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Regeneration of Auditor'y Hair
Cells: A Potential Treatment for
Hearing Loss on the Horizon

Regeneration of cochlear hair cells is being investigated as a potential
therapy for hearing impairments.

Introduction
The process of hearing involves a complex chain of events, and each one is impor-
tant to ensure the proper detection and processing of sounds. In the first step, sound
waves traveling through the environment enter the ear canal and’ ‘'vibrate the ear-
drum. This energy is transmitted through the three bones of the middle ear to the
inner ear. Within the inner ear, the energy derived from the sound waves is trans-
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Figure 1. Schematic diagrams principal structures of the inner

ear tissues (A), a slice through one turn of the cochlea (B) and the

organ

of Corti (C). Note that in the organ'of Corti a single inner

hair cell and three outer hair cells are shown along with the sup-

porting cells. This pattern is repeated about 3,000 times along the

spiraled cochlea in humans.

mitted to the basilar
membrane of the co-
chlea, on which lies
the sensory organ for
hearing, the organ of
Corti (Figures 1 and
24A).

The organ of Corti
is composed of sen-
sory hair cells as well
as a group of special-
ized cell types, col-
lectively called sup-
porting cells, and the
peripheral processes
of auditory neurons.
Hair cells are sensory
receptors. Respond-
ing to the mechani-
cal signals derived
from sound waves,
hair cells transduce
this energy into elec-
trical signals that are
transmitted via the
auditory nerve to the
brain. In the normal
human ear, there are

about 3,000 inner hair cells and 12,000 outer hair cells (Bredberg, 1967). Inner
hair cells (Figure 2B) are the true sensory receptors. On stimulation, the inner hair
cells activate auditory nerve fibers that in turn activate auditory brainstem nuclei.
The major function of the outer hair cells (Figure 2C) is to modulate the func-
tion of the organ of Corti by enhancing signal processing of low-ntensity auditory
signals. These two types of hair cells work together such that the auditory nerve

©2016 Acoustical Society of America. All rights reserved.



Figure 2. A: Mammalian co-
chlea with hair cells (green),
nerves (red) and spiral ganglion
neurons (yellow/orange). B: In-
ner hair cells and stereocilia
(green), with nuclei (blue) and
nerve fibers of meurons that
transmit information to the
brain (red; McLean et al., 2009).
C: Top of the three rows of outer
hair cells (green dots at top) and
the tubular single row of inner
hair cells innervated by neural
process (red/orange).

transmits highly selective in-
formation about the frequen-
cy, timing, and intensity of
sounds to the brain. Support-
ing cells are nonsensory cells
that neighbor and isolate hair
cells from one another. These
nonsensory cells work with
the surrounding structures
to provide physical and mo-
lecular support to this elabo-
rate sensory epithelium.

Hearing loss can result from
a failure of acoustic signals
to reach the inner ear (con-
hearing loss) or
from damage to any part of
the inner ear or the central
auditory pathways in the
brain (sensorineural hear-
ing loss[SNHL]). Conductive hearing loss is usually treated
by medical or surgical means. The most common form of
SNHL results from damage or dysfunction of hair cells in
the organ of Corti. When hair cells in the mammalian co-
chlea die, they do not regenerate; this form of SNHL is per-
manent (Figure 3). If hearing loss is moderate, patients can
be fit with hearing aids, which amplify sounds to enhance
hearing. If it is severe, patients can receive cochlear implants
to bypass the injured hair cells and directly stimulate the
auditory nerve. Neither form of treatment restores normal
hearing or addresses the cause of hearing loss, the missing
hair cells.

ductive

Around 30 years ago, the discovery that hair cells regenerate
in birds raised the possibility that we could someday find

Healthy cochlea

Cochlea with hair cell.damage

- Neurons

Figure 3. Left: Surface view of a healthy cochlea with hair cells
(green), neural processes (red), and nuclei (blue).Right:A damaged
cochlea that no longer contains hair cells but has preserved neural
processes and nuclei. White arrows: Organ of Corti boundaries.

away to replace hair cells in mammals, including humans.
Since that time, many advances in our understanding of hair
cell regeneration in birds, fishes, and mammals have been
achieved. This article reviews the current state of research in
the field of hair cell regeneration. Due to space limitations,
we have removed all but the most essential citations. For fur- -
ther details and relevant citations, we encourage readers to
examine the many review papers related to this field (e.g.,
Warchol, 2611; Groves et al., 2013; Rubel et al., 2013).

Cellular Processes of Hair Cell Damage
and Regeneration

The sensory epithelium of the cochlea is a cytoarchitectural-
ly elegant and delicate structure (Figure 1). The hair cells are
commonly damaged by a variety of environmental events,
some of which are known, including acoustic overstimula-
tion from loud or prolonged noise or concussive stimuli.
Several different types of medications kill hair cells when

“administered at high doses or for prolonged periods. These

include, but are not limited to, aminoglycoside antibiotics
such as gentamicin and heavy metal anticancer drugs such
as cisplatin. Hair cells also die as we age; in most cases, this is
due to unknown causes. Finally, genetic mutations exist that
cause hair cells to die during embryonic development or at
later stages of life.

Until 1985, it was believed that regeneration of inner ear
hair cells was not possible in vertebrates. While studying
processes of hair cell damage in the chicken auditory epi-
thelium, however, investigators noted a reappearance of hair
cells in the area of damage. The immature morphology of
these cells appeared similar to that of embryonic hair cells in
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Figure 4. The undamaged auditory epithelium of the bird contains hair cells (HC; red)
interdigitated with supporting cells (SC; white). On damage, hair cells are removed from
the epithelium and supporting cells are triggered to regenerate hair cells. Nonmitotic re-
generation allows a supporting cell to change its shape and genetic profile to that of a hair
cell. Mitotic regeneration requires a supporting cell to divide and differentiate into two

daughter cells, a hair cell and a supporting cell.
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day is to determine why hair cells are not
readily regenerated in mammals. Regen-
eration could fail in the adult cochlea be-
cause the hearing organ loses the popula-
tion of progenitor cells capable of forming
new hair cells during development. Alterna-
tively; cells with the potential to replace hair
cellsmay exist in the cochlea but are unable
to respond to damage due to active inhibi-

the cochlea of chickens (Cotanche, 1987; Cruz et al., 1987).
During this same period, it was also discovered that regener-
ation of hair cells occurs readily in the vestibular portions of
the avian inner ear (Jorgensen and Mathiesen, 1988). Soon,
researchers learned that the hair cells of the inner ear and
lateral line system of fish, frogs, and salamanders also read-
ily regenerate after damage, which led to the conclusion that
regeneration occurs in hair cell epithelia of all vertebrates
except mammals. Further analysis revealed that the support-
ing cells that normally surround the hair cells are the source
of these newly differentiating hair cells. Supporting cells may
either mitotically divide to achieve hair cell differentiation
or phenotypically convert to a hair cell in a process called di-
rect transdifferentiation (Figure 4) (Corwin and Cotanche,
1988; Ryals and Rubel, 1988; Roberson et al., 1996). With
these two methods of replacing hair cells, nonmammalian
vertebrates provide valuable models to study these processes
and their ability to restore hearing after sustained SNHL.

In mammals, the situation is quite different. When hair cells
die in the mature mammalian organ of Corti, supporting
cells fill in the gaps where hair cells were located to form
permanent scars, and no new hair cells are formed. More-
over, supporting cells neither divide nor convert into hair
cells after hair cell damage (e.g., Roberson and Rubel, 1994;
Chardin and Romand, 1995).

In contrast to the organ of Corti, adult mammals can sponta-
neously replace a small number of hair cells in the vestibular
organs of the inner ear. New hair cells are largely formed by
nonmitotic regeneration (Forge et al., 1998; Kawamoto et al.,
2009; Golub et al., 2012). There appears to be a small degree
of supporting cell division triggered in response to hair cell
loss (Li and Forge, 1997; Kuntz and Qesterle, 1998), but no
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tion or lack of stimulatory signals.

Stimulating Native Progenitors to Form
New Hair Cells in the Adult Cochlea
Researchers have examined whether the cells capable of
forming new hair cells still exist in the cochlea of mature
mammals. Many tissues in our body undergo continual
renewal. One common feature of these tissues is that they
contain stem cells that divide and form new specialized cells
throughout life. Several lines of evidence show that the co-
chlea and vestibular organs possess stemlike progenitors to
hair cells during early development but lose them as the or-
gans mature (Oshima et al,, 2007). Consistent with this, new
hair cells can be formed by supporting cells from the organ
of Corti of neonatal mammals (White et al., 2006; Cox et al.,
2014), but not in adult mammals (e.g., Roberson and Rubel,
1994; Forge et al., 1998).

Investigators are using three general strategies to identify
ways to trick supporting cells in the mature mammalian in-
ner ear to regenerate hair cells. First, we are finding clues in
cochlear development. Hair cells in the organ of Corti form
during the embryonic period through a complex series of
cellular steps controlled by a cascade of molecular interac-
tions. Some researchers have postulated that, before any cell
in the mature cochlea can form a new hair cell, it will need
to relive these same stages of development.

Second, we look to other regenerative tissues. Many tissues
in the body are continuously replaced under normal condi-
tions and/or after damage, including cells in the skin, intes-
tine, and some regions of the brain. We reason that many
of the molecular cascades leading to regeneration in these
other tissues could be co-opted to trigger regeneration in the
cochlea.



Third, using the new tools of molecular genetics, we can
directly query the molecular cascades that are activated in

the sensory epithelia of nonmammalian vertebrates that do‘

regenerate hair cells, such as birds and fishes. In the section
below, we describe several genes and signaling pathways
that met one or more of these criteria and were evaluated
for their capacity to stimulate hair cell regeneration in mam-
mals. These analyses revealed signaling molecules that are
important for facilitating regeneration.

Forced Atohl Expression: Pushing Mature Supporting
Cells to Transdifferentiate Into Hair Cells

A proneural transcription factor named atonal homolog 1
(Atohl) is a potential therapeutic agent for promoting hair
cell regeneration. Atohl helps to direct the generation of
hair cell-specific proteins that give the hair cell its morpho-
logical and physiological identity (Cai et al., 2015). When
the gene encoding Atohl is deleted, hair cells in the organ of
Corti do not form (Bermingham et al., 1999). Thus, Atohl is
a very powerful activator of hair cell features and could trig-
ger cells to transdifferentiate into hair cells.

In tissues that regenerate hair cells, Atohl expression is
activated in supporting cells shortly after hair cell damage
(Cafaro et al., 2007; Wang et al., 2010; Lin et al., 2011). In
cultured auditory organs from chickens, forced expression
of Atohl influences supporting cells to form new hair cells
by promoting division and direct transdifferentiation (Lewis
et al,, 2012). In rodents, forced expression of Atohl by viral
injection into the organ of Corti or nearby regions of de-
veloping mice forces more cells to differentiate as hair cells
(Zheng and Gao, 2000; Gubbels et al., 2008). These findings
suggested Atohl misexpression might be sufficient to trig-
ger supporting cells to transdifferentiate into hair cells af-
ter damage in the cochlea of adult mammals. Indeed, some
studies suggest that Atohl may drive production of new
hair cells in auditory (Izumikawa et al., 2005) and vestibular
(Schlecker et al., 2011) organs, which might result in small
improvements in hearing and balance function.

However, recent studies are less encouraging. Misexpres-
sion of Atohl in pillar and Deiters’ cells, two supporting cell
subtypes (Figure 1), in the mature mouse cochlea stimulates
early stages of transdifferentiation into hair cells, but this
process is not completed and many “forced” cells die (Liu
et al.,, 2012). Indeed, Atkinson et al. (2015) noted no sig-
nificant improvement in hearing after virally induced Atohl
misexpression in the organs of Corti of guinea pigs. Hence,
an important current challenge is to determine what factors
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Figure 5. Expression patterns of the Notch receptor and Atohl tran-
scription factor in supporting cells (yellow) and hair cells (blue) un-
der normal, damaged, and regenerating conditions. In supporting
cells in undamaged epithelia, there is high Notch receptor activity and
the Notch intracellular domain (Notch ICD) travels to the nucleus,
inhibiting Atohl expression. In supporting cells after hair cell dam-
age, Notch receptor activity is reduced, Notch ICD remains at the
membrane, and Atohl levels increase, driving the supporting cell to
transdifferentiate into a hair cell. Once the new hair cell matures,
Notch activity is increased again and Atohl transcription is reduced
to normal levels.

limit the ability of Atoh to drive hair cell regeneration in the

-mature cochlea. Currently, a human clinical trial testing the

ability of viral infection of Atohl to improve hearing is un-
derway. Results are not available at this time.

Suppression of Notch Signaling: Can This Enhance
Proregenerative Effects of Atohl1?

As discussed above, it is evident that, although Atohl mis-
expression reliably promotes supporting cells and other cells
around the organ of Corti to become hair cells in neonatal

* mammals, unidentified factors appear to hinder the effects

of Atohl in the mature organ of Corti. One likely suspect is the
factor is signaling through the Notch receptor (Lewis, 1998).

Notch is a receptor on the surface of cells that is activated
by molecules on adjacent cells (Figure 5). Notch has many
functions in a variety of cells, but its most pertinent role
with respect to hair cell regeneration is the inhibition of
hair cell formation. During development, Notch ligands

‘are expressed in young hair cells and influence surround-

ing supporting cells to maintain their identity rather than
differentiate into hair cells (reviewed in Kelley, 2006). Notch
signaling executes this function, at least in part, by block-
ing Atoh1 synthesis (Lanford et al., 2000). In the developing
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cochlea, inhibition of Notch signaling results in a significant
increase in the number of hair cells (e.g., Hayashi et al., 2008;
Doetzlhofer et al., 2009). Similar effects of Notch inhibition
have been documented during hair cell regeneration in fish-
es (Ma et al., 2008), birds (Daudet et al., 2009), and mouse
vestibular organs (Lin et al., 2011). One study suggests that
infusion of Notch inhibitors into live mice can promote sup-
porting cells to convert into hair cells in the organ of Corti
of adult mice after hair cell damage (Mizutari et al., 2013).

However, another study clearly describes a precipitous loss -

of efficacy of Notch inhibitors to stimulate hair cell regen-
eration (Maass et al., 2015). Hopefully, these apparently con-
flicting interpretations of Notch inhibition will be resolved
in future studies.

Lifting the Blockade on Supporting Cell Division

in Native Progenitors

As discussed above, supporting cells in the mature organ of
Corti are strongly inhibited from dividing even after hair
cells have been killed. Although Atohl misexpression and/
or Notch inhibition appears to encourage supporting cells to
form hair cell-like cells in mature animals, neither treatment
has a significant effect on supporting cell division. Therefore,
as a therapy alone, either manipulation would likely deplete
supporting cells, which would almost certainly reduce the
function of the organ of Corti. Investigators are attempt-
ing to determine how to promote supporting cells to divide
mitotically and either replace themselves or form new hair
cells. At this point, there are no known manipulations that
have these effects in the mature organ of Corti. However, we
know some ways in which supporting cell division can be
promoted in the young cochlea.

For cochlear supporting cells to divide, they must exit their
normal state of mitotic inactivity and enter the cell cycle.
p275#! is a molecule that blocks progenitor cells (or sup-
porting cells) in the organ of Corti of mice from dividing
during embryonic and postnatal development. Embryonic
deletion of the gene encoding p27%®! causes an excess of
cells to be formed in the organ of Corti, including hair cells
(Chen and Segil, 1999; Lowenheim et al., 1999). In-mature
mice, blocking the synthesis of p27*¥! causes a small but sig-
nificant increase in cell division in some types of supporting
cells in the organ of Corti (Oesterle et al., 2011). Inhibition
of p27¥¥! and similar molecules is under investigation as a
way to promote mammalian hair cell regeneration. It is par-
ticularly important at this stage that investigators determine
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if p275%#! deletion in adult rodents leads to the production of
functional, stable hair cells.

Activity of p27¥¢! and other regulators of cell division is
controlled by extracellular signaling molecules. One set of
molecules that drives cell division in many tissues is Wnts,
which binds receptors on the surface of cells and activates
a transcriptional coactivator called f3-catenin (reviewed in
Jansson et al., 2015). Wnt/83-catenin signaling is required for

_progenitor cell division during cochlear development; when

inhibited, significantly fewer hair cells form (Shi et al., 2014).
Forced overexpression 6f Wnt promotes supporting cells in
the organ of Corti to divide in very young mice but not in
mature mice (Chai et al., 2012; Shi et al., 2013). Therefore,
activation of Wnt alone cannot overcome other inhibitory
signals present in the mature mammalian organ of Corti. In
contrast, pharmacological activation of Wnt promotes hair
cell regeneration in lateral line functional neuromasts of lar-
val zebrafish (Head et al., 2013; Jacques et al., 2014).

Epidermal growth factor (EGF) is another molecule that
drives supporting cell division in the supporting cells in the
organ of Corti of neonatal mice as well as in supporting cells
in the regenerating auditory epithelium of mature chickens
(White et al., 2012). Treatment of cultured organs of Corti
with EGF in newborn rats increases the formation of super-
numerary hair cells (Lefebvre et al., 2000). Once again, this
effect rapidly declines with age (Hume et al., 2003).

Could Transient or Combinatorial Treatments

Improve Hair Cell Regeneration?

As discussed above, we now know several powerful genes or
signaling pathways that, when manipulated in very young
rodents, cause supporting cells to divide and form new hair
cells. But these same manipulations have very little effect or
even deleterious effects in mature rodents. These findings
tell us that promotion of hair cell regeneration in mature hu-
mans will be more challenging than originally thought. One
strategy that scientists are testing is whether transient acti-
vation or suppression of gene activity has a better outcome
than sustained alterations. During development, signals
turn on and off in cells, whereas many of the manipulations
discussed above are permanent and therefore unnatural.
Modern techniques for transient gene silencing, such as
siRNA, might enhance the effects of treatment by better
recapitulating nature. Another hypothesis being tested is
whether combinatorial manipulations of genes and path-
ways can more effectively promote regeneration than single



manipulations. This has proven to be fruitful in the cochlea
of neonatal rodents in experiments that activate Atohl and
inhibit Notch simultaneously (Zhao et al., 2011) or activate
Atoh1 and Wnt simultaneously (Kuo et al., 2015). These dual
approaches acknowledge the complexity of growth regula-
tion in mature tissues as well as the critical interactions that
occur between pathways. '

Transplantation of Cells to
Replace Hair Cells _
In the prior section, we discussed strategies for promoting
native cells in the damaged organ of Corti to divide or di-
rectly transdifferentiate to replace lost hair cells. It is pos-
sible, however, that a responsive population may not persist
in the adult cochlea. On the other hand, we may fail to find
appropriate treatments to stimulate resident cells to regener-
“ate hair cells. In either case, it will be necessary to adopt an
alternative approach and to transplant cells to the inner ear
that can replace hair cells. The obvious choice is to transplant
stem cells, which have the potential to divide and differenti-
ate into a range of mature cell types. Stem cells can be grown
in a dish and guided toward a desired cell fate (in this case,
hair cell) by certain chemical agents or culture conditions.
Stem cells hold great promise for treating several types of
pathology, including heart disease, blindness, and leukemia.

Some of the first studies to test the usefulness of differ-
ent types of stem cells to replace damaged hair cells were
performed with pluripotent stem cells or neural stem cells
derived from mouse embryos. Li et al: (2003) conditioned
mouse embryonic stem cells with various compounds in cul-
ture to drive them to differentiate hair cell-like features. On
transplantation into the embryonic chicken ear, conditioned
cells incorporated into hair cell epithelia and acquired hair
cell-like properties. Fujino et al. (2004) found that neural

stem cells introduced into cultured inner ear organs from °

rats integrated into the sensory epithelia of vestibular organs
but not the cochlea. Subsequently, Oshima et al. (2010) iden-
tified treatments that drive induced pluripotent stem cells
(derived from fibroblasts) to differentiate advanced features
of hair cells in culture, including hair bundles and mecha-
notransduction currents. More recently, stem cells from hu-
man embryos were found to be capable of forming hair cell-
like cells in culture (Ronaghi et al., 2014). ‘

The true test of the therapeutic usefulness of a stem cell is
whether it can become integrated into the organ of Corti,

become innervated by the auditory nerve, differentiate ma-

ture features, and survive. Introduction of stem cells into the
organ of Corti is a challenge because the organ is surround-
ed by a fluid-filled cavity that is embedded within the tem-
poral bone and is easily disrupted by surgical intervention.
It would seem very difficult to place transplanted cells into
the organ of Corti given the tiny nature and delicacy of the
tissue and the fact that fluid barriers would need to be dis-
rupted. Nonetheless, several approaches for cell delivery are
under investigation. Scientists have introduced embryonic
stem cells into the fluids of the organ of Corti (scala media)
and into the perilymphatic spaces surrounding the scala me-
dia (Coleman et al., 2006; Hildebrand et al., 2005). Although
some stem cells seem to persist in these spaces and integrate
into some tissues around them, there is little evidence that
stem cells integrate into the organ of Corti. However, Parker
et al. (2007) reported that neural stem cells injected into the
noise-damaged cochlea became incorporated into the sen-
sory epithelium. Clearly, more studies are needed to identify
ways to coax stem cells to integrate into damaged hair cell
epithelia, acquire mature features, and restore function.

Clinical Considerations

Although progress toward hair cell regeneration has been
significant given the limited time elapsed since its discov-
ery, several challenges remain to determine how effective
hair cell replacement could be for improving hearing in hu-
mans. For instance, we do not know how many hair cells of
each type must be regenerated to adequately restore hearing
in impaired individuals. Although we know that inner hair
cells are critical, we can only guess how well they will restore
hearing in the absence of outer hair cells. Many forms of
hearing loss are caused by selective destruction of outer hair
cells; regeneration of outer hair cells alone could be helpful
in such patients. Furthermore, we lack the capability to ac-
curately test which type of cells need repair in patients. This
assessment requires development of more cell-specific and
noninvasive diagnostic procedures. In addition, high-reso-
lution imaging of the inner ear, enabling quantitative assess-
ment of each cell type, would be very helpful and is currently
under investigation. Although there are challenges to restor-
ing hair cells after damage in mammals, many hurdles have
already been conquered, with promising research on the ho-
rizon to introduce a potential treatment for hearing loss.

Acknowledgments
The authors extend their gratitude to Glen MacDonald and
Linda Howarth, who provided images for this article.

Summer 2016 | Acoustics Today | 45



Regeneration of Auditory Hair Celis

Biosketches

References

Rebecca M. Lewis studied speech and
hearing sciences during her undergraduate
training at the University of Washington,
Seattle. She is currently enrolled in the dual
AuD/PhD program at the University of
Washington in speech and hearing sciences
and is being mentored by Jennifer Stone in
otolaryngology. She is enrolled in her clinical externship at
the Veterans Affairs Puget Sound Health Care System and
completed her AuD/PhD graduate training in May, 2016.
She plans to continue practicing clinical audiology while re-
maining engaged in research in further treatments for audi-

ology patients with sensorineural hearing loss or vestibular
balance disorders.

Edwin W Rubel received PhD in physi-
ological psychology from Michigan State
University, Lansing. Since 1986, he has been
a Professor in the Departments of Otolar-
yngology and Physiology and Biophysics
and Adjunct Professor in the Department
of Psychology at the University of Washing-
ton, Seattle. He is the founding Director of the Virginia Mer-
-rill Bloedel Hearing Research Center and currently holds an
endowed Chair. His research interests include development
and plasticity of the central and peripheral auditory system,
inner ear hair cell regeneration, and modulation of inner ear
hair cell death. His laboratory, along with Dr. Douglas Co-
tanche, discovered hair cell regeneration in birds.

Jennifer S. Stone studied biology and
studio art at Skidmore College, Saratoga
Springs, NY, and then completed PhD grad-
uate training in anatomy and neurobiology
at Boston University. She performed a post-
doctoral fellowship in otolaryngology at the
University of Washington School of Medi-
cine, Seattle. Now, she is a Research Professor in Otolaryn-
gology at the University of Washington School of Medicine.

46 | Acoustics Today | Summer 2016

Atkinson, P. J., Huarcaya Najarro, E., Sayyid, Z. N., and Cheng, A. G. (2015).
Sensory hair cell development and regeneration: Similarities and differ-
ences. Development 142, 1561-1571. !

Bermingham, N. A., Hassan, B. A,, Price, S. D., Vollrath, M. A., Ben-Arie,
N., Eatock, R. A., Bellen, H. J., Lysakowski, A., and Zoghbi, H. Y. (1999).
Math1: An essential gene for the generation of inner ear hair cells. Science
284, 1837-1841.

Bredberg, G. (1967). The human cochlea during development and ageing.
Journal of Laryngology and Otology 81, 739-758.

_Cafaro, ], Lee, G. S., and Stone, J. S. (2007). Atoh1 expression defines acti-

vated progenitors and differentiating hair cells during avian hair cell re-
generation. Developmental Dynamics 236, 156-170.

Cai, T, Jen, H.-L, Kang, H., Klisch, T. J., Zoghbi, H. Y., and Groves, A. K.
(2015). Characterization of the transcriptome of nascent hair cells and
identification of direct targets of the Atoh1 transcription factor. Journal of
Neuroscience 35, 5870-5883.

Chai, R., Kuo, B., Wang, T., Liaw, E. J., Xia, A., Jan, T. A,, Liu, Z., Taketo, M.
M., Oghalai, J. S., Nusse, R., Zuo, ], and Cheng, A. G. (2012). Wnt signal-
ing induces proliferation of sensory precursors in the postnatal mouse co-
chlea. Proceedings of the National Academy of Sciences of the United States
of America 109, 8167-8172 y

* Chardin, S., and Romand, R. (1995). Regeneration and mammalian audi-

tory hair cells. Science 267, 707-711.

Chen, P, and Segil, N. (1999). p27(Kip1) links cell proliferation to morpho-
genesis in the developing organ of Corti. Development 126, 1581-1590.

Coleman, B., Hardman, J., Coco, A., Epp, S., de Silva, M., Crook, J., and
Shepherd, R. (2006). Fate of embryonic stem cells transplanted into the
deafened mammalian cochlea. Cell Transplantation 15, 369-380.

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

Cotanche, D. A. (1987). Regeneration of hair cell stereociliary bundles in
the chick cochlea following severe acoustic trauma. Hearing Research 30,
181-195.

Cox, B. C,, Chai R,, Lenoir A., Liu Z., Zhang L., Nguyen D. H., Chalasani
K., Steigelman K. A., Fang, J., Rubel, E.W, Cheng A. G., and Zuo, J. (2014).
Spontaneous hair cell regeneration in the neonatal mouse cochlea in vivo.
Development 141, 816-829.

Cruz, R. M., Lambert, P. R., and Rubel, E.W, (1987). Light microscopic evi-
dence of hair cell regeneration after gentamicin toxicity in chick cochlea.
Archives of Otolaryngology—Head & Neck Surgery 113, 1058-1062.

Daudet, N., Gibson, R., Shang, J., Bernard, A., Lewis, J., and Stone, J. (2009).
Notch regulation of progenitor cell behavior in quiescent and regener-
ating auditory epithelium of mature birds. Developmental Biology 326,
86-100.

Doetzlhofer, A., Basch, M. L., Ohyama, T., Gessler, M., Groves, A. K., and
Segil, N. (2009). Hey?2 regulation by FGF provides a Notch-independent
mechanism for maintaining pillar cell fate in the organ of Corti. Develop-
mental Cell 16, 58-69.

Forge, A., Li, L., and Nevill, G. (1998). Hair cell recovery in the vestibular
sensory epithelia of mature guinea pigs. Journal of Comparative Neurology
397, 69-88.

Fujino, K., Kim, T.-S., Nishida, A. T., Nakagawa, T., Omori, K., Naito, Y,
and Ito, J. (2004). Transplantation of neural stem cells into explants of rat
inner ear. Acta Oto-Laryngologica Supplementum 124(551), 31-33.

Golub, J. S., Tong, L., Ngyuen, T. B., Hume, C. R,, Palmiter, R. D., Rubel, E.
W, and Stone, J. S. (2012). Hair cell replacement in adult mouse utricles
after targeted ablation of hair cells with diphtheria toxin. Journal of Neuro-
science 32, 15093-15105.



Groves A. K, Zhang, K. D., and Fekete, D. M. (2013). The genetics of hair
cell development and regeneration. Annual Review of Neuroscience 36,
361-381.

Gubbels, S. P, Woessner, D. W, Mitchell, J. C., Ricci, A. J., and Brigande, J.. V.
(2008). Functional auditory hair cells produced in the mammalian cochlea
by in utero gene transfer. Nature 455, 537-541.

Hayashi, T., Kokubo, H., Hartman B. H., Ray, C. A,, Reh, T. A., Berming-
ham-McDonogh, O. (2008). Hesrl and Hesr2 may act as early effectors
of Notch signaling in the developing cochlea. Developmental Biology 316,
87-99. )

Head, J. R., Gacioch, L., Pennisi, M., and Meyers, J. R. (2013). Activation
of canonical Wit/B-catenin signaling stimulates proliferation in neuro-
masts in the zebrafish posterior lateral line. Developmental Dynamics 242,
832-846.

Hildebrand, M. §., Dahl, H.-H.M., Hardman, J., Coleman, B., Shepherd, R.
K., and de Silva, M. G. (2005). Survival of partially differentiated mouse
embryonic stem cells in the scala media of the guinea pig cochlea. Journal
of the Assaciation for Research in Otolaryngology 6, 341-354.

Hume C. R, Kirkegaard M., Qesterle E. C. (2003). ErbB expression: The
mouse inner ear and maturation of the mitogenic response to heregulin.
Journal of the Association for Research in Otolaryngology 4(3), 422-443.

Izumikawa, M., Minoda, R., Kawamoto, K., Abrashkin, K. A., Swiderski,
D. L, Dolan, D. E, Brough, D. E,, and Raphael, Y. (2005). Auditory hair
cell replacement and hearing improvement by Atohl1 gene therapy in deaf
mammals. Nature Medicine 11, 271-276.

Jacques, B. E., Montgomery, W. H., Uribe, P. M., Yatteau, A., Asuncion, J.
D., Reséndiz, G., Matsui, J. I, and Dabdoub, A. (2014). The role of Wat/| B-
catenin signaling in proliferation and regeneration of the developing basi-
lar papilla and lateral line, Developmental Neurobiology 74, 438-456.

Jansson, L., Kim, G. S., and Cheng, A. G. (2015). Making sense of Wht sig-
naling-linking hair cell regeneration to development. Frontiers in Cellular
Neuroscience 9, 66. .

Jorgensen, J. M., and Mathiesen, C. (1988). The avian inner ear, Continuous
production of hair cells in vestibular sensory organs, but not in the audi-
tory papilla. Naturwissenschaften 75, 319-320. ‘

Kawamoto, K., Izumikawa, M., Beyer, L. A, Atkin, G. M., and Raphael, Y.
(2009). Spontaneous hair cell regeneration in the mouse utricle following
gentamicin ototoxicity. Hearing Research 247, 17-26.

Kelley, M. W. (2006). Regulation of cell fate in the sensory epithelia of the
inner ear. Nature Reviews Neuroscience 7, 837-849.

Kuntz, A. L., and Oesterle, E. C. (1998). Transforming growth factor o with
insulin stimulates cell proliferation in vivo in adult rat vestibular sensory
epithelium. Journal of Comparative Neurology 399, 413-423,

Kuo, B. R, Baldwin, E. M., Layman, W. S., Taketo, M. M., and Zuo, J.
(2015). In vivo cochlear hair cell generation and survival by coactivation
of B-catenin and Atohl. Journal of Neuroscience 35, 10786~10798.

Lanford, P. ], Shailam, R., Norton, C. R,, Gridley, T, and Kelley, M. W.
(2000). Expression of Mathl and HES5 in the cochleae of wildtype and
Jag2 mutant mice. Journal of the Association for Research in Otolaryngology
1,161-171.

Lefebvre, P. P, Malgrange, B., Thiry, M., Van De Water, T.R., and Moonen,
G. (2000). Epidermal growth factor upregulates production of supernu-
merary hair cells in neonatal rat organ of corti explants. Acta Oto-laryngo-

- logica 120, 142-145.

Lewis, J. (1998). Notch signalling and the control of cell fate choices in ver-
tebrates. Seminars in Cell and Developmental Biology 9, 583-589.

Lewis, R. M., Hume, C. R,, and Stone, J. S. (2012). Atoh1 expression and
function during auditory hair cell regeneration in post-hatch chickens.
Hearing Research 289, 74-85.

Li, H,, Roblin, G., Liu, H., and Heller, S. (2003). Generation of hair cells
by stepwise differentiation of embryonic stem cells. Proceedings of the Na-
tional Academy of Sciences 100, 13495-13500.

Li, L., and Forge, A. (1997). Morphological evidence for supporting cell to
hair cell conversion in the mammalian utricular macula. International
Journal of Developmental Neuroscience 15, 433-446.

Lin, V., Golub, J. S., Nguyen, T. B., Hume, C. R,, Oesterle, E. C,, and Stone,
J. S. (2011). Inhibition of Notch activity promotes nonmitotic regenera-
tion of hair cells in the adult mouse utricles. Journal of Neuroscience 31,
15329-15339.

Liu, Z., Dearman, J. A., Cox, B. C,, Walters, B. ], Zhang, L., Ayrault, O,
Zindy; E, Gan, L., Roussel, M. F, and Zuo, J. (2012). Age-dependent in vivo
conversion of mouse cochlear pillar and deiters’ cells to immature hair cells
by atoh1 ectopic expression. Journal of Neuroscience 32, 6600-6610.

Léwenheim, H., Furness, D.N., Kil, ., Zinn, C., Giiltig, K., Fero, M. L., Frost,
D., Gummer, A. W, Roberts, ]. M., Rubel, E.W, Hackney, C. M., and Ze-
nner, H.-P. (1999). Gene disruption of p275#! allows cell proliferation in
the postnatal and adult organ of Corti. Proceedings of the National Acad-
emy of Sciences of the United States of America 96, 4084-4088,

Ma, E. Y., Rubel, E. W, and Raible, D. W. (2008). Notch signaling regulates
the extent of hair cell regeneration in the zebrafish lateral line. Journal of
Neuroscience 28, 2261-2273. ~

Maass, ]. C., Gu, R,, Basch, M. L., Waldhaus, ., Lopez, E. M., Xia, A., Ogha-
lai, J. S., Heller, S., and Groves, A. K. (2015). Changes in the regulation of
the Notch signaling pathway are temporally correlated with regenerative
failure in the mouse cochlea. Frontiers in Cellular Neuroscience 9, 110.

McLean, W. ], Smith, K. A, Glowatzki, E., and Pyott, S. J. (2009). Distri-
bution of the Na,K-ATPase a subunit in the rat spiral ganglion and or-
gan of Corti. Journal of the Association for Research in Otolaryngology 10,
37-49. a

Mizutari, K., Fujioka, M., Hosoya, M., Bramhall, N., Okano, H. J., Okano,
H., and Edge, A. S. B. (2013). Notch inhibition induces cochlear hair cell
regeneration and recovery of hearing after acoustic trauma. Neuron 77,
58-69.

Oesterle, E. C., Chien, W.-M., Campbell, S., Nellimarla, P, and Fero, M. L.
(2011). p275%* is required to maintain proliferative quiescence in the adult
cochlea and pituitary. Cell Cycle 10, 1237-1248.

Oesterle, E. C., Cunningham, D, E., Westrum, L. E., and Rubel, E. W. (2003).
Ultrastructural analysis of [3H]thymidine-labeled cells in the rat utricular
macula. Journal of Comparative Neurology 463, 177-195.

Oshima, K., Grimm, C. M., Corrales, C. E., Senn, P, Martinez Monedero,
R,, Géléoc, G. S. G., Edge, A., Holt, J. R,, and Heller, S. (2007). Differential
distribution of stem cells in the auditory and vestibular organs of the inner
ear. Journal of the Association for Research in Otolaryngology 8, 18-31,

Oshima, K., Shin, K., Diensthuber, M., Peng, A. W,, Ricci, A. 7., and Heller,
S. (2010). Mechanosensitive hair cell-like cells from embryonic and in-
duced pluripotent stem cells. Cell 141, 704-716.

Parker, M. A., Corliss, D. A., Gray, B., Anderson, J. K., Bobbin, R. P, Snyder,
E. Y, Cotanche, D. A. (2007). Neural stem cells injected into the sound-
damaged cochlea migrate throughout the cochlea and express markers of
hair cells, supporting cells, and spiral ganglion cells. Hearing Research 232,
29-43.

Roberson, D. W, Kreig, S., and Rubel, E. W, (1996). Light microscopic evi-
dence that direct transdifferentation gives rise to new hair cells in regen-
erating avian auditory epithelium, Auditory Neuroscience 2, 195-205.

Roberson, D. W.,, and Rubel, E. W. (1994). Cell division in the gerbil cochlea
after acoustic trauma. American Journal of Otolaryngology 15, 28-34.

Ronaghi, M., Nasr, M., Ealy, M., Durruthy-Durruthy, R., Waldhaus, J., Diaz,
G. H,, Joubert, L.-M., Oshima, K., and Hellez, S. (2014). Inner ear hair cell-

Summer 2016 | Acoustics Today | 47




Regeneration of Auditory Hair Cells

like cells from human embryonic stem cells. Stem Cells and Development
23,1275-1284.

Rubel, E. W, Furrer, S. A., and Stone, I S. (2013) A brief history of hair cell
regeneration research and speculations on the future. Hearing Research
297, 42-51.

Ryals, B. M, and Rubel, E. W. (1988). Hair cell regeneration after acoustic
trauma in adult Coturnix quail. Science 240, 1774-1776. ",

Schlecker, C., Praetorius, M., Brough, D. E., Presler, R. G., Hsu, C., Plinkert,
P. K., and Staecker, H. (2011). Selective atonal gene delivery improves bal-
ance function in a mouse model of vestibular disease. Gene Therapy 18,
884-890. .

Shi, E, Hu, L., and Edge, A. S. B. (2013). Generation of hair cells in neona-
tal mice by B-catenin overexpression in Lgr5-positive cochlear progeni-
tors. Proceedings of the National Academy ofSaences of the United States of
America 110, 13851-13856.

Shi, E, Hu, L., Jacques, B. E., Mulvaney, J. E, Dabdoub, A., and Edge, A. S.
B. (2014). B-Catenin is required for hair-cell differentiation in the cochlea.
Journal of Neuroscience 34, 6470-6479.

Wang, G.-P, Chatterjee, L, Batts, S. A., Wong, H. T., Gong, T.-W.,, Gong, S.-
S., and Raphael, Y. (2010). Notch signaling and Atohl expression during
hair cell regeneration in the mouse utricle. Hearing Research 267, 61-70.

Warchol, M. E. (2011). Sensory regeneration in the vertebrate inner ear: Dif-
ferences at the levels of cells and species. Hearirig Research 273, 72-79.

White, P. M., Doetzlhofer, A., Lee, Y. S., Groves, A. K., and Segil, N. (2006).
Mammalian cochlear supporting cells candivide and trans-differentiate
into hair cells. Nature 441, 984-987.

White, P. M., Stone, J. S., Groves, A. K., and Segil, N. (2012). EGFR signaling
is required for regenerative proliferation in the cochlea: conservation in
birds and mammals. Developmental Biology 363, 191-200.

.Zhao, L.-D., Guo, W-W,, Lin, C,, L{, L-X., Sun, J.-H., Wu, N, Ren, L.-L.,

Li, X.-X., Liu, H.-Z., Young, W.-Y., Gao, W. Q, and Yang, S. M. (2011). Ef-
fects of DAPT and Atohl overexpression on hair cell production and hair
bundle orientation in cultured Organ of Corti from neonatal rats. PLoS
One 6, €23729.

Zheng, J. L., and Gao, W. Q. (2000). Overexpression of Mathl induces ro-
bust production of extra hair cells i’ postnatal rat inner ears. Nature Ne-
roscience 3, 580-586.

Leo Beranek’s manifest con-
tributions, as discussed in
Acoustics Today, Volume 10,
Issue 4, are legend. In reso-
nance with Leo, Gabriella
Beranek, Leos wife, shared
these observations recently:
“Of course we love to hear
great performances in fine
concert halls, but many other aspects of our acoustics
environment deserve study and attention?”

Leo and Gabriella Beranek

She and Leo together are referring to noise control in
public spaces, reducing outdoor noise pollution, build-
ing better harmony in multifamily dwellings, under-
standing human perception to sound in spaces, and
much more—all related to the fields of arch1tectura1
acoustics and noise control..
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Mission of the Acoustical Society Foundation Board:
To support the mission of the ASA by developmg financial resources for stmtegzc initiatives and special purposes.

They recognize that achieving these hopes depends on
the training and education of future generations of ac-
ousticians. So they have chosen to support these goals
through a significant donation to the Acoustical Soci-
ety Foundation Fund (ASFF). The Leo and Gabriella
Beranek Scholarship in Architectural Acoustics and
Noise Control will be initiated by the first $30,000 sti-
pend in 2016. 4

Your donation to the ASFF can be in tune with the Be-
raneks to provide similar support for the many educa-
tional opportunities funded through ASA. -

Carl Rosenberg

Chair, Acoustical Society Foundation Board
crosenberg@acentech.com
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