHz TdH 5 7,

0370-999X/ 1241007 B SCOPY

IR TR 125 He ~8kHz # R LT B,

MEl o, FNEROE O SRR A D
AL ARG ERE, FOESIZEIhES

AVIMBB L HENH S,

B3 (MR & A o & 2 R o
A A= AL L TCRY, (EHMIEE £ FC
W TCEANE &I 2 HIREIEW s,
Ak & P AGOBIFIC & Y B OIS
Wk A U LR OB A1 A 8
W TR (EATE IR 570, Hidhs
DBIIRAEVY TR 5 & & W &
Td. FPFOT — 2y FHTIIIREET
B am L LT & & ENBVO LR
Tdh 4. ;

Phbod & i ke, RREAE EQALT
JEDIFHIZ L B %ﬂ' SRR T B !
Fanhr—a ;f;;“g“ b
/ TG OIERE T B AT 4
BESLITH Y, o LmeMJI
IPHEERE DL N T 2 LB H B .

(&

OO RN

HiEEs (hearing aid; HA) (&3 M’IJJ ’*‘1?"'1*{:’:‘&

BT EAR vol.100-n0.2 2012 (121}



284

B AREN D TH L AERIIERER

A 20 125 250 802 1000 2000 4000 8000
=10 S
0 B e
D T
20 .
e
s P41 6 B S ;\\&/ O '}M}“m
1 o D e O
W80
WBy 70 ‘ : H
50 .
90 -
100
iio ; i
120 :
130

500 1.000 2000 4.000 8000

R
1 S EEN (A) SECEEE
[ BoEBWEHEEHBE, OULREEHIBEERY

135 260

25 250

6}
Fisl
83
20
106
Pigr
120
120

B 125 250 50 1,000 2000 4000 8,000
) ; ; -20
10 : =10
0 e 0
o : 10
a0 : : ; a0
30 2 a0
1:( QLY fre A def L i ; 40
u 50 S el 50
w80 50
W) 70 : ; : 70
a0 - ; ¢ ¢ 30
2le] : : : 90
150 : 100
1o B 110
180 : i = 120
120 : 130

126 285 500 1000 2000 4500 er‘un

Milsiz]

g (B) OFRIE (WIFENBEED)

500

1000 2000 4000 8000

BOEs

e (BBAILAID < dB)

[ S—

=0

g e
<

T

B2 O Gt & WEIAE - B

(95 A2

kb,
7,18~W#%
FEREE g L F-—Tdh B,

%Bk74
LY, EORERIGF—T

[ 7 VP o

2)

>

M TR E

TREMHE LG WT 9 80 L 0T - 1258,

(900 AEEH DR HA OB, BLZE,

BT LA vol.100-n0.2 2012 (122)

S

HOmE

S Hz)

N oS-

SV RY, L7z,
HAETCEF Y7 VHAD MBS L Y,
Fent 2 Vo= & F TR
B g & Aoz,
1R A HAO)H R i N By
M ST M2 5 B ML R 2 IE2S I »

fifles & /NI -

PAS
LR




