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Series Preface

The Springer Handbook of Auditory Research presents a series of comprehensive
and synthetic reviews of the fundamental topics in modern auditory research. The
volumes are aimed at all individuals with interests in hearing research, including
advanced graduate students, postdoctoral researchers, and clinical investigators.
The volumes are intended to introduce new investigators to important aspects
of hearing science and to help established investigators to better understand the
fundamental theories and data in fields of hearing that they may not normally
follow closely.

Each volume presents a particular topic comprehensively, and each serves as
a synthetic overview and guide to the literature. As such, the chapters present
neither exhaustive data reviews nor original research that has not yet appeared
in peer-reviewed journals. The volumes focus on topics that have developed a
solid data and conceptual foundation rather than on those for which a literature
is only beginning to develop. New research areas will be covered on a timely
basis in the series as they begin to mature.

Each volume in the series consists of a few substantial chapters on a particular
topic. In some cases, the topics will be ones of traditional interest for which
there is a substantial body of data and theory, such as auditory neuroanatomy
(Vol. 1) and neurophysiology (Vol. 2). Other volumes in the series deal with
topics that have begun to mature more recently, such as development, plasticity,
and computational models of neural processing. In many cases, the series editors
are joined by a coeditor having special expertise in the topic of the volume.

Richard R. Fay, Chicago, IL
Arthur N. Popper, College Park, MD
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Volume Preface

The human brain’s ability to sense and interpret acoustic events taking place in
remote or nearby locations in the external environment is mediated by highly
specialized and extremely sensitive sensory hair cells located in the inner ear.
These cells transduce acoustic information from the environment into a pattern
of neural activity that can be interpreted by sophisticated neural networks located
at multiple levels of the central nervous system. It has long been known that hair
cell loss in mammals due to aging, ototoxic drugs, acoustic trauma, infection, or
genetic factors results in permanent hearing loss or balance problems. Over the
past 50 years, efforts to find a cure for deafness have focused on hardware and
engineering solutions. While much effort has been made to use electronic means
to improve hearing, the next giant step toward restoring hearing to the profoundly
deaf will involve regenerating the damaged biological structures in the inner
ear, in particular the hair cells and spiral ganglion neurons. The major clinical
advances in hearing and balance that will occur in the 21st century will involve
biologically based medical innovations that were set into motion during the past
few decades by the discovery of hair cell regeneration and by the recognition
that stem cells exist in many regions of the nervous system, including the inner
ear.

These discoveries, and the potential for helping people with hearing loss, are
the focus of this volume. In Chapter 1, Salvi reviews the history of studies on
hair cell regeneration and provides an overview of current knowledge as well
as new technologies to promote regeneration and repair. The recognition that
hair cell regeneration can occur in nonmammals gave way to ground breaking
studies using gene therapy to simulate hair cell regeneration in mammals. The
history of the field, as well as what is known about the morphology associated
with regeneration and repair of sensory hair cells, are the focus of Chapter 2
by Meyers and Corwin. One of the fundamental issues examined is whether
regenerated hairs arise from repair of damaged cells, conversion of support cells
to hair cells, or proliferation of support cells that differentiate to either hair cells
or replacement support cells.

One of the most important areas that stimulated studies of damage, regen-
eration, and repair has been in the avian auditory system. In Chapter 3, Salvi
and Saunders describe the remarkable recovery of function of the avian auditory
system following acoustic trauma and ototoxic insult. Physiological studies show
significant recovery, with only minor deficits except for cases in which the

xi



xii Volume Preface

supporting cells are destroyed. In Chapter 4, Dooling, Dent, Lauer, and Ryals
go into considerable detail about actual recovery of hearing function following
loss of hair cells. Behavioral measures of hearing, the gold standard, show
almost complete recovery of function on simple measures such as threshold as
well as highly sophisticated measures that involve discrimination of complex
vocalizations.

The mechanisms involved in proliferation, differentiation, and regeneration
are discussed in detail by Oesterle and Stone in Chapter 5. The roles that
growth factor, intercellular signaling, intracellular signaling and differentiation
factors play in proliferation, conversion, and repair are carefully considered. In
Chapter 6, Forge and Van De Water consider ways to protect sensory hair cells
from damage so that regeneration is not needed. The modes of cell death are
reviewed and various strategies for blocking cell death such as antioxidants,
inhibition of apoptosis, and small molecules that block genes or enzymes in the
cell death pathway are considered. Finally, in Chapter 7, Rivolta and Holley
discuss new experimental approaches that may aid in understanding cell death,
cell repair, proliferation, and differentiation. The use of gene array technologies
and inner ear cell lines may provide more efficient and comprehensive methods
for understanding apoptosis, repair, and regeneration.

As is often the case, new volumes in the Springer Handbook of Auditory
Research amplify and extend materials discussed in earlier volumes in the series.
While the current volume concerns regeneration and repair, engineering methods
have been quite successful in dealing with deafness. In particular, cochlear
implants have been a widely used approach and this was covered in depth in
Vol. 20 of the series, Cochlear Implants (edited by Zeng, Popper, and Fay). The
genetics of the ear and of hearing loss was discussed in detail in Vol. 14, Genetics
and Auditory Disorders (edited by Keats, Popper, and Fay). While the current
volume focuses on hair cells, Vol. 23, Plasticity of the Auditory System (edited by
Parks, Rubel, Fay, and Popper), includes chapters that consider overall plasticity
at many levels of the auditory system. Mechanisms of damage to the auditory
system is considered at length in in Vol. 31, Auditory Trauma, Protection, and
Repair (edited by Schacht, Popper, and Fay). Finally, the physiology and function
of sensory hair cells is discussed in many chapters of Vol. 27, Vertebrate Hair
Cells (edited by Eatock, Fay, and Popper).

Richard J. Salvi, Buffalo, NY
Arthur N. Popper, College Park, MD

Richard R. Fay, Chicago, IL



1
Overview: Regeneration and Repair

Richard J. Salvi

1. Introduction

1.1 Hair Cells and the Acoustic World

The human brain’s ability to sense and interpret acoustic events taking place in
remote or nearby locations in the external environment is mediated by highly
specialized and extremely sensitive sensory hair cells located in the inner ear.
Although the external ear and middle ear play important roles in collecting,
amplifying, and relaying acoustic information from the environment to the inner
ear, the resulting mechanical vibrations of the basilar membrane are of little
value unless they can be transduced by the sensory hair cells into a pattern of
neural activity that can be interpreted by sophisticated neural networks located at
multiple levels of the central nervous system. The sensory hair cells in the inner
ear represent the obligatory entry point for gaining access to the central auditory
or vestibular systems. It has long been known that hair cell loss in mammals due
to aging, ototoxic drugs, acoustic trauma, infection, or genetic factors results in
permanent hearing loss or balance problems. Humans suffering from profound
hearing loss due to massive loss of cochlear hair cells are shut off from the world
of music and oral communication. Profoundly deaf individuals who are unable
to communicate orally can experience a sense of social isolation when trying to
interact with the hearing world.

Over the past 50 years, efforts to find a cure for deafness have focused on
hardware and engineering solutions. The crowning achievement of this effort
has been the multichannel cochlear implant. A microphone at the front end of
the cochlear implant converts sound into an electrical signal; this mechanical to
electric transduction process is reminiscent of the one that takes place in hair
cells to initiate hearing. The electrical output of the microphone is fed to a speech
processor that segregates the electrical signal into approximately 16 frequency
channels; the electrical output of each channel is relayed to an electrode located
near the low-, mid-, or high-frequency region along the length of the cochlea,
much like the keys on a piano. While modern cochlear implants have done a
remarkable job in enhancing speech comprehension in the profoundly deaf, the
perceptual qualities of the “electrically evoked sound” is inferior to the natural
sound of speech and music conveyed to the auditory nerve by the hair cells.

1



2 R.J. Salvi

The next giant step toward restoring hearing to the profoundly deaf will involve
regenerating the damaged biological structures in the inner ear, in particular the
hair cells and spiral ganglion neurons. The major clinical advances in hearing
and balance that will occur in the 21st century will involve biologically based
medical innovations that were set into motion during the past few decades by
the discovery of hair cell regeneration and the recognition that stem cells exist
in many regions of the nervous system, including the inner ear.

1.2 Zeitgeist, Regeneration, and Repair

The history of science is often impeded by roadblocks, intellectual and technical,
that hinder the advancement of our thinking and imagination. Our views of the
world are often constrained by existing knowledge that is accepted as fact by the
majority of scientists: the so-called Zeitgeist or spirit of the times. The collective
knowledge and prevailing views of the majority can have a profound impact
on how new scientific findings are viewed and interpreted for years or even
centuries. New data and theories are often immediately rejected by the majority
if the findings go against the prevailing view. Indeed, individual scientists may
reject their own findings and consider them artifacts or experimental errors if
the data contradict prevailing beliefs, opinions, or knowledge.

The ancient theory of sensory processing known as the “principle of likeness”
postulated that sensory stimuli in the environment evoked activity within the
sensory organ of the same kind (Gitter 1990; Sente 2004). On the basis of this
principle, Empedocles proposed the theory of implanted air in the 4th century
b.c. whereby sound in the environment evoked a similar activity within the
ear to induce the sensation of hearing. The doctrine provided an intellectual
framework, though a distorted one, for interpreting the gross anatomical and
microscopic observations that were made over the next 2000 years. In the 1500s,
Coiter rejected the theory of “implanted air” based on careful anatomical obser-
vations of the middle ear and Eustachian tube. Nevertheless, the principle of
likeness persisted for another 100 years until it was finally put to rest by detailed
examination of the inner ear with the compound microscope and advances in
neurophysiology.

My first encounter with the Zeitgeist blinded my thinking on hair cell regen-
eration. In the late 1970s, I had been studying the effects of acoustic trauma on
the firing patterns of auditory nerve fibers in mammals. The dogma at the time
was that hair cell loss was permanent and irreparable. At the 1978 meeting of
the Acoustical Society of America, I attended a special session on comparative
studies of hearing in vertebrates in which Robert Capranica reviewed his work
on anurans. Capranica ended his presentation with a provocative finding showing
that when ototoxic aminoglycosides were applied to the frog’s inner ear, they
completely abolished neurophysiological activity from the ear (Capranica 1978).
Surprisingly, the frog’s “hearing” recovered after a few weeks. This was an
unexpected finding that defied any conventional explanation. Several thoughts
raced through my mind. Were frog hair cells incapable of being destroyed
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by aminoglycosides? Were aminoglycoside antibiotics capable of causing only
transient damage to the hair cells or neurons? If frog hair cells could not be
destroyed with aminoglycoside antibiotics, maybe they could be destroyed with
high-level acoustic stimulation. To test the later hypothesis, we started collab-
orating with the Capranica lab. Capranica’s group drove the frogs from Ithaca,
NY to our labs in Syracuse and we exposed the frogs to high-intensity impulse
noise in the range of 155–165 dB peak sound pressure level (SPL). Exposures at
these levels had caused massive hair cell loss in mammals, and I expected they
would do the same in frogs. Afterwards, the frogs were driven back to Cornell
University and 1–2 months later their hearing was tested via electrophysiological
methods. Surprisingly, the auditory function of the noise-exposed frogs was
completely normal. Did the frogs have a potent, long-lasting acoustic reflex that
they were using to thwart our acoustic trauma? We tried more vigorous noise
exposures several times, but nothing seemed to work. Because normal hearing
always returned in the frogs, we eventually dropped the project, considering
it a complete failure. Had we examined the frog’s inner ear immediately after
treatment with aminoglycoside antibiotics or acoustic overstimulation, we most
likely would have seen missing sensory hair cells after the traumatic event and if
we had waited a few weeks we would have observed a normal sensory epithelium
filled with newborn hair cells (Baird et al. 1993). I never imagined that hair
cells could regenerate after aminoglycoside treatment or acoustic trauma and
we missed the opportunity to discover hair cell regeneration in nonmammals.
The frog trauma data did not conform to our view of the world and therefore
was ignored. Less than a decade later, Corwin, Cotanche, Rubel, Ryals, and
other showed that hair cells regenerated in the avian ear after acoustic overstim-
ulation and ototoxicity (Corwin and Cotanche 1988; Ryals and Rubel 1988).
A new chapter in auditory neuroscience had started. The Zeitgeist has shifted
180 degrees, and the possibility that hair cell regeneration could be stimulated to
occur in mammals via gene therapy became a realistic and exciting possibility
(Zheng and Gao 2000; Izumikawa et al. 2005). Looking backwards through the
rear view mirror of time, it is interesting to note that hair cell regeneration in
amphibians had already been discovered by Stone in the 1930s, but it was largely
overlooked only to be rediscovered and embraced 50 years later (Stone 1933,
1937).

1.3 Regeneration in Fish and Amphibians

The first reports of hair cell regeneration date back to the 1930s when it was
discovered that after tail amputation or reamputation, the amphibian lateral line
organs on the body surface would grow back by forming a regenerative placode
that migrated into the regenerating tail where it formed a neuromasts with new
hair cells that received afferent innervation (Stone 1933, 1937; Speidel 1947;
Wright 1947; Jones and Corwin 1996). These findings indicate that amphibians
possess stem cells that self-renew and differentiate into hair cells and support
cells.
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Historically, much of the research in auditory neuroscience has focused on
the anatomy, physiology, and development of the mammalian auditory system.
Unfortunately, many of the early studies in nonmammals were ignored or
overlooked by mainstream auditory neuroscientists. Beginning in the early 1970s,
renewed interest in the morphological development of the inner ear of amphibians
and fish revealed the proliferation of new hair cells and the expansion of the
sensory epithelium between birth and adulthood (Lewis and Li 1973; Li and
Lewis 1979; Popper and Hoxter 1984). Studies with tritiated thymidine, an
amino acid that is incorporated into the DNA of dividing cells, showed that
new hair cells and supporting cells were added at the periphery of the sensory
epithelium of elasmobranchs and amphibians (Corwin 1981, 1985). Authors of
later studies found evidence of new hair cells and supporting cells within the hair
cell epithelium of teleost fish, turtles, and chicken vestibular system (Jargensen
and Mathiesen 1988; Lombarte and Popper 1994; Severinsen et al. 2003).

1.4 Regeneration in Birds

All the hair cells in the avian and mammalian cochlea ear arise during embryo-
genesis (Ruben 1967; Tilney et al. 1986; Katayama and Corwin 1989). Therefore
the discovery that damaged hair cells in the chicken cochlea were replaced by
newborn hair cells after acoustic trauma or aminoglycoside ototoxicity (Cruz
et al. 1987; Girod et al. 1991; Hashino et al. 1992) generated considerable
excitement and greatly accelerated research on this topic, as reflected by hundreds
of articles on this topic during the last two decades (Corwin and Cotanche 1988;
Ryals and Rubel 1988). Unlike those in the cochlea, hair cells in the normal
avian vestibular system show a low level of hair cell regeneration that is balanced
by ongoing hair cell death (Jargensen and Mathiesen 1988; Kil et al. 1997).
In both the avian cochlea and vestibular organs, hair cell loss serves as the
trigger that initiates a carefully orchestrated process of supporting cell prolifer-
ation and differentiation; however, both processes are confined to the damaged
region (Girod et al. 1989; Hashino et al. 1995; Stone and Rubel 2000). These
results suggest that newborn hair cells suppress the proliferation of additional
hair cells, possibly through cell–cell contacts. The appearance of the pairs of
dividing cells suggested that one member of the offspring differentiates into a
hair cell while the other becomes a supporting cell, thereby replenishing the pool
of progenitor cells. While proliferation and differentiation of supporting cells
play a role in regeneration (Hashino and Salvi 1993), new hair cells appear in
the newt in the presence of mitotic blockers (Taylor and Forge 2005). During
avian hair cell regeneration, fewer than half of support cells and hair cells in
the regenerated region are labeled with mitotic markers (Roberson et al. 1996).
These results suggest that many new hair cells arise from phenotypic conversion
(Taylor and Forge 2005). Conversion may also play an important role in gener-
ating new hair cells in birds and amphibians (Adler and Raphael 1996; Steyger
et al. 1997).
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1.5 Neurons and Other Structures Involved
with Avian Hair Cell Regeneration

After acoustic trauma or aminoglycoside damage, newborn hair cells develop
and migrate toward the luminal surface of the sensory epithelium and primitive
stereocilia bundles emerge from their apical surface. The stereocilia bundles
begin to develop, but even after 1 month, the bundle organization and orientation
are still immature. It takes approximately 90 days before the stereocilia bundles
on the regenerated hair cells regain their normal appearance and orientation
in young chicks (Duckert and Rubel 1990, 1993). However, when hair cell
regeneration was studied in adult birds, the bundles were still disoriented after a
142-day recovery period (Marean et al. 1993).

Approximately 3 days after the regenerated hair cells appear, afferent and
efferent synapses can be seen contacting the basal pole of the cell (Ryals and
Westbrook 1994) thereby providing the neural circuitry for delivering infor-
mation to and from the brain. However, careful anatomical analyses raise some
cautionary notes. The number of cochlear ganglion cells shows a mild-to-
moderate decline between 30 and 90 days postexposure and possibly longer
(Ryals et al. 1989). The factors mediating the loss of cochlear ganglion cells after
acoustic trauma are currently unknown. The loss could be due to excitotoxic
damage (Sun et al. 2001) or temporary lack of neurotrophic support between
the time when the original hair cells were lost and the newborn hair cells had
fully matured (Ernfors et al. 1995; Fritzsch et al. 1997). In cases in which severe
excitotoxicity has occurred, cochlear ganglion cells do not appear to regenerate
(Sun et al. 2001). Acoustic trauma also damages the upper fibrous layer and
lower honey comb layer of the tectorial membrane. The lower honeycomb layer
regenerates within a week or two; however, the upper fibrous layer does not
regenerate (Cotanche 1987; Trautwein et al. 1996). Importantly, in cases of
severe acoustic trauma in which there is extensive damage to both hair cells and
supporting cells, hair cell regeneration fails to occur due to the destruction of
progenitor cells (Muller et al. 1996).

The tegmentum vasculosum in the avian ear plays an important role in gener-
ating the endolymphatic potential (EP) and establishing the high potassium
concentration in the endolymph. Acoustic trauma damages the dark cells in the
tegmentum vasculosum of adult quail, but the tegmentum completely recovers
after 4 days (Poje et al. 1995). Some results suggest that the repair of the
tegmentum vasculosum plays an important role in the recovery of hearing after
acoustic trauma.

1.6 Regeneration in the Mammalian Inner Ear

In the mammalian cochlea, where the supporting cells are highly specialized,
there is no convincing evidence of proliferation or hair cell regeneration (Meyers
and Corwin, Chapter 2) except under special conditions designed to stimulate
proliferation and regeneration (Oesterle and Stone, Chapter 5). In the vestibular
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system of adult animals, there is evidence for limited hair cell regeneration
after aminoglycoside treatment. New hair cells with immature stereocilia bundles
reminiscent of regenerating avian hair cells have been observed in guinea pigs
and human vestibular epithelia (Forge et al. 1993, 1998; Warchol et al. 1993).
Many of the new hair cells presumably differentiated from supporting cells
because the numbers of support cells were reduced in regions of regeneration.
Cell proliferation most likely plays a minor role in producing new hair cells
because there were relatively few [3H]thymidine-labeled cells in the damaged
region. Finally, one cannot rule out the possibility that some of the new hair cells
with immature stereocilia are actually hair cell bodies that have survived the
ototoxic insult and are in the process of rebuilding their stereocilia (Sobkowicz
et al. 1995; Zhao et al. 1996; Schneider et al. 2002; Rzadzinska et al. 2004;
Forge and Van de Water, Chapter 6).

2. Physiological Function After Avian Hair
Cell Regeneration

Although avian hair cells regenerate, it was not clear if there would be complete
recovery of physiological function (Saunders and Salvi, Chapter 3) because of the
loss of cochlear ganglion neurons and lack of regeneration in the upper fibrous
layer of the tectorial membrane after acoustic trauma. Gross potentials, evoked
potentials, single-unit recordings, and otoacoustic emissions have all been used
to assess different aspects of auditory function.

When hair cells are destroyed with aminoglycoside antibiotics, physiological
thresholds generally recover to normal levels at low frequencies whereas at high
frequencies thresholds only partially recover, resulting in residual thresholds
shifts (Tucci and Rubel 1990; Chen et al. 1993). Recovery of physiological
thresholds lags behind the emergence of regenerated hair cells by 3–4 months.

2.1 Physiological Thresholds

In cases of severe acoustic trauma where there is complete destruction of
supporting cells and sensory cells on the basilar membrane, there is little
or no recovery of the compound action potential (CAP) or the spontaneous
or sound-evoked discharge patterns of cochlear ganglion neurons (Muller
et al. 1996, 1997). However, in cases of moderate acoustic trauma where there is
almost complete hair cell regeneration, physiological thresholds measured with
different techniques such as the CAP, auditory evoked response, and single-
fiber recordings from cochlear ganglion neurons all show significant threshold
elevation (40–60 dB) immediately after the exposure followed by complete or
nearly complete recovery 1–4 months postexposure (Henry et al. 1988; Chen
et al. 1996; Saunders et al. 1996; Muller et al. 1997). Single fiber spontaneous
discharge rates, phase-locking, and frequency tuning are nearly normal after a
few weeks or months postexposure. However, discharge rate-intensity functions
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and two-tone rate suppression continue to exhibit residual deficits after 1 month
of recovery (Saunders et al. 1996; Chen et al. 2001; Lifshitz et al. 2004; Furman
et al. 2006). These deficits may be related to the lack of regeneration of the
upper fibrous layer of the tectorial membrane.

The endolymphatic potential (EP), which is approximately +18 mV in adult
birds, provides a positive driving force for moving potassium down its concen-
tration gradient into the hair cells. The effects of acoustic trauma and aminogly-
cosides on the EP appear to be different in young chicks compared to adults. The
EP in young chicks shows a large decline after acoustic trauma and then recovers
over time, consistent with other physiological measures (Poje et al. 1995).
However, acoustic trauma and aminoglycosides failed to produce a decrease in
the positive EP in adult chickens, suggesting the EP was more resistant in adults
(Chen et al. 1995; Trautwein et al. 1997).

2.2 Otoacoustic Emissions and Avian Hair
Cell Regeneration

Distortion product otoacoustic emissions (DPOAEs), a nonlinear response
presumably generated by an active process in the hair cells, show a significant
decline immediately postexposure in both young chicks and adult animals. DPOAE
amplitudes completely recover in young chicks after acoustic trauma and amino-
glycoside damage (Ipakchi et al. 2005). However, DPOAE amplitude only partially
recovers in adult chickens; residual deficits are evident in adults chicken even after
a 16-week recovery period (Trautwein et al. 1996; Chen et al. 2001). It was origi-
nally suggested that the persistent reduction in DPOAE amplitude in adults might
be related to residual damage to the upper fibrous layer of the tectorial membrane;
however, this explanation may not be valid because the fibrous layer is also missing
in young chicks that show complete recovery. Collectively, the DPOAE and EP
data suggest that the ears of young birds are more resistant or better able to recover
from acoustic trauma than are adult birds.

DPOAEs are thought to arise from an active feedback mechanism that
enhances the sensitivity and frequency selectivity of the inner ear. In mammals,
the active feedback mechanism, or electromotile response, arises from the motor
protein, prestin, located in the lateral wall of outer hair cells (OHCs) (Hofstetter
et al. 1997; Zheng et al. 2000a; Liberman et al. 2002). Because birds have robust
DPOAEs, but lack OHCs, can the short and tall hair cells in avian ears also
generate an electromotile response? Surprisingly, when AC current is applied
to the avian ear, a strong, electrically evoked otoacoustic emission emerges
from the cochlear into the ear canal (Chen et al. 2001). Selective destruction of
avian hair cells with kanamycin greatly reduces otoacoustic emission amplitude.
Emission amplitude partially recovers as the hair cells regenerate, suggesting
that avian hair cells are the source of the electrically evoked emission. Unlike
that of mammals, however, the avian hair cell soma does not elongate or contract
in response to electrical stimulation (He et al. 2003). Thus, avian electrically
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evoked otoacoustic emissions must arise elsewhere, possibly in the hair cell
stereocilia bundle (Hudspeth et al. 2000).

2.3 Behavioral Thresholds After Avian Hair
Cell Regeneration

Behavioral measures of hearing, though difficult and time consuming to obtain,
provide the gold standard for evaluating the recovery of function that occurs when
hair cells regenerate. Studies of noise-induced hearing loss in birds were carried
out almost a decade before it was known that hair cells could regenerate. Because
anatomical data were lacking, it is unclear what role hair cell loss and regener-
ation played in the temporary or permanent threshold shifts observed (Saunders
and Dooling 1974; Hashino et al. 1988). More recent studies in several avian
species suggest that when noise-induced temporary threshold shifts are less than
60 dB, pure tone behavioral thresholds fully recover after 2–3 weeks. Complete
recovery of pure tone thresholds is associated with hair cell regeneration and
normal or near-normal hair cell numbers and morphology. Hearing thresholds
return to normal or near-normal levels even when a few hair cells are missing
and the upper fibrous region of the tectorial membrane is missing (Niemiec
et al. 1994b; Saunders et al. 1995; Ryals et al. 1999). Conversely, when noise-
induced temporary thresholds shifts exceed 65–70 dB, behavioral thresholds
recover slowly and birds sustain permanent hearing loss. Permanent threshold
shifts are generally associated with large numbers of missing or damaged hair
cells and loss of the upper fibrous layer of the tectorial membrane.

Aminoglycoside antibiotics only destroy hair cells, but unlike the effects
of acoustic trauma, there is no obvious damage to the tectorial membrane.
Damage begins in the basal, high-frequency region of the cochlea and gradually
spreads toward the apex. Because aminoglycoside damage is largely confined
to the hair cells and most hair cells regenerate, hearing thresholds might
be expected to recover completely after regeneration. Several aminoglycoside
studies have found large thresholds shifts immediately after aminoglycoside
treatment; threshold shifts are greater at high versus low frequencies (Marean
et al. 1993; Dooling et al. 1997, 2006). Recovery of thresholds began almost
immediately after the end of treatment, and several months later low-frequency
thresholds returned to near-normal levels, but high-frequency thresholds remain
elevated at 20–30 dB. This persistent elevation of high frequency thresholds is
consistent with physiological results (Chen et al. 1993). Some results suggest
that the residual threshold shifts are associated disoriented stereocilia bundles on
the regenerated hair cells (Marean et al. 1993).

2.4 Auditory Discrimination After Avian Hair
Cell Regeneration

Hair cell loss leads to significant auditory processing deficits in mammals (Salvi
et al. 1983). Similar deficits would be expected to occur in birds when the hair
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cells are missing or damaged, but afterwards hearing should recover when the hair
cells regenerate. Temporal integration refers to the ability of the auditory system
to integrate acoustic energy over time. Temporal integration is reflected by the fact
that thresholds improve approximately 15 dB as signal duration increases from 10
to 500 ms. Immediately after acoustic trauma, thresholds are elevated and remain
constant with stimulus duration indicating a loss of temporal integration. However,
as hair cells regenerate and hearing recovers, normal temporal integration is
restored (Saunders and Salvi 1993). Amplitude modulation transfer functions have
been used to assess auditory temporal resolution before and after aminoglycoside
induced hair cell loss (Marean et al. 1998). Amplitude modulation thresholds are
temporarily impaired, but eventually recover.

Behavioral tone-on-tone masking patterns can be used to assess the frequency
resolving power of the auditory system. Chicken tone-on-tone masking patterns
have a narrow, inverted V-shape. Tone-on-tone masking patterns measured
several months after acoustic trauma are nearly identical to those measured before
trauma, suggesting that the internal auditory filters completely recover after
the hair cells regenerate (Saunders and Salvi 1995). Conversely, after amino-
glycoside treatment, the starling auditory filter widths measured with notched
noise maskers were wider than normal immediately posttreatment, but eventually
recovered except for two of four birds that showed a persistent broadening of
filter shape at the high frequencies (Marean et al. 1998). These residual deficits
may be related to the disoriented stereocilia bundles on the regenerated hair
cells (Marean et al. 1993). Frequency difference limens and intensity difference
limens also recovered after hair cells regenerated from aminoglycoside treatment
(Dooling, Dent, Lauer, and Ryals, Chapter 4). Songbirds temporarily deafened
by aminoglycosides initially experience difficulties discriminating among a
set of similar vocalizations and have problems recognizing complex species-
specific vocalizations after the initial stage of hair cell regeneration. However,
after months of recovery they regain their ability to make these discrimina-
tions even though they have mild residual hearing loss (Dooling et al. 2006).
Aminoglycoside deafening also disrupts the vocalizations of songbirds (Manabe
et al. 1998). The impairment is maximal during the period of greatest hearing
loss, but rapidly recovers.

Collectively, the behavioral measures of hearing obtained from birds in which
most hair cells regenerate suggest that hearing sensitivity returns to normal or
near normal levels with only minor residual deficits at high frequencies. The
ability to detect or discriminate changes in intensity, frequency, and the temporal
features of sounds, and to recognize complex species-specific vocalizations return
to normal or near normal levels after the hair cells regenerate.

3. Factors Stimulating Proliferation and Regeneration

Hair cell loss triggers robust cell proliferation and hair cell regeneration in the
avian cochlea, but not in mammals. Damage to the mammalian vestibular organs
results in limited cell proliferation, but because the number of mitotically labeled
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Figure 1.1. Schematic illustrating stages through which stem cells and progenitors cells
advance to become hair cells (HC) or supporting cells (SC). Blockers and promoters can
act at multiple stages to suppress or promote differentiation.

hair cells is far less than the number of new hair cells the production of new
hair cells may come from repair or nonmitotic cell conversion (Oesterle and
Stone, Chapter 5). What factors are involved in cell proliferation, conversion, and
differentiation? Are there factors that block or promote proliferation, conversion,
and differentiation, and where might these blockers or promoters reside among
the various cell types in the inner ear (Fig. 1.1)?

3.1 Proliferation in Nonmammals

In response to damage, support cells along the basal surface of the epithelium
in nonmammals divide; some of the progeny become support cells and others
migrate to the luminal surface of the epithelium, where they differentiate into
mature hair cells (Balak et al. 1990; Hashino and Salvi 1993; Jones and
Corwin 1993; Presson 1994). The elegant work performed in the olfactory system
has provided important insights on the type of progenitor cells and some of the
factors that regulate proliferation and cell lineage (Huard et al. 1998; Murray
and Calof 1999; Schwob 2002). The fact that hair cells can be replenished in
the avian inner ear after multiple injuries or continued hair cell loss due to
genetic mutation suggests that avian progenitor cells can self-renew (Marean
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et al. 1993; Gleich et al. 1994; Niemiec et al. 1994a). The asymmetric division
of avian support cells into both hair cells and support cells is consistent with the
presence of stem cells. In vestibular epithelium of fish there is evidence for two
pools of dividing cells, a pool of rapidly dividing progenitors cells and a slowly
dividing stem cell pool (Presson et al. 1995). Identification of the specific cell
types within these specialized pools has proved difficult because of the lack of
cell specific morphologic and immunocytochemical markers.

3.2 Cell Signaling in Proliferation in Nonmammals

The supporting (progenitor) cells in the undamaged avian cochlea express the
growth arrest (G0) marker statin, but lack the proliferation cell marker (gap 1
phase [G1] and later) proliferating cell nuclear antigen (PCNA). However, when
hair cell proliferation is triggered by acoustic trauma or aminoglycosides that
damages only the base of the cochlea, PCNA is expressed within and outside the
damaged region and statin expression is decreased (Bhave et al. 1995; Sliwinska-
Kowalska et al. 2000). These changes signal a movement from growth arrest
toward the gap 1 phase (G1) of the cell cycle throughout the epithelium except
in the damaged region where cells are allowed to transit into the DNA synthesis
(S) phase. The local signals that promote S-phase entry are not yet known, but
are likely to be associated with hair cell death or removal of damaged hair cells
(Hashino et al. 1995; Williams and Holder 2000). In birds, signals from hair
cells presumably prevent nearby supporting cells from dividing; however, this
scenario does not apply to fish that add new hair cells to the periphery and the
core of the epithelium throughout life (Popper and Hoxter 1984).

3.3 Growth Factors

Growth factors, which can stimulate proliferation in some stem/progenitor cells,
have been tested in the inner ear (Oesterle and Stone, Chapter 5). Insulin and
insulin-like growth factor-1 (IGF-1), a secreted hormone, induces proliferation in
the mature avian vestibular system, but not in the cochlea (Oesterle et al. 1997).
Mixed results have been obtained with transforming growth factor-� (TGF-�),
which binds to the epidermal growth factor (EGF) receptor. TGF-� induces
proliferation in isolated cultures of the avian vestibular epithelia, but not in
organotypic cultures (Oesterle et al. 1997; Warchol 1999). While some growth
factors can stimulate proliferation, others, such as fibroblast growth factor-2
(FGF2), can suppress proliferation in cultured vestibular epithelium (Oesterle
et al. 2000). Fibroblast growth factor receptor (FGFR3) has been implicated
in proliferation in the avian auditory system. FGFR3 is heavily expressed in
supporting cells, but is greatly downregulated after hair cells are damaged,
and then upregulated again after hair cells regenerate (Bermingham-McDonogh
et al. 2001).
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3.4 Cell–Cell Contacts and Proliferation

Because cell proliferation is initiated after hair cell death and ceases after hair
cells regenerate, cell–cell contacts may play an important role in proliferation in
nonmammals (Hashino et al. 1995). So far, there are limited data on the topic.
In the chicken utricle, antibody blocking of N-cadherin, which is expressed at
cell–cell junctions, suppressed proliferation in organ cultures (Warchol 2002).

3.5 Intracellular Signaling and Proliferation

A number of intracellular signaling pathways have been shown to regulate prolif-
eration (Oesterle and Stone, Chapter 5). One of the earliest to be identified
was cAMP. In birds, high levels of forskolin increase intracellular cAMP
and increase proliferation, presumably by acting on protein kinase A (PKA;
Navaratnam et al. 1996). Brief treatments with forskolin also increase prolif-
eration in mammalian vestibular organ, but it is thought to occur because
of increased expression of growth factor receptors on the plasma membrane
(Montcouquiol and Corwin 2001b). Several other signaling molecules such as
mitogen-activated protein kinase (MAPK), protein kinase C (PKC), phospho-
inositide 3-kinase (PI-3K), and target of rapamycin (TOR) slow proliferation,
the latter two having effects in both mammals and birds (Montcouquiol and
Corwin 2001a; Witte et al. 2001).

4. Differentiation of Supporting Cells and Hair Cells

The progeny of dividing progenitor/stem cells must decide their fate and
undertake numerous biochemical and morphological changes in order to differ-
entiate into the appropriate cell type and establish contacts with their neighbors.
Avian support cells have features distinct from those of hair cells. Support
cells, which constantly secrete tectorins from the apical surface, generate the
tectorial membrane; they contain connexons to form intercellular gap junctions
to transport molecules between cells, and they contain cytokeratins, a support
cell marker (Goodyear et al. 1996; Stone et al. 1996; Forge et al. 2003). A unique
morphologic feature of hair cells is the stereocilia bundle, which is rich in actin,
fimbrin, and myosins VI and VIIa (Lee and Cotanche 1996; Hasson et al. 1997).
Avian hair cells also express TUJ1 �-tubulin and calmodulin.

4.1 Factors Regulating Differentiation

The molecular signals that cause progenitor cells to differentiate into hair cells
and supporting cells are complex and not well understood at present (Oesterle
and Stone, Chapter 5). Several extrinsic factors have been shown to contribute
to supporting cell and hair cell differentiation during normal development or
regeneration (Eddison et al. 2000; Kelley 2003). One of the best studied is
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the extracellular receptor, Notch, that is activated by Delta or Jagged/Serrate
ligands expressed on adjacent cells. When ligands bind to Notch it increases
the level of HES, a repressor transcription factor that reduces the expression of
proneural/sensory genes (Kageyama and Ohtsuka 1999; Kageyama et al. 2005).

Several intrinsic transcription factors such as Ngn1, Atoh1, HES1, and HES5
are known to control the expression of genes involved in differentiation (Fekete
and Wu 2002). Atoh1 (also Math1) is essential for the specification and differen-
tiation of hair cells during development and in nonmitotic hair cell regeneration.
Atoh1 expression emerges before obvious signs of hair cell damage and persists
during cell division. During differentiation, Atoh1 is downregulated in support
cells, but retained in hair cells (Cafaro et al. 2007). HES1 and HES5, negative
regulators of Atoh1, drive dividing cells toward supporting cell lineage (Zheng
et al. 2000b; Zine et al. 2001). HES1−/− mice have increased number of inner hair
cells (IHCs) whereas HES5−/− have increased numbers of OHCs; mice lacking
both HES1 and HES5 have increased numbers of vestibular hair cells. Prox1,
a transcription factor that promotes progenitor cell proliferation and differenti-
ation, is expressed in developing regions of the chick otocyst that are associated
with hair cells and neurons.

4.2 Regeneration in Mammals

Because hair cells do not regenerate in the mammalian cochlea and only limited
regeneration occurs in the vestibular epithelium, there has been intense interest in
identifying methods to stimulate regeneration. Proliferation is actively suppressed
in the mammalian inner ear by the cyclin-dependent kinase inhibitors p19Ink4d
(Ink4d) and p27Kip1 (Kip1) (Chen and Segil 1999; Chen et al. 2003). Supporing
cells normally express high levels of p27Kip1, but when this gene is knocked
out, postanal proliferation and supernumerary hair cells are observed (Chen and
Segil 1999). When p19Ink4d is knocked out, hair cells reenter the cell cycle
but later die (Chen et al. 2003). In addition, deletion of Rb1 coding for the
retinoblastoma protein causes differentiated hair cells to divide, differentiate,
and become functional (Sage et al. 2005).

Genes that positively regulate the generation of hair cells have been used
in gene therapy studies. Rat neonatal organ cultures transfected with a Math1–
EGFP plasmid stimulated the conversion of supporting cells in the cochlea
(inner sulcus) and utricle into hair cells (Zheng and Gao 2000). Transfection
of adult rat utricular cultures with an adenovirus expressing Hath1 (human
homolog of Atoh1) resulted in the conversion of many support cells to hair cells
(Shou et al. 2003). The proof of concept studies carried out in vitro set the
stage for hair cell regeneration and hearing restoration in vivo. When guinea
pigs were deafened with an ototoxic drug cocktail that destroyed all hair cells
and the cochlea subsequently transfected with an adenovirus expressing Atoh1
(Math1), support cells near the original sensory cells converted into hair cells
(Izumikawa et al. 2005). Moreover, physiological hearing thresholds were better
in the adenovirus-treated ears than in untreated ears. Another promising approach
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to stimulating hair cell regeneration involves the use of cell-permeable small
molecules that can negatively or positively modulate genes involved in hair cell
regenerations. Work on Alzheimer’s disease has helped to identify several small
molecules that inhibit Notch signaling. Gamma secretase, a small molecule that
suppresses Notch, reduces the expression of Hes5 and leads to the production
of ectopic hair cells in murine neonatal cultures (Tang et al. 2006; Yamamoto
et al. 2006). While gene therapy and the use of small molecules that promote
the conversion of support cells to hair cells are promising approaches, a major
obstacle that remains to be solved is the need to replenish the support cells
that have undergone conversion. Supporting cells, especially those in the highly
differentiated and organized cochlea, perform important functions. Therefore,
future efforts need to employ a more comprehensive approach that enhances cell
proliferation in damaged regions coupled with signaling that converts some of
the progeny to hair cells and others to support cells.

5. Repair and Protection

Considerable evidence has emerged indicating that damaged hair cells undergo
repair after a nonlethal insult (Sobkowicz et al. 1996; Baird et al. 2000; Watson
et al. 2007). Over the past decade, there has been a growing interest in the
biological basis of cell death and why some cells die while others survive. This
has led to rapid growth in the number of studies dealing with cell death and cell
survival signaling and how these pathways can be influenced pharmacologically
and by virally mediated gene transfer (Forge and Van de Water, Chapter 6).
Sufficient progress has been made that this knowledge is being exploited clini-
cally to protect hair cells from noise, ototoxic, and age-related damage in order
to prevent hearing loss.

5.1 Cell Death

Three major cell death pathways are now recognized: necrosis, apoptosis, and
autophagy (Debnath et al. 2005); the first two are known to occur in the inner
ear (Hu et al. 2006). Necrosis is characterized morphologically by swelling of
the cell body and organelles, rupture of the cell membrane, and extrusion of the
cell’s contents into the extracellular space that leads to an inflammatory response.
Apoptosis, a major form of programmed cell death, is characterized by a series
of internal biochemical processes that lead to nuclear condensation and fragmen-
tation, plasma membrane blebbing, and breakdown of the cell into apoptotic
bodies that are engulfed by nearby cells or macrophages (Savill et al. 1993;
Monks et al. 2005). Autophagy, recently recognized as a form of programmed cell
death, involves transporting structures targeted for destruction into autophago-
somes and moving them into lysosomes or vacuoles where they are hydrolyzed
(Reggiori and Klionsky 2005).
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5.2 Apoptosis

Caspases, a family of cysteine proteases, play a major role in apoptosis; they
are present in cells in their inactive pro-caspase form. Pro-caspases are activated
(cleaved) by one or more initiator caspase (e.g., caspase-8 or caspase-9), which
in turn activate effector caspases (e.g., caspase-3 or caspase-7) that destroy
DNA and other cellular components. Activation of initiator caspase 9, part of
the intrinsic cell death pathway, requires the release of cytochrome c from the
mitochondria and binding to apoptotic protease activating factor 1 (APAF-1),
leading to activation of executioner caspase 3 (Katoh et al. 2004). Initiator
caspase-8, part of the extrinsic cell death pathway that is activated by death
receptors on the cell’s membrane, activates executioner caspase-3. Activated
caspase-8 can also cross over into the intrinsic cell death pathway and activate
caspase-9. Several caspase-independent cell death pathways have been identified,
including calpains, calcium-activated proteases known to be involved in some
forms of cell death in the inner ear (Bartus et al. 1995; Wang et al. 1999; Ding
et al. 2001; Danial and Korsmeyer 2004).

5.3 Hair Cells and Antioxidant Defenses

Damage to cochlear hair cells whether by noise, ototoxic drugs, or aging follows
a stereotypic pattern, with damaging progressing from base-to-apex and from
OHCs to IHCs. These vulnerability gradients persist in vitro and apparently are
due to the intrinsic differences in susceptibility to traumatic stress (Richardson
and Russell 1991; Zheng and Gao 1996). The intrinsic process of cellular respi-
ration results in the production of reactive oxygen species such as the superoxide
and hydroxyl radicals that oxidize and damage other molecules within cells
(Halliwell et al. 1992). To eliminate these highly toxic reactive oxygen species
and promote cell survival, cells deploy a system of antioxidant enzymes such
as superoxide dismutase and glutathione to scavenge and inactivate reactive
oxygen species (Fuchs et al. 1989). Traumatic agents such as noise or ototoxic
drugs generate reactive oxygen species that can overwhelm the cell’s antioxidant
defense system (Clerici et al. 1996; Jacono et al. 1998; Ohlemiller et al. 1999a).
The antioxidant defense systems of hair cells in the base of the cochlear are
weaker than those in the apex; this presumably explains why hair cells in the
base of the cochlea are more susceptible to traumatic insult and aging (Sha
et al. 2001b).

5.4 Spiral Ganglion Neuron Survival Factors

The spiral ganglion neurons provide the only pathway for relaying information
from hair cells to the central auditory system. The long-term survival of spiral
ganglion neurons is critical for the restoration of hearing through hair cell regen-
eration or a cochlear implant. Most spiral ganglion neurons survive if damage is
confined to the OHCs. However, spiral ganglion neurons slowly degenerate over
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months or years after the IHCs are destroyed, suggesting that neuron survival
is dependent on trophic support from the hair cells (Xu et al. 1993; McFadden
et al. 2004). Studies from knockout mice indicate that neurotrophin-3 (NT-3) is
the major survival promoting factor for type I neurons in the cochlea while brain-
derived neurotrophic factor (BDNF) promotes the survival of type II neurons
(Ernfors et al. 1995; Fritzsch et al. 2004). Deletion of BDNF plus NT-3 resulted
in complete loss of spiral ganglion neurons.

5.5 Genetic Factors Related to Susceptibility
and Protection

Strategies aimed at preventing hearing loss would undoubtedly benefit from an
understanding of genetic factors that make individuals susceptible or resistant
to ototraumatic insults or age-related hearing loss. Mice carrying age-related
hearing loss (Ahl) alleles develop early-onset hearing loss. Many of the mice
with Ahl alleles are also susceptible to acoustic trauma and ototoxic insult
(Johnson et al. 1997; Davis et al. 2001; Wu et al. 2001; Keithley et al. 2004).
Mice lacking the gene for copper/zinc superoxide dismutase are more suscep-
tible to hearing loss from aging and noise exposure (McFadden et al. 1999;
Ohlemiller et al. 1999b) whereas overexpression of this gene confers protection
against aminoglycoside ototoxicity, but not against aging (Sha et al. 2001a;
Coling et al. 2003). A number of other genes are associated with early or
late-onset hearing loss and these mutations could modify other forms of ototrau-
matic injury. Humans with maternally inherited mutations in certain mitochon-
drial genes are hypersensitive to aminoglycosides (Prezant et al. 1993; Guan
et al. 2000). The transcription factors Brn 3c (Pou 4f3) and Barhl 1 expressed in
hair cells have been implicated in progressive hearing loss (Vahava et al. 1998;
Li et al. 2002). Disruption of the Kcc4 gene for the K–Cl cotransporter, expressed
in supporting cells, is associated with progressive early-onset hair cell loss
(Boettger et al. 2002). Genes for connexin (cx) 26, 30, and 31 are associated
with congenital or late onset hearing loss (Xia et al. 1998; Grifa et al. 1999;
Bitner-Glindzicz 2002).

5.6 Protection by Sound Conditioning
and Temperature Stress

High-level noise exposures damage the inner ear, so it would seem illogical
to suggest that prior sound exposure (conditioning exposure) could reduce the
risk of hearing loss from later noise exposures. The first study to show a
protective sound conditioning effect was published by Miller and colleagues in
1963 (Miller et al. 1963). They noise-exposed cats at 115 dB for 7.5 min per
day for 17 days and used behavioral techniques to measure the hearing loss
just after the animals were removed from the noise. The hearing loss after the
first day of the exposure was on the order of 35 dB, but gradually declined to
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15 dB by day 17. At the time, the authors considered the reduction of hearing
loss during the series of daily noise exposures as a curiosity or behavioral
artifact. However, more than a decade later, investigators performed similar
experiments and reported that the auditory system became more “resistant” to
hearing loss over the course of prolonged interrupted noise exposure (Clark
et al. 1987; Boettcher et al. 1992). Other have employed moderate intensity
noise, either continuous or interrupted, to “condition” the ear. Afterwards, the
sound-conditioned group and a control group were exposed to high-intensity
noise known to cause significant hearing loss and hair cell loss. Animals that
received sound conditioning sustained less hearing loss and hair cell loss than
the control group (Canlon et al. 1988; Subramaniam et al. 1991; Canlon 1997;
Canlon and Fransson 1998). Unilateral conditioning exposures protect only the
exposed ear, suggesting that the effects are local and not systemic (Yamasoba
et al. 1999). Sound conditioning persists over many weeks, suggesting that the
conditioning exposure induced a long-lasting biological change to the inner
ear (McFadden et al. 1997). Conditioning exposures upregulate glutathione,
�-glutamyl cysteine synthetase, and catalase, suggesting that the antioxidant
defense system plays a role in sound conditioning (Jacono et al. 1998). The
stress protein NF�B, glucocorticoids, and glucocorticoid receptors have also
been implicated in resistance and sound conditioning (Tahera et al. 2006; Canlon
et al. 2007).

Heat shock proteins, which are expressed in cells during heat, cold, and other
forms of stress including exposure to noise, cisplatin, and aminoglycosides, were
first discovered in Drosophila melanogaster in the early 1960s (Ritossa 1996;
Ni et al. 2005; Coling et al. 2007). Heat shock proteins assist cells to recover
from stress by repairing damaged proteins (protein refolding) or eliminating
proteins that are damaged, thereby enhancing the ability of damaged cells to
survive (Michils et al. 2001; Winter and Jakob 2004). Heat shock proteins
are upregulated in the cochlea in response to hyperthermia (Lim et al. 1993;
Yoshida et al. 1999) (Forge and Van de Water, Chapter 6). The upregulation
of heat shock proteins by hyperthermia protects against acoustic trauma in
vivo, and their subsequent downregulation is correlated with greater suscep-
tibility to noise-induced hearing loss. Hyperthermia-induced upregulation of
heat shock proteins also protects against cisplatin- and aminoglycoside-induced
ototoxicity in vitro (Cunningham and Brandon 2006). Hyperthermia upregu-
lates the stress-activated transcription factor HSF-1 that regulates expression
of heat shock factor genes. Not surprisingly, HSF-1 knockout mice are more
susceptible to noise-induced hearing loss (Fairfield et al. 2005). Nonsteroidal
anti-inflammatory drugs such as sodium salicylate, an antioxidant (discussed
later), activates HSF-1 (Housby et al. 1999). Whole-body hypothermia also
induces HSF-1 and heat shock proteins in many organs including the brain
(Cullen and Sarge 1997) and reduces hearing loss and/or hair cell loss from
ischemic reperfusion injury, electrode insertion trauma, and acoustic trauma
(Drescher 1974; Henry and Chole 1984; Watanabe et al. 2001; Balkany
et al. 2005).
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5.7 Antioxidants and Protection

Because reactive oxygen and reactive nitrogen molecules are generated in the
inner ear in response to ototoxicity and acoustic trauma, exogenous antioxi-
dants or compounds that upregulate the bodies antioxidant defenses have been
evaluated as otoprotectants. The list of compounds used to scavenge reactive
oxygen species (e.g., •OH, H2O2, O2•) and reactive nitrogen species (ONOO−,
NO) and protect against inner ear damage (see Table 6.1, Forge and Van De
Water, Chapter 6) include salicylate (aspirin), acetyl-L-carnitine (ALCAR), �-
tocopherol (vitamin E), l-N-acetylcysteine (l-NAC), ebeselen and allopurinol,
d-methionine, M40403, and R-PIA (Campbell et al. 1996; Hu et al. 1997; Sha and
Schacht 1999; Kopke et al. 2000, 2002; McFadden et al. 2003; Fetoni et al. 2004;
Lynch et al. 2004, 2005). Some of these compounds provide protection only
against one or two ototraumatic agents and some are effective only when admin-
istered in combination. In addition to scavenging reactive oxygen and reactive
nitrogen molecules, some compounds have antiapoptotic properties. Because
antioxidants intervene during the early stages of ototrauma they may be effective
in limiting the amount of damage to the inner ear.

5.8 Caspase Inhibition Confers Protection

Once the inner ear has been damaged, programmed cell death moves forward by
activating initiator and effector caspases. Sublethal cell damage can be prevented
from moving toward the lethal stage by inhibiting the action of caspases, either
individually or collectively (Forge and Van De Water, Chapter 6). Caspase
inhibitors administered in vitro suppress aminoglycoside- and cisplatin-induced
damage to hair cell death or spiral ganglion neurons (Liu et al. 1998; Forge and
Li 2000; Cunningham et al. 2002; Matsui et al. 2002). Intracochlear or systemic
administration of caspase-9 and caspase-3 inhibitors also protects against hair
cell loss, hearing loss, or vestibular dysfunction from cisplatin or aminoglycoside
ototoxicity. However, systemic administration of caspase inhibitors provides less
protection than intracochlear perfusion, ostensibly because of reduced uptake
of the inhibitor from the bloodstream into the inner ear (Matsui et al. 2003;
Wang et al. 2004). The improved vestibular and auditory function associated
with caspase inhibition suggests that sublethally damaged cells remain functional
and can undergo self-repair. Local application of caspase inhibitors to the inner
ear would provide optimal protection and avoid potential toxic effects associated
with systemic administration.

Drugs that block stress signaling pathways before caspase activation can also
protect the inner ear. Small molecules such as CEP 1347, CEP 1104, and D-JNK-
1, which inhibit MAPK/JNK stress pathways, protect against cochlear damage
and hearing loss induced by aminoglycosides, electrode-insertion trauma, and
noise-induced cochlear damage, but not cisplatin ototoxicity (Pirvola et al. 2000;
Wang et al. 2003; Matsui et al. 2004; Eshraghi et al. 2007). The protective effect
of CEP 1347 against aminoglycoside ototoxicity was less when the drug was
administered systemically than when applied in organotypic cultures, possibly
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due to reduced drug uptake in vivo (Pirvola et al. 2000; Ylikoski et al. 2002).
The differences may be due to the fact that the cell death pathways involved in
acute aminoglycoside ototoxicity in culture are different from those seen with
chronic aminoglycoside treatment in vivo (Jiang et al. 2006).

6. Future Directions

The rediscovery of hair cell regeneration and sound conditioning to prevent
hearing loss in the late 1980s generated a groundswell of interest in the
biochemical, cellular, and genetic events responsible for cell proliferation, differ-
entiation, cellular repair, and cell death. The interest in regeneration, repair, and
protection came at a time when there were rapid scientific and technological
advances that provided investigators with the new tools and a more sophisticated
scientific framework in genomics and proteomics that could be used to identify
the biological processes involved in regeneration, repair, and cell death (Rivolta
and Holley, Chapter 7).

6.1 Gene Arrays

Subjects with induced and natural gene mutations have provided valuable insights
into the role specific genes have on the structure and function of the inner
ear (Ernfors et al. 1994; Liberman et al. 2002). Another approach for studying
the roles genes play in development, proliferation, differentiation, and repair
involves the use of high-throughput gene microarrays that contain hundreds or
thousands of genes. Gene arrays are composed of a series of microscopic spots
attached to a membrane, polymer, or glass slide; each spot contains identical
single-stranded polymeric molecules of oligonucleotides or cDNAs coding for a
unique fragment of a particular gene. The pool of RNA or DNA obtained from a
cell line or tissue is labeled and afterwards washed onto the gene array, allowing
the labeled RNA or DNA to hybridize to its complimentary oligonucleotide or
cDNA on the array. The signal from each spot is measured to determine if the
gene is present and to estimate its abundance. To determine if the results are
valid, it is common to follow up with reverse transcriptase-polymerase chain
reaction (RT-PCR), in situ hybridization, or immunolabeling to corroborate the
results and to identify the location of the gene or the protein coded by the gene.

Gene profiling can be used to assess which genes are expressed and the level of
expression in a cell line or in a heterogeneous tissue such as the ear. Analysis of
a heterogeneous tissue is complicated by the fact that a high level of expression
of a gene in one cell type may be canceled out by low expression in another cell
type. Further, if the proportion of cells of a given type (e.g., hair cells) is low,
the genes unique to the low-abundance cell type may go undetected.

Gene profiling has been used to determine which genes are present in cochlear
tissues or inner ear cell lines and to estimate their relative or absolute abundance
(Germiller et al. 2004; Hildebrand et al. 2007). A comparison of gene profiles
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obtained at different developmental stages can be used to identify genes that
are expressed at low or high levels during periods of cell proliferation and
differentiation (Chen and Corey 2002a; Pompeia et al. 2004; Powles et al. 2004).
A comparison of gene profiles obtained from mouse cochleas between P2 and P32
revealed an upregulation of many genes associated with ion channels, calcium
binding, and transporters (Chen and Corey 2002b). Comparison of gene profiles
from the mouse utricle identified the Rb1 gene, which plays an important role
in hair cell proliferation (Chen and Corey 2002a; Sage et al. 2005).

Gene profiles from the inner ear can be compared to other tissues to identify
those that are unique to the inner ear versus those that are common to other tissues
(Liu et al. 2004). This information can be used to create cDNA libraries for the
inner ear and to identify genes unique to specific tissues within the ear (Beisel
et al. 2004; Morris et al. 2005). One very elegant, but labor-intensive study
identified some of the hair cell and support cell specific genes in the mammalian
cristae ampullaris. The laser capture dissection technique was used to separate
hair cells from supporting cells, and the mRNA from each cell population was
amplified and gene profiled (Cristobal et al. 2005). More than 400 genes were
identified that showed a significant difference in expression between hair cells
and supporting cells.

Gene arrays from normal and noise-exposed chicks have been used to study
gene expression changes associated with the early stage of damage and later
stages of repair and regeneration (Lomax et al. 2000; Lomax et al. 2001).
Noise-exposure upregulated genes associated with actin signaling, Rho GTPase,
and protein degradation. In mammals, the early stages of noise-induced
temporary threshold shift were correlated with a time-dependent upregulation of
genes associated with protein synthesis, metabolism, cytoskeletal proteins, and
calcium binding proteins (Taggart et al. 2001). Noise exposures associated with
permanent threshold shift in mammals increased expression of immediate early
genes involved with transcription (e.g., c-FOS) and cytokines (e.g., LIF) (Cho
et al. 2004). Comparison of gene arrays from control versus short-term amino-
glycoside treatment revealed a downregulation of genes that would reduce stress
from reactive oxygen species and N-methyl-d-aspartate (NMDA) receptor.

6.2 Inner Ear Cell Lines

The diverse cell types and complex morphological organization of the inner ear,
particularly the cochlea, makes it especially difficult to identify the biological
signals that control the temporal and spatial features of proliferation and differ-
entiation in this heterogeneous cell population. To reduce the complexity of the
problem, cell lines have been established from the cochlea and vestibular system.
Most of inner ear cell lines have been developed from a transgenic Immorto-
mouse that contains a temperature sensitive, immortalizing protein that causes
cells to proliferate at 33�C in the presence of �-interferon, but not at normal
body temperature (Noble et al. 1992). Individual cells derived from the inner
ear at different stages of development and maintained at 33�C halt their program
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of differentiation at a particular developmental stage and proliferate to form a
cell line with characteristics of the developmental stage and anatomical location
from which it was derived. Inner ear cell lines have been derived from several
locations and developmental stages including the embryonic otocyst, neurob-
lasts, and auditory epithelium and postnatal maculae of the utricle and organ of
Corti (Barald et al. 1997; Rivolta et al. 1998; Lawlor et al. 1999; Lawoko-Kerali
et al. 2004).

6.3 Gene Networks

Gene microarrays have been used to study the temporal pattern of gene expression
associated with differentiation of an Immortomouse cell line derived from the
organ of Corti at the early stage of hair cell differentiation (Rivolta et al. 1998;
Rivolta and Holley 2002). As the clonal cells differentiated in synchrony,
expression of hair cell markers Brn3c, myosin VIIa, and �9AChR increased.
Analysis of temporal profiles has the potential to identify genes that are part of a
functionally related program that drives development. To determine if genes that
cluster together temporally are part of a signaling network, expression of a key
regulatory gene can be knocked down with antisense oligonucleotides, antisense
morpholinos, or siRNAs to determine its effects on the signaling cascade and
subsequent differentiation (Rivolta and Holley, Chapter 7).

6.4 Cell Death

Cell lines derived from the inner ear have been used to study the mechanisms
of ototoxicity and identify otoprotective compounds (Bertolaso et al. 2001;
Devarajan et al. 2002; Jeong et al. 2005a, b). Inner ear cell lines provide a
convenient and consistent source of tissues that can be used to study cell death
pathways that may be unique to specific cell types within the inner ear and
they can be used to evaluate the efficacy of otoprotective compounds. Cochlear
OC-k3 cells treated with cisplatin or gentamicin died by apoptosis in a dose-
and time-dependent manner. Cell death was accompanied by an increase in
reactive oxygen species and a decrease in glutathione antioxidant enzyme. Treat-
ments with exogenous antioxidants N-acetylcysteine, glutathione, and vitamin C
were effective in reducing cell death (Bertolaso et al. 2001). Gene microarray
analysis performed on OC-k3 cells treated with cisplatin showed an upregu-
lation of many genes involved with cellular respiration, detoxification, arachi-
donate mobilization, and lipid, peroxidation. A temporal profile of the expression
changes would be useful in identifying the proapoptotic and antiapoptotic gene
networks associated with cisplatin and other forms of ototoxicity.

6.5 Differentiation Programs

Inner ear cell lines derived from embryonic or neonatal tissues could prove useful
in identifying intrinsic or extrinsic signals that determine cell fate or lineage.
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Cells of the clonal cell line UB/UE-1 derived from supporting cells from the
postnatal macula of the utricle are multipotent and differentiate into supporting
cells or hair cells. Two hair cell phenotypes were identified on the basis of
their physiological characteristics (Lawlor et al. 1999). When UB/UE-1 clones
were transfected with E-cadherin it inhibited the expression of some, but not all,
hair cell specific proteins (e.g., myosin VIIa and acetylcholine receptors). Other
exogenous and intrinsic factors that guide differentiation need to be explored. Cell
lines derived from the embryonic brain of Immortomouse have been transplanted
into the damaged brain, where they integrate and differentiate in the host tissue
(Gray et al. 2000). Clonal cell lines derived from different developmental stages
and different regions of the inner ear have yet to be transplanted into the ear.

7. Stem Cells and Therapy

In the mid-1960s, Altman and Das presented the first autoradiographic evidence
of cell proliferation and neurogenesis in the adult mammalian brain (Altman and
Das 1965a, b). This finding contradicted the long-held dogma that neurogenesis
does not occur in the adult brain. Publications followed that contested Altman’s
remarkable findings, and unfortunately this discovery languished for many years
only to be rediscovered (Reynolds et al. 1992). During the past decade, research
on stem cells and their potential use in regenerative medicine has exploded and
raised expectations. Stem cells come in many different “flavors” and are “more or
less flexible” depending on the stage of development and the tissue from which
they were derived (Rivolta and Holley, Chapter 7). Totipotent cells derived from
the fusion of sperm and egg cells can develop into any cell type. Pluripotent
stem cells, progeny of totipotent cells, can generate endoderm, mesoderm, and
ectoderm. Multipotent cells produce progeny within the same germ line.

Embryonic stem cells derived from mammalian embryos are pluripotent and
retain undifferentiated features. Coaxing these cells to differentiate into specific
cell types is an area of great scientific interest because of potential clinical
applications (Lovell-Badge 2001). Multipotent stem cells from fetal and adult
animals have been identified in many different tissues; those from hematopoietic,
neural, and mesenchymal sources have been most thoroughly studied. Purified
hematopoietic stem cells have been used to repair liver damage; injection of
purified hematopoietic stem cells gave rise to new, donor-derived hepatocytes
in the liver and restored biochemical function (Lagasse et al. 2000). Multipotent
adult progenitor cells derived from a subpopulation of mesenchymal stem cells
are extremely plastic. In vitro, they can differentiate into mesoderm, endoderm,
and neuroectoderm. When injected into the tail vein of mice, they engraft,
proliferate, and differentiate into the epithelium of lung, gut, and liver and the
hematopoietic system (Jiang et al. 2002). A major advantage of mesenchymal
and hematopoietic stem cells is that they can be derived from the person requiring
therapy, thereby minimizing rejection by the immune system. The major sources
of neural stem cells are the olfactory bulb, hippocampus, and subventricular zone
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(Doetsch et al. 1997; Kempermann and Gage 2000; Pagano et al. 2000). Neural
stem cells can differentiate into neurons and glia and under certain conditions
into mesoderm and endoderm (Bjornson et al. 1999; Galli et al. 2000; Hsieh
et al. 2004). Neural stem cells have shown therapeutic value in a number of
models. For example, intravenous injection of human neural stem cells into a
rat model of ischemic stroke led to engraftment of stem in the damaged region,
differentiation into neural phenotypes, and improved behavioral performance
(Chu et al. 2004).

7.1 Stem Cells from the Inner Ear

There is no evidence for stem cells in the adult mammalian cochlea; however, a
limited number of new hair cells have been found in damaged vestibular organs,
suggesting the presence of a stem cell pool. Pluripotent stem cells, deriveved
from the utricular epithelium of adult mammals, can give rise to mesoderm,
endoderm, and ectoderm. The self-renewing stem cells cluster into spheres and
express genes and proteins characteristic of cells in the developing inner ear and
nervous system (Li et al. 2003; Lou et al. 2007). In postnatal mammals, self-
renewing stem cell spheres have been found from tissue isolated from the organ
of Corti, vestibular sensory organs, stria vascularis, and spiral ganglion (Oshima
et al. 2007). Stem cells from the sensory epithelium generate progenitors with
physiological and immunocytochemical features of immature hair cells. Cochlear
stem cell spheres and progenitor cell markers decline rapildy in the first few
postnatal weeks; this decline is more gradual in the verstibular system (Oshima
et al. 2007). An important area of future study is the identification of factors
that promote the decline of the stem cell pools. Developmental studies with mice
lacking fibroblast growth factor receptor 1 suggest that this receptor is needed
to generate the prosensory cells that give rise to auditory hair cells (Pirvola
et al. 2002). The prosensory cells express the SOX2 gene, which maintains the
proliferative potential of cells in the stem cell pool (Ellis et al. 2004; Bani-
Yaghoub et al. 2006).

7.2 Transplantation of Stem Cells

Transplantation of stem cells into the inner ear is still in its infancy, although
success with stem cell transplantation in the brain has generated optimism that
this approach can be applied to the ear. Labeled, autologous bone marrow
cells transplanted into the gentamicin-damaged inner ear engrafted throughout
much of the cochlea and some engrafted cells expressed neuron-specific proteins
(Naito et al. 2004) Mouse bone marrow mesenchymal stem cells transplanted
into embryonic chick ear organ cultures integrated into the epithelium and some
expressed hair cell markers (Jeon et al. 2007). This suggests that mesenchymal
stem cells may have potential for autologous stem cell transplantation.



24 R.J. Salvi

8. Summary

While there is considerable optimism regarding the therapeutic potential of stem
cell transplantation and gene therapy to replace missing hair cells and spiral
ganglion neurons, numerous obstacles are likely to lie ahead. The inner ear has
a complex morphological architecture, and getting stems or progenitor cells to
engraft into the region where they are needed, to differentiate into the correct cell
type, and to establish normal function will be challenging. Hair cells must insert
into the apical surface of the epithelium and develop stereocilia with the proper
orientation and attachments to the overlying tectorial membrane. The basal pole
of each OHC rests in the Deiters’ cell cup. If the Deiters’ cells are missing, as is
often the case in profound hearing loss, regeneration and stem engraftment are
likely to occur incorrectly and do more harm than good. Even if the hair cells
could be replaced, they would need to form afferent and efferent connections
with afferent spiral ganglion neurons and efferent neurons in the brain. The
guidance cues available in an ear that has been deafened for many years may
no longer be available or may function improperly. Prolonged deafness and loss
of neurotrophic support leads to atrophy and loss of spiral ganglion neurons
and vestibular ganglion neurons. Effective gene therapy or stem cell therapy
may require pharmacologic interventions during the early stages of deafness to
prevent the loss of neurons or combined approaches to replace both hair cells
and neurons. Many obstacles and challenges lie ahead, but one need only look
backwards in the footsteps of time to recall an era in which hair cell regeneration
did not occur and stem cells did not exist in the adult nervous system or inner
ear. Our imagination, combined with a strong scientific foundation, will one day
lead to new cures for deafness.
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2
Morphological Correlates
of Regeneration and Repair
in the Inner Ear

Jason R. Meyers and Jeffrey T. Corwin

1. Introduction

The loss of hair cells is a major cause of disabling hearing impairments that
affect approximately 250 million persons worldwide and a contributor to inner
ear balance disorders that can lead to falls late in life. Normal healthy human
inner ears contain approximately 16,000 hair cells in the sound sensing cochlea,
around 8000 hair cells in each of the three rotation sensitive semicircular canal
cristae, and 18,000–33,000 hair cells each in the gravity sensing utriculus and
sacculus (Fig. 2.1; Rosenhall 1972; Wright et al. 1987). The majority of people
will lose some of those hair cells as they mature and age and many will develop
age-related deficits of hearing called presbycusis (Fig. 2.2; Bredberg 1968;
Rosenhall 1973). Presbycusis and age-related deterioration of vestibular reflexes
correlate with declines in the numbers of cochlear and vestibular hair cells,
respectively (Fig. 2.2; Bredberg 1968; Rosenhall 1973; Paige 1992).

Hair cells can be damaged and killed by loud sounds, infections, head trauma,
and autoimmune disorders. The clinical use of aminoglycoside antibiotics and
certain chemotherapeutic agents such as cisplatin can also cause hair cell loss.
As life expectancies have lengthened, the occurrence of hearing and balance
disabilities has grown, because hair cell losses in humans and other mammals
are permanent and cumulative.

In contrast to mammals, many nonmammalian vertebrates produce hair cells
throughout life and regenerate replacements for hair cells that have been lost. The
replacement cells become innervated, which leads to the restoration of hearing
and balance sensitivity, usually within a matter of weeks. Hair cell regeneration
also occurs in the lateral line neuromasts of fish and amphibians, which share
many aspects of tissue structure and organization with the hearing and balance
end organs of the ear (Fig. 2.3).

This chapter reviews and discusses current understanding and highlights
unresolved questions pertaining to morphological aspects of the mechanisms that
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Figure 2.1. Schematic diagrams of the human inner ear. (A) Approximate size and
location of the sensory organs of the inner ear. (B) Schematic drawing of the auditory
and vestibular labyrinth. The sensory patches within each organ are indicated by the dark
coloration. (C) Schematic representation of a section of the sensory epithelium from a
vestibular organ to demonstrate the general structure and organization of the sensory
epithelium.

underlie hair cell regeneration and repair in vertebrates. It also reviews investi-
gations that have explored the potential for hair cell regeneration in the ears of
mammals.
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A

B

Figure 2.2. Loss of hair cell number and function in the human cochlea with increasing
age. (A) Density of outer hair cells in the cochlea decreases with age, expressed as a
percentage of the fetal density (100%). (B) Prevalence of hearing impairment of 25 dB
or greater in the better hearing ear among individuals of different ages. The increasing
prevalence of hearing loss at increased age correlates strongly with the loss of cochlear
hair cells. (A) Modified from Bredberg (1968). (B) Modified from Davis (1989).

2. Ongoing Production of Hair Cells
in Nonmammalian Vertebrates

In many nonmammalian vertebrates, the production of hair cells is not limited
to embryonic development (Corwin 1981, 1983, 1985; Popper and Hoxter 1984;
Lanford et al. 1996). For example, the ears of sharks and rays add hundreds of
thousands of hair cells in the ear and increase in sensitivity as juveniles grow into
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Figure 2.3. Schematic diagrams showing general structural organization of sensory
epithelia. (A) Organization of otolith macular organs. The sensory patch, indicated by
the darkened color in the inset, is comprised of hair cells and supporting cells in a
mosaic pattern. The hair cells insert their hair bundles into a gelatinous matrix covered
by otoconial crystals that provide inertial weight to acceleration of the head (arrow). The
sensory epithelium is surrounded by a nonsensory epithelium, made up of supporting-like
cells. (B) Organization of the semicircular canal cristae. The barbell-shaped sensory patch
is organized very similar to that of the otolith macular organs. The hair bundles, however,
are inserted into a large cupula, which transduces rotational movement of fluid through
the canal to the hair bundles (arrow). (C) Organization of the mammalian cochlea. In
contrast to the generally uniform population of supporting cells in vestibular organs,
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adults (Fig. 2.4a; Corwin 1981, 1983). The ears of bony fish and amphibians also
add thousands of hair cells during postembryonic growth (Lewis and Li 1973;
Li and Lewis 1979; Popper and Hoxter 1984; Corwin 1985; Lombarte and
Popper 1994; Lanford et al. 1996).

2.1 Postembryonic Hair Cell Production

These new hair cells are the product of postnatal proliferation, as [3H]thymidine
labels both newly produced hair cells and supporting cells (Corwin 1981). The
distribution of proliferating cells and newly produced hair cells in elasmobranchs
and amphibians is strongly biased toward appositional growth, with cells added
at the outer edge of the sensory epithelium (Fig. 2.4b,c), but some interstitial
proliferation and addition of new hair cells occurs in the central regions of the
maculae as well (Lewis and Li 1973; Li and Lewis 1979; Corwin 1983, 1985).

Appositional expansion is not the only pattern for ongoing growth in the
ear. In teleost fish, interstitial addition outweighs appositional growth at the
outer margin (Popper and Hoxter 1990; Lombarte and Popper 1994; Lanford
et al. 1996). There is also ongoing proliferation and production of hair cells
within the vestibular maculae of chickens occurring throughout the epithelium
(Jørgensen and Mathiesen 1988; Roberson et al. 1992; Kil et al. 1997).

Thus, the ears of many nonmammalian vertebrate classes show signs of
normal continued production of hair cells throughout life. The permanent loss
of hair cells that occurs in mammalian ears appears to be unique, as hair cell
epithelia retain progenitors in nonmammalian vertebrates that can produce hair
cells.

3. Generation and Regeneration of Lateral Line Hair Cells

Hair cells are also continually generated in the sensory organs of the lateral
line. Lateral line neuromasts are small collections of hair cells and supporting
cells on the heads and bodies of fish and aquatic amphibians. The hair cells
in the lateral line are morphologically similar to hair cells from the inner ear.
They show expression of the same molecular markers as inner ear hair cells,

�

Figure 2.3. the cochlear supporting cells (e.g., Deiters’, pillar, and phalangeal cells)
show discrete morphological specializations to form the unique structure of the organ of
Corti. (D) The lateral line neuromasts found along the body of fish and amphibians is
organized similar to vestibular organs, though there are many fewer hair cells per organ.
(E) The basilar papilla of birds shows some similarity to the vertebrate cochlea, though
the supporting cells do not form morphologically discrete subtypes or show high levels
of specialization.
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Figure 2.4.
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including homologs of atonal (Itoh and Chitnis 2001) and myosin VIIa (Ernest
et al. 2000), and are thought to be homologous. During the life of the animal,
the lateral line organs bud off accessory neuromasts that lie dorsal or ventral to
the primary organ and gradually develop into collections of up to 30 neuromasts
(Stone 1937; Ledent 2002). The accessory organs begin as a few supporting cells
around a single hair cell, but grow to include several hair cells, indicating that
the cells of the neuromasts continue to produce new sensory structures and hair
cells (Ledent 2002).

3.1 Regeneration of Hair Cell Epithelia After Amputation

In amphibians, neuromasts also can be replaced during regeneration after
amputation of the tail. Cells in the last neuromast on the tail stump divide to give
rise to a regenerative placode that is morphologically similar to the embryonic
placode that first produces the lateral line organs in embryos and larvae. The
regenerative placode migrates along the regenerating tail producing replacement
neuromasts similar in number to those lost through amputation (Stone 1933,
1937; Speidel 1947; Wright 1947). These replacement organs develop hair
cells with normal morphology and become reinnervated (Stone 1933, 1937;
Speidel 1947; Wright 1947; Jørgensen and Flock 1976). Normally, the regener-
ating placode forms from the posterior edge of the last neuromast, but grafting
experiments that reversed the orientation of the neuromasts demonstrated that
production of a regenerating placode and neuromasts could develop from the
anterior edge as well (Stone 1937). This suggests that the marginal cells closest
to the wound are able to respond to some signal from the wound to initiate the
regenerative process.

�

Figure 2.4. Ongoing production of hair cells continues throughout life in the inner ear
of many vertebrate classes. (A) A plot of the number of hair cells within the macula
neglecta of a ray versus age of the animal. The slope indicates that approximately three
hair cells are added per day in the first years of life and approximately one hair cell
is added per day beyond 6 years of age. (B) A micrograph of the edge of the sensory
epithelium of a toad’s saccule. A [3H]thymidine labeled newborn hair cell is indicated
at the edge of the epithelium, and three labeled supporting cells lie just beyond the last
hair cell. The transition from the sensory epithelium to the nonsensory epithelium is the
primary location for addition of new hair cells in cartilaginous fish and amphibians. (C)
Superimposed outlines of the sensory epithelium from the macula neglecta of rays at
different ages showing the increase in size of the sensory patch. The arrows indicate
the orientation of the hair bundles pointing away from a central point of symmetry. The
shaded portion indicates the region of hair cells with immature hair bundles at the outer
edge of the epithelium. (A, C) From Corwin (1983); (B) from Corwin (1985).
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3.2 Identifying the Progenitors of Replacement Hair
Cell Epithelia

It was suggested decades ago that for both neuromast budding and regenerating
placodes, the likely source of the cells was the supporting cells of the neuromast
(Stone 1933, 1937). Time-lapse microscopy confirmed the identity of progenitor
cells of the regenerating placode as mantle-type supporting cells that reside at
the edge of the neuromast, adjacent to the internal supporting cells and hair
cells (Jones and Corwin 1993). The location of the regenerating cells at the
border between the sensory epithelium and surrounding epidermis is similar to
the location of the proliferative cells that produce new hair cells throughout the
lives of elasmobranches and amphibians (see Section 2.2). Neuromasts formed
from a regenerative placode have the ability to form a new regenerating placode
in response to reamputation of the tail (Speidel 1947). The progenitor cells,
therefore, can make all of the differentiated cell types within the neuromast, and
can reproduce latent precursors satisfying two defining characteristics of stem
cells: self-renewal and multipotency.

3.3 Regeneration of Lateral Line Hair Cells In Situ

The lateral line can also generate replacement hair cells within individual neuro-
masts after selective destruction of individual hair cells (Balak et al. 1990; Song
et al. 1995). In response to loss of hair cells within a neuromast, the surrounding
supporting cells become proliferative and can generate both replacement hair
cells and supporting cells (Jones and Corwin 1996). Thus, within the lateral
line sensory organs, regeneration can replace lost hair cells or develop multiple
new neuromasts, with all of their sensory and nonsensory cells, during tail
regeneration.

4. Hair Cell Regeneration in the Inner Ear

Similar to the findings of ongoing addition of hair cells in anamniotes and the
regenerative capacity of the lateral line, nonmammalian vertebrates such as fish,
amphibians, reptiles, and birds are capable of significant regeneration of hair
cells after damage to the inner ear.

4.1 Morphological Recovery in the Avian Hearing Organ

The full complement of hair cells in the chicken basilar papilla sensory epithelium
is produced embryonically and the cells all become quiescent after embryoge-
nesis (Tilney et al. 1986; Katayama and Corwin 1989). In response to tonal
acoustic overstimulation, hair cells within the region of the basilar papilla tuned
to the stimulating tone are lost or suffer significant damage, while hair cells
in regions tuned to other frequencies are spared (Fig. 2.5a; Cotanche 1987).
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Figure 2.5. Hair cell regeneration in the chicken basilar papilla. (A) After 48 h of acoustic
overstimulation at 1.5 kHz, hair cells within the region of the cochlea tuned to 1.5 kHz
are lost and can be seen extruding from the epithelium. (B) After a 10-day recovery
after acoustic overstimulation, the epithelium has been repaired. Hair cells can be seen
throughout the formerly damaged regions. (C) Close-up micrograph of hair cells in the
damaged region of a chick cochlea 6 days after damage shows a number of new hair
cells with small bundles and small apical surfaces. (D) Injection of the birds with tritiated
thymidine during the 10-day recovery period reveals labeling of both hair cells (HC) and
supporting cells (SC), indicating that the new hair cells are progeny of dividing supporting
cells. (A–D) From Corwin and Cotanche (1988).

This is followed by proliferation at the lesion site, and over 6–10 days there
is a dramatic recovery in the number of hair cells (Fig. 2.5b; Cotanche 1987;
Corwin and Cotanche 1988). Many of the hair cells within the damaged region
exhibit small hair bundles reminiscent of immature hair bundles on developing
hair cells (Fig. 2.5c). The ability to stimulate proliferation and regeneration
of new hair cells was similar in young chickens and adult quail (Corwin and
Cotanche 1988; Ryals and Rubel 1988; Ryals and Westbrook 1990). Thus, cells
within the avian cochlea retain the capacity to reenter the cell cycle and generate
new hair cells throughout life, even though they normally become mitotically
quiescent after embryogenesis. The newly differentiating cochlear hair cells take
on the distinct positional morphologies of the cells they replace (Cotanche 1987),
suggesting that positional identity such as tonotopy can be passed on to the
regenerating cells. Regeneration of hair cells also occurs in birds in response
to aminoglycoside toxicity in both the auditory and vestibular systems (Lippe
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et al. 1991; Weisleder and Rubel 1993). After regeneration of hair cells in birds,
the replacement cells become innervated and there is significant recovery of
hearing and vestibular function (see discussion by Dooling, Dent, Lauer, and
Ryals, Chapter 4).

4.2 Ongoing Proliferation in the Avian Vestibular System

Although the cells in the avian basilar papilla are normally mitotically quiescent
until damage induces cell cycle reentry, in the avian vestibular system there
is ongoing proliferation throughout life. However, there is also a low level
of ongoing cell death, approximately 90% of which are hair cells within the
vestibular system (Kil et al. 1997). This suggests that the continual production
of new cells in the vestibular system may be in response to the dying cells and
serves to replace lost hair cells rather than promote continued growth of the
epithelium. Consistent with that hypothesis, inhibition of cell death in the utricle
limits ongoing proliferation (Matsui et al. 2002). The mechanism and reason
behind the continued loss and regeneration of hair cells in the avian vestibular
system remain unclear.

4.3 Regeneration in Fish and Amphibians

The sensory epithelia from fish and amphibians also show substantial damage-
induced proliferation and regeneration of hair cells. New hair cells are produced
after aminoglycoside treatment in fish (Lombarte et al. 1993) and in bullfrogs
(Baird et al. 1993), and after destruction of hair cells in the lateral line (Balak
et al. 1990; Song et al. 1995). This generation of hair cells is accompanied
by increased proliferation (Balak et al. 1990; Presson and Popper 1990; Baird
et al. 1993; Presson et al. 1996; Avallone et al. 2003), similar to that seen in
the avian organs after damage. In summary, fish, amphibians, and birds are all
capable of significant regeneration of hair cells after damage to the inner ear.
The replacement hair cells in these species occurs via cell divisions that occur
at the sites of damage.

4.4 Regenerative Responses in Mammalian Ears

The hair cells and supporting cells in the vestibular system of mammals are
similar to their counterparts in birds, fish, and amphibians (Fig. 2.3). In contrast,
hair cells and supporting cells in mammalian cochleae are highly specialized,
without direct counterparts in the auditory organs of other vertebrates. This
high degree of differentiation and specialization suggests that regeneration may
be more limited in the mammalian cochlea. However„ the similarity between
mammalian and nonmammalian vestibular cells paired with the robust regener-
ation in nonmammalian ears suggests that hair cell regeneration may be more
likely in mammalian vestibular epithelia.
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4.4.1 Morphological Recovery in the Mammalian Vestibular Organs

After aminoglycoside-induced hair cell loss, guinea pigs allowed to recover
for 4 weeks developed small immature hair bundles in the damaged regions
of the utricular epithelium (Fig. 2.6; Forge et al. 1993, 1998). These cells
were reminiscent of the appearance of regenerating hair cells in chickens
(Cotanche 1987). Utricles from adult guinea pigs maintained in vitro after amino-
glycoside treatment had small numbers of [3H]thymidine-labeled cells throughout
the sensory epithelium, showing that hair cell damage can trigger proliferation
in vestibular organs of mammals (Warchol et al. 1993). Profiles of putative
[3H]thymidine-labeled hair cells were also found in those epithelia. When utricles
obtained during otologic surgery on adult human patients were treated similarly,
that resulted in at least 100 [3H]thymidine-labeled cells in each utricle (Warchol
et al. 1993). Thus even supporting cells from the sensory epithelium of adult
humans can proliferate after damage.

However, the tens to hundreds of dividing cells in mammalian utricles after
damage are considerably less than the thousands that would be seen in avian
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Figure 2.6. Regeneration in the mammalian vestibular epithelium. (A) Scanning electron
micrograph of the striola region of a control utricle from a mature guinea pig. (B–D)
Damage and recovery of hair bundles in guinea pig utricles after aminoglycoside toxicity.
(B) The striola of a utricle 1 week after the end of aminoglycoside treatment, showing
loss of most of the hair bundles. (C) The striola of a utricle 2 weeks after the end of
aminoglycoside treatment showing initial recovery of hair bundles (arrows). (D) The
striola of a utricle 4 weeks after the end of aminoglycoside treatment showing continued
replacement of hair bundles (arrows). (A–D) From Forge et al. (1998).
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utricles after similar damage (Warchol et al. 1993; Matsui et al. 2000). There was
also a notable quantitative mismatch between the large numbers of recovering
hair bundles reported by Forge and colleagues (1993, 1998) and the limited
number of proliferating cells found by Warchol et al. (1993). There may be
a substantial difference in the level of damage to the utricles in vivo versus
in vitro, which may make it difficult to compare the response between these
studies. The studies showing substantial recovery of hair bundle numbers were
done in vivo, wherein aminoglycoside nephrotoxicity limits the concentrations
that can be used without severe systemic repercussions, while the investigations
of proliferation were performed in vitro, wherein high levels of aminoglycoside
ensure the death of most of the hair cells. Thus, whether the difference in the
magnitude of proliferation versus hair bundle recovery is due to the level of
damage, or whether it reflects a nonproliferative mechanism of regenerating hair
cells remains an open question.

4.4.2 Minimal Hair Cell Regeneration in the Mammalian Cochlea

In contrast to the mammalian vestibular system, there is, as yet, little evidence for
proliferative regeneration within the mammalian cochlea, where the supporting
cells show significant morphological specialization. While there have been
reports that the cells of the organ of Corti can be stimulated to proliferate and
regenerate hair cells after aminoglycoside treatments (Lefebvre et al. 1993),
confirmation of those results has proven difficult (Chardin and Romand 1995).
The specialization and differentiation of supporting cells into discrete cell types
with distinct morphologies within the organ of Corti may limit their ability to
reenter the cell cycle.

In summary, while regeneration in the mammalian inner ear does not appear
to occur at the robust level as in nonmammalian vertebrates, there is evidence
for a limited regenerative response, at least in the vestibular system. By further
studying both the strong regenerative processes in nonmammalian systems and
the limited regeneration in mammals, it may be possible to override the limita-
tions in the mammalian regenerative response and promote clinically significant
recovery from hair cell loss.

5. The Source of Regenerating Hair Cells

The continual production of new hair cells throughout life and the regeneration
that follows damage both appear to depend on proliferative precursor cells. The
morphological identity of the cells that produce regenerating hair cells within
damaged epithelia has been a key question in establishing a mechanism for
the observed recovery of functional hair cells. Proposed sources have included
the hyaline cells that lie at the margin of the chick basilar papilla (the same
position as the cells that result in appositional growth in elasmobranchs and
neuromast regeneration in amphibians), the differentiated supporting cells within
the sensory organs, or a specialized reserve pool of distinct stem cells.
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During damage-induced regeneration, proliferating cells can be labeled
with tritiated thymidine or 5-bromo-2-deoxyuridine (BrdU). In the avian ear,
supporting cells within the sensory epithelium are the first cells to be labeled by
mitotic markers, and this is followed by the production of new, labeled, hair cells
(Fig. 2.5d; Corwin and Cotanche 1988; Ryals and Rubel 1988; Raphael 1992;
Roberson et al. 1992; Hashino and Salvi 1993; Stone and Cotanche 1994).
Hyaline cells, which reside at the abneural edge of the sensory epithelium, will
also migrate into the wounded region and proliferate after extensive damage to
the basilar papilla (Girod et al. 1989; Cotanche et al. 1995). However, prolifer-
ation of hyaline cells has not been associated with hair cell regeneration (Corwin
et al. 1991; Raphael 1992; Cotanche et al. 1995; Warchol and Corwin 1996). In
addition to the indirect evidence of BrdU- or [3H]thymidine-labeled supporting
cells pointing to them as the source of new hair cells, direct observation via
time-lapse microscopy has shown that supporting cells within salamander lateral
line neuromasts divide and the progeny differentiate into replacement hair cells
and replacement supporting cells (Jones and Corwin 1996). Thus, in response to
damage, cells within the epithelium that show the morphological characteristics
of supporting cells appear to be the primary cells that reenter the cell cycle to
produce replacement hair cells and supporting cells (Fig. 2.7).

5.1 Reserve Stem Cells versus Dedifferentiation
of Supporting Cells?

Although cells classified as supporting cells have been identified as the primary
source for regenerating hair cells, there are two hypotheses about the nature of
those cells. They may be normal functional supporting cells that dedifferentiate,
return to the cell cycle, and produce replacement hair cells and supporting cells, or
they may be a discrete population of reserve stem cells that are morphologically
similar to supporting cells.

The possibility that there may be a discrete population of proliferative
cells within the sensory epithelium separate from the supporting cells has
been considered (Presson and Popper 1990), though more recent studies have

2 5 61 3 4

Figure 2.7. Schematic diagram of regenerative proliferation by supporting cells. In
response to loss of a hair cell (1) the supporting cell nucleus migrates toward the epithelial
surface (2–3) where it undergoes mitosis (4). The progeny of that division then go on to
form replacement hair cells or supporting cells (5–6).
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concluded that dividing precursor cells are morphologically indistinguishable
from other supporting cells in the fish inner ear (Presson et al. 1996). Further,
destruction of the proliferating precursor cells with cytosine arabinoside (Ara-C)
is followed by a new wave of proliferating cells that replace the lost cells and
generate new hair cells (Presson et al. 1995). After damage in the chick inner
ear, the majority of supporting cells downregulate expression of G0 markers
and begin expressing markers consistent with passage to late G1 phase (Bhave
et al. 1995). These data suggest that regeneration does not depend on a discrete
population of reserve cells, but rather originates from a larger collection of
supporting cells that have the capacity to dedifferentiate, reenter the cell cycle,
and produce replacement hair cells.

The heavy bias of proliferation and addition of hair cells at the lateral edge of
the epithelium in elasmobranches and amphibians strongly suggests that a class
of stem cells resides at the moving junction between the sensory epithelium and
the nonsensory epithelium in these animals. A similar population of stem cells is
found in the ciliary marginal zone in the retinas of fish, amphibians, and birds,
contributing to growth and regeneration of the retina (Straznicky and Gaze 1971;
Johns 1977; Wetts and Fraser 1988; Fischer and Reh 2000). Growing knowledge
about these stem cells may be applicable to questions about the proliferative cells
at the edges of inner ear epithelia. Although they do not have similar ongoing
growth of the organs, the auditory organs of chickens and the vestibular organs
of mammals initially develop in a pattern similar to the radial addition of cells
in many anamniote ears. Proliferation and cell differentiation occur first near
the center of the sensory epithelium and progress radially outward from there
until the whole sensory epithelium has been produced (Sans and Chat 1982;
Mbiene and Sans 1986; Katayama and Corwin 1989). Perhaps the mechanisms
that control ongoing hair cell production at the margin of sensory epithelia in
anamniotes may also be active in amniotes during development, but normally
suppressed after maturity.

6. What Triggers the Regeneration Response?

Understanding the stimulus that triggers the regenerative response in supporting
cells of nonmammalian vertebrates may provide some insight into how to
stimulate similar proliferation in the mammalian ear. The potential molecular
signals that may underlie this response are discussed in much greater detail by
Oesterle and Stone in Chapter 5, but several elements relate more specifically to
anatomical and morphological concerns.

6.1 The Triggering Effects of Hair Cell Loss

The loss of hair cells is an important stimulus for regeneration of new hair
cells. In undamaged avian cochleae, there is little or no supporting cell proli-
feration (Corwin and Cotanche 1988; Ryals and Rubel 1988; Katayama and
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Corwin 1989), but individual laser ablation of a patch of hair cells is sufficient
to stimulate regenerative proliferation in the area around the wound (Warchol
and Corwin 1996). The necessity for hair cell loss and the restriction of proli-
feration to the damaged area suggests that hair cells may suppress proliferation
in supporting cells (Corwin et al. 1991). Similarly, along the outer margin of
an anamniote’s sensory epithelium, the outermost row of cells may not contact
hair cells and thus may be relieved from this suppression of proliferation. One
hypothesis is that hair cells express proteins along their basolateral membrane
that prevent adjacent supporting cells from reentering the cell cycle (Corwin
et al. 1991). Interaction of cadherins, transmembrane proteins that mediate
cell–cell adhesion at adherens junctions, can suppress proliferation (Caveda
et al. 1996), and is thought to mediate contact-inhibition of proliferation through
sequestration of �-catenin (Fagotto and Gumbiner 1996). Changes in cadherin-
mediated cell–cell contact, such as loss of hair cell-supporting cell junctions,
could be a trigger for reinitiation of proliferation. Another cell–cell signaling
pathway that may play a role in maintaining inhibition of supporting cell prolif-
eration is the Notch pathway.

Notably, however, while the proliferative response in damaged chick basilar
papillae is restricted to the area around the lesion, dividing supporting cells
can be seen up to 180 �m away from the edge of the wound, in apparently
undamaged regions (Warchol and Corwin 1996). Thus, while loss of hair cells is
necessary to stimulate regenerative proliferation, it is not yet established whether
loss of direct cell–cell signaling, such as through cadherins or notch–delta, is a
necessary trigger for proliferation of supporting cells, or whether broader, more
diffusible signals play the critical role.

6.2 The Potential Influence of Immune Responses
to Damage in the Inner Ear

Several studies suggested the possibility that immune responses may influence
regeneration within hair cell sensory epithelia. After tail amputation in axolotls,
macrophages are recruited to the posterior side of the posteriormost neuromast,
which will give rise to the regenerative placode (Jones and Corwin 1993). This
suggests that they may play a role in the regenerative placode formation, for
example, breaking down the glycocalyx that surrounds the neuromast, allowing
mantle supporting cells to migrate out to form the migratory placode. Similarly,
macrophages and microglia are recruited to sites of damage in the avian utricle
and basilar papilla (Warchol 1997, 1999; Bhave et al. 1998) and in rat organ
of Corti (Wang and Li 2000). The exact role of macrophages and microglia
in repair and regeneration of damaged sensory epithelia is unknown, but they
are known to have significant effects during epidermal wound healing (Gailit
and Clark 1994; Martin 1997). Among their reported roles are removal of
dead or dying cells and cellular detritus, production of mitogenic cytokines,
and modulation of extracellular matrix composition. In hair cell epithelia,
macrophages will scavenge and remove debris, dead or damaged hair cells, and
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even progeny from recent cell divisions. Macrophages likely also play a role
in production of growth factors. Treatment of aminoglycoside-damaged chick
utricles with dexamethasone to block macrophage cytokine production signifi-
cantly reduces the number of proliferating supporting cells without significantly
altering the number of macrophages (Warchol 1999). This indicates that chemical
signaling from macrophages may be more important than their direct reparative
effects on the epithelium. An important open question is whether the immune
response to damage in the mammalian inner ear is similar to that in the avian
inner ear or axolotl lateral line, as the extent of macrophage invasion into the
damaged mammalian organ of Corti may be limited (Fredelius 1988; Fredelius
and Rask-Andersen 1990; Hirose et al. 2005).

6.3 The Potential Importance of Cellular Shape Change

Cell shape has a direct impact on the ability of cells to proliferate (Folkman
and Moscona 1978). In cultured endothelial cells, cells allowed to spread out
on micropatterned substrates were able to proliferate, while cells forced to
maintain compact cell shapes did not proliferate (Chen et al. 1997; Huang
and Ingber 1999). Several experiments have suggested that there may be an
important role for cell spreading in control of proliferation in hair cell sensory
epithelia. In isolated cultures of chick utricular sensory epithelium, cells at the
edge of the epithelium that spread out proliferate well while central cells that
remain columnar and tight packed do not proliferate (Warchol 1995, 2002; Witte
et al. 2001). Within the inner ear, one of the initial responses to loss of hair cells
is expansion of the supporting cell surface to cover the space of the missing
hair cells (Forge 1985; Cotanche 1987; Cotanche and Dopyera 1990; Marsh
et al. 1990; Li et al. 1995). The significant expansion of the supporting cells in
the avian basilar papilla coincides with the time during which they return to the
cell cycle, and their return to normal surface dimensions occurs as replacement
hair cells and supporting cells differentiate (Corwin and Cotanche 1988; Marsh
et al. 1990). In mammalian utricular epithelia, cellular shape following damage
is strongly correlated with cell-cycle entry, with tall, columnar cells rarely
entering the cell cycle while most flattened, spread cells returned to the cell cycle
(Meyers and Corwin 2007). These data are all consistent with the hypothesis
that morphological shape change in supporting cells may be an important trigger
in stimulation of regeneration, though further experimentation is necessary to
clarify the specific role of such shape change on initiating proliferation.

7. Nonproliferative Restoration of Hair Cells

Although much of the morphological recovery from damage in nonmammalian
vertebrates appears to be from proliferation of supporting cells, there is growing
evidence that not all of the recovery is due to proliferation. The first hair cells
to appear following damage to the chick are not labeled with BrdU, though
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subsequent generation of hair cells is predominantly from proliferative means
(Roberson et al. 2004). Similarly, morphological recovery in the newt (Notoph-
thalmus viridescens) appears to occur in the absence of proliferation, as new hair
cells are not BrdU labeled and still arise in the presence of mitotic inhibitors
(Taylor and Forge 2005). In the mammalian vestibular system, there is a quanti-
tative mismatch between the large number of hair bundles that reappear at the
epithelial surface and the small number of dividing cells that can be observed
(Warchol et al. 1993; Forge et al. 1998; Berggren et al. 2003). Further, differ-
entiated hair bundles in bullfrog (Rana catesbeiana) and chick organs reappear
after damage even in the presence of mitotic inhibitors (Adler and Raphael 1996;
Adler et al. 1997; Steyger et al. 1997; Baird et al. 2000; Gale et al. 2002). Two
potential mechanisms that have been proposed for this nonproliferative recovery
are repair of damaged hair cells and phenotypic conversion of a supporting cell
directly into a hair cell without intervening mitosis.

7.1 Sublethal Hair Cell Damage and Repair

Acoustic overstimulation, aminoglycoside antibiotics, platinum-based
chemotherapeutics, loop-diuretics, head trauma, or infection can all lead to
damage or death of hair cells. In many cases, the specific manner in which
these insults lead to damage or death of hair cells is unknown, but many recent
advances have been made in understanding the mechanisms of damage and to
develop potential strategies to protect hair cells from such damage (see Forge
and Van De Water, Chapter 6).

7.1.1 Hair Cell Responses to Damage

Generally, the initial response of hair cells to low levels of furosemide, amino-
glycosides, cisplatin, or mechanical overstimulation involves disruption of the
tip-links connecting adjacent stereocilia, followed by splaying of the bundle
and/or fusion of the stereocilia (Fig. 2.8a,b; Engstrom et al. 1983; Pickles
et al. 1987a, b; Osborne and Comis 1990b; Clark and Pickles 1996). More
extensive insult can lead to loss of stereocilia at their point of insertion into
the cuticular plate and loss of the hair bundle (Fig. 2.8c; Pickles et al. 1987a;
Osborne and Comis 1990b; Gale et al. 2002). At higher levels of insult, hair cells
are killed and lost from the epithelium, either via physical extrusion of the entire
cell, or apoptosis within the epithelium (Fig. 2.8d,e; Li et al. 1995; Nakagawa
et al. 1997). Any of these levels of damage will produce a loss-of-function,
either from disruption of mechanosensation in surviving cells or from loss of the
sensory cells themselves.

Because hair cells can exhibit a range of morphological effects depending on
the level of insult, careful analysis of the level of damage is necessary to ensure
that later regenerative steps are appropriately identified. For example, many
studies have used hair bundle counts as the primary assay for loss of hair cells,
but hair cells may be able to lose their stereociliary bundles and survive. In fact,
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Figure 2.8. Hair cells can have a number of morphologic responses to insult. (A) In
response to light to moderate acoustic overstimulation or ototoxic insult, the hair bundle
may fragment and the stereocilia may become splayed. (B) At higher levels of damage,
stereocilia may fuse together and portions of the hair bundle may be lost. This is often
accompanied by swelling or blebbing of the apical surface of the hair cell. (C) Hair
cells may also completely pinch off their damaged hair bundle along with a bit of apical
cytoplasm, resulting in a bundleless hair cell. In response to higher levels of damage, hair
cells may be fully extruded from the epithelium (D) or become vacuolated and degenerate
within the epithelium (E).

alterations to the hair bundle and stereociliary loss are often the initial responses
to traumatic insult, and may in fact serve to protect the cell from further insult.
Thus a critical step in analysis of regeneration is solid determination of the level
of damage to the epithelium.

7.1.2 Repair and Replacement of Damaged Hair Bundles

The mechanosensory function of hair cells is dependent on the presence of a
functioning hair bundle, but often the initial response to insult is damage to
the hair bundle. Tip-links are extracellular filaments that connect stereocilia
and are proposed to act as the gating spring that opens sensory transduction
channels at the tips of the stereocilia in response to movement of the hair bundle
(Pickles et al. 1984; Ricci et al. 2006). Tip-links can be damaged by moderate
acoustic overstimulation (Clark and Pickles 1996; Husbands et al. 1999),
treatment with calcium chelators (Assad et al. 1991), or elastase (Osborne and
Comis 1990a). Breakage of tip-links, such as by calcium chelation, leads to
a loss of mechanotransduction consistent with the hypothesis that the tip-link
gates the mechanotransduction channels in response to hair bundle movement
(Assad et al. 1991). There is rapid morphological recovery of tip-links after
calcium-chelation-induced breakage, accompanied by a physiological recovery
of mechanotransduction (Zhao et al. 1996). There is similar recovery in the
number of tip-links after acoustic overstimulation in tall hair cells of the chick
basilar papilla within 1–4 days after the damage (Husbands et al. 1999). Thus,
the fine structure of the hair bundle can be readily repaired after light damage,
and this repair returns functionality to the hair cells.
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In cases where damage to the hair bundle has been more extensive, resulting in
fusion or loss of stereocilia or even loss of the entire hair bundle, regeneration of
the damaged bundle would be necessary to permit functional recovery (Fig. 2.9a).
In bullfrog (Rana catesbeiana) saccules treated with low doses of aminoglycoside
antibiotics, a number of cells lose a large portion of the bundle, but retain some
of their stereocilia, often fused together. Within a week after the damage, some
of these hair cells rebuild a hair bundle with the traditional staircase pattern
adjacent to the remnants of their damaged bundle (Gale et al. 2002). This is
suggestive of reconstruction of a hair bundle in mature hair cells. Hair cells
can also completely lose their hair bundles and survive as bundle-less hair cells
within the epithelium for days in both bullfrogs and rats (Zheng et al. 1999;
Gale et al. 2002). There also can be recovery of hair bundle number, though the
number of hair cell bodies remains constant, in the presence of mitotic inhibitors
to prevent new cell birth (Zheng et al. 1999; Gale et al. 2002). Thus, even after
relatively significant damage, such as complete loss of their bundle, hair cells
are able to recover and repair, which may lead to recovery of function within
the damaged organ even in the absence of proliferation.

Such plasticity of the hair bundle may be a normal part of its physiology.
Studies examining the actin composition of hair bundles have found that actin
is continually added to the tips of stereocilia and removed at the base, resulting
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Figure 2.9. Schematic diagrams of two proposed mechanisms of nonproliferative regene-
ration. (A) Repair of damaged hair cells. In response to damage, the hair cell loses its
hair bundle and apical cytoplasm (1–2), but over time is able to regenerate a new bundle
that matures into a normal hair bundle (3–5). (B) Direct conversion of a supporting cell
into a hair cell without an intervening mitosis. When a hair cell is lost (1–2), one of the
neighboring supporting cells, no longer suppressed by an adjacent hair cell (3), is able to
redifferentiate into a hair cell and develop a morphologically mature hair bundle (4-5).



58 J.R. Meyers and J.T. Corwin

in a complete turnover of the actin in each stereocilia every 48 hours (Schneider
et al. 2002). Thus hair bundles are not static, but rather are dynamic with the
cytoskeletal elements of the stereocilia continually recycled. It is not unrea-
sonable, then, to suggest that after damage to the bundle, alterations in the actin
dynamics may lead to repair or reconstruction of stereocilia. Mouse hair cells
that have their bundles mechanically disrupted are able to rebuild a kinocilium,
leading to reorganization of the cuticular plate and reinitiation of stereocilia
formation (Sobkowicz et al. 1995). Together, these data suggest that if hair cells
survive the insult, they may have a significant capacity for repair that could lead
to morphological, and possibly functional, recovery. Such repair may account
for some of the nonproliferative regeneration observed in many systems.

7.2 Phenotypic Conversion into Hair Cells

A second hypothesis that has been put forth to account for the nonproliferative
generation of new hair cells, is that supporting cells are able to convert directly
into hair cells without undergoing an intervening mitosis (Fig. 2.9b). This process
has been termed either transdifferentiation or phenotypic conversion. The term
phenotypic conversion will be used herein to eliminate any confusion with
transdifferentiation, as that term has also been used to describe the conversion
of one tissue type to another.

7.2.1 Evidence for Phenotypic Conversion

The evidence in support of this hypothesis includes the disparity in the number
of dividing cells after injury and the number of new hair bundles or hair cells
seen in the epithelium (Forge et al. 1998), a lack of incorporation of S-phase
markers (e.g., BrdU) in hair cells after recovery (Roberson et al. 1996, 2004; Li
and Forge 1997; Berggren et al. 2003; Matsui et al. 2003), and recovery of hair
cells even in the presence of a mitotic inhibitor (Adler and Raphael 1996; Adler
et al. 1997; Steyger et al. 1997; Baird et al. 2000; Taylor and Forge 2005). Cells
that have an intermediate morphology between hair cells and supporting cells
(i.e., nuclei in the basal layer, contact with the basal lamina, apical specializations
and microvilli similar to hair bundles) can be found during recovery from damage
(Adler et al. 1997; Li and Forge 1997; Matsui et al. 2003), consistent with
supporting cells in the process of redifferentiating as hair cells. Time-lapse
recordings of regeneration in axolotl lateral line have shown occasional hair cells
differentiating from cells identified as supporting cells without an intervening
cell division (Jones and Corwin 1996).

7.2.2 Developmental Window for Conversion in the Mammalian Cochlea

In the embryonic mammalian cochlea, shortly after terminal mitosis, newly
differentiating supporting cells can convert into hair cells after ablation of
adjacent hair cells, but the supporting cells rapidly lose this capacity as they
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mature (Kelley et al. 1993). Thus, there may be a limited window during differen-
tiation when mammalian cochlear supporting cells are plastic enough to convert
into hair cells, though mature cochlear supporting cells with their morphological
specializations are unlikely to do so.

In the mature mammalian organ of Corti, with its highly differentiated
supporting cells, there have been several reports of morphological changes in
supporting cells after hair cell loss. Deiters’ cells, which surround the three rows
of outer hair cells, develop dense bundles of microvilli that resemble immature
hair bundles, and are occasionally contacted by efferent and afferent fibers
after loss of the outer hair cells (Romand et al. 1996; Lenoir and Vago 1997;
Daudet et al. 1998, 2002). While they are able to develop actin-rich microvilli
bundles, the bundles never mature into stereocilia, the cells do not develop a
tall kinocilium, they do not acquire morphological or molecular features of hair
cells, and they retain features of supporting cells including gap junctions between
adjacent cells (Daudet et al. 1998, 2002). Over time, most of the atypical cells and
neighboring supporting cells are lost from the sensory epithelium and replaced
by cells from the outer sulcus (Daudet et al. 1998). Thus, mature Deiters’ cells
attempt to undergo morphological change, but are unable to complete the process
and are removed from the epithelium.

7.2.3 Conversion into Hair Cells by Gene Manipulation

There is evidence that the cells that lie just outside the organ of Corti, including
the Hensen’s cells and tectal cells adjacent to the outer hair cells, and cells of the
greater epithelial ridge adjacent to the inner hair cells, though not in the sensory
epithelium, are nonetheless capable of being converted into hair cells. Application
of retinoic acid to the mouse cochlea causes the production of supernumerary
hair cells next to both the inner and outer hair cells without any additional cell
divisions, but once again only if applied during a short developmental window
between E14 and E18 (Kelley et al. 1993). Similar results have been reported
for treatment with epidermal growth factor (EGF) and transforming growth
factor-� (TGF-�) in neonatal rat cochleae (Chardin and Romand 1997; Lefebvre
et al. 2000). The nonsensory epithelial cells adjacent to the organ of Corti thus
retain the ability to convert into sensory hair cells when pushed by application
of exogenous growth factors, though this capacity seems to be lost as the cells
mature.

In cochlear explants from neonatal rats, exogenous expression of Atoh1 (the
atonal homolog also known as Math1) in cells of the greater epithelial ridge
(GER) is sufficient to convert nonsensory epithelial cells there into a hair cell
phenotype: expressing myosin VIIa, a molecular marker of hair cells, taking on
the morphology of hair cells, and developing hair bundles (Zheng and Gao 2000).
Similarly, the use of adenovirus to transfect Math1 into mammalian inner ear
organs leads to formation of ectopic hair cells in the nonsensory epithelium
around the organ of Corti in vivo in mature guinea pigs and may convert
supporting cells from damaged adult organs of Corti and adult utricles into hair
cells (Kawamoto et al. 2003; Shou et al. 2003). More recently, there is suggestion
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that transfection with Atoh1 may be able to promote a reconstitution of the organ
of Corti after aminoglycoside damage by converting surviving supporting cells
into hair cells, allowing a limited recovery of cochlear function (Izumikawa
et al. 2005). If the surprisingly accurate reconstitution of the epithelium after
damage by Atoh1 can be replicated, this would suggest that the supporting cells of
the cochlea are not only capable of being converted into hair cells by Atoh1, but
also that the positional cues that specify the identity of the newly differentiating
cells are maintained. Such genetic manipulations should continue to provide
information about control of cell fate in the inner ear, even if it remains unlikely
that genetic therapy will be a viable approach for inducing clinical regeneration.

7.2.4 Evaluating the Current Evidence for Supporting Cell Conversion

The role that phenotypic conversion plays in normal regeneration is unclear
at present, as much of the indirect evidence supporting conversion could also
be consistent with repair of damaged hair cells, such as recovery in the
presence of mitotic inhibitors and recovery of hair bundle numbers. Supporting
cell conversion in the absence of proliferation notably requires a decrease of
supporting cell number as they convert into hair cells. However, decreases
in the number of supporting cells are smaller than the number of cells that
develop new hair bundles (Forge et al. 1998; Zheng et al. 1999). To establish
whether significant supporting cell conversion occurs, it will be necessary to do
specific and conclusive experiments that demonstrate conversion and exclude
other mechanisms such as repair. Nonetheless, supporting cells or a subpopu-
lation of less differentiated (e.g., recently produced) cells can convert into hair
cells and contribute to morphological recovery, particularly in epithelia where
ongoing cell addition means that cells at different states of differentiation may
be present.

7.3 Mitotic Contribution of G2 Cells

An additional mechanism that may contribute to apparent nonproliferative regen-
eration is mitosis and differentiation of cells that have already passed S-phase.
Such cells will not be blocked by many mitotic inhibitors, which often block
passage into S-phase, nor will they label with mitotic labels, which are incor-
porated in S-phase. In bullfrog (Rana catesbeiana) saccular cultures blocked
with aphidicolin, occasional pairs of immature bundles were found throughout
the epithelium, consistent with mitotic production in the absence of the cells
passing through S-phase (Gale et al. 2002). In particular, in epithelia where
there is constant addition of cells, there may be a fraction of cells residing in
G2-phase that can contribute to regenerative recovery. G2-arrest of precursors is
another potential source for mitosis in the absence of S-phase passage. During
salamander limb regeneration, myotubes arrest in G2 (Tanaka et al. 1997), and
during differentiation of Drosophila eye and wing development, cells arrest
in G2 in a Wnt/Notch-dependent manner (Kimura et al. 1997; Johnston and
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Edgar 1998). The potential contribution of G2-phase cells to nonproliferative
recover seems worthy of further investigation, such as screening for cells that
have twice the DNA content of neighboring cells.

7.4 Nonproliferative versus Proliferative Recovery

There is a strong possibility that conversion, repair, and proliferative regeneration
all contribute to morphological recovery of hair cells after damage. Impor-
tantly, only in mammals is regenerative proliferation strictly limited, and only in
mammals are sensory deficits attributable to loss of hair cells permanent. Nonpro-
liferative mechanisms of regeneration, while they may contribute significantly
to morphological recovery from low levels of damage, may not be sufficient to
bring about functional recovery in response to significant hair cell loss in the
mammalian ear. Also, without proliferation, the number of supporting cells that
can be converted while still maintaining sufficient supporting cell number for
epithelial function will be limited. Generation of clinically significant numbers
of replacement hair cells may therefore require returning mature mammalian
supporting cells to a proliferative state, as occurs in other vertebrates.

8. Can Regeneration Restore Hair Cells in Mammals?

As discussed in the preceding text, the number of hair cells in the mammalian
inner ear decreases with age, few cells are regenerated in the vestibular and
auditory system after damage, and clinically, loss of hair cells in humans leads
to permanent sensory deficit. The ongoing proliferation and robust regenerative
proliferation that occur in nonmammalian vertebrates therefore do not occur in
mammals at sufficient levels to be physiologically relevant. However, there may
be low levels of repair and regenerative processes that can be stimulated to lead
to functional regeneration in mammals.

8.1 Developmental Production of Hair Cells
in the Mammalian Inner Ear

In mammals, the hair cells in the auditory and vestibular organs become
fully established during embryonic development. In rodents, nearly all of the
progenitor cells in the organ of Corti and vestibular system undergo terminal
mitosis during mid to late embryonic development, followed by hair cell differ-
entiation producing functional hair cells by birth (Ruben 1967; Kaltenbach and
Falzarano 1994; Kaltenbach et al. 1994; Geleoc and Holt 2003). While a full
cohort of cells is produced embryonically, and the cells are thought to become
postmitotic, low ongoing rates of proliferation could occur and remain well below
the sensitivity limits of the tests used to look for production in postembryonic
mammalian ears. In fact, examination of hair bundles within the utricle maculae
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from mature guinea pigs has shown on average one cell per thousand that has a
small, immature bundle characteristic of newly differentiating hair cells, and six
to seven cells per thousand that have intermediate size hair bundles (Lambert
et al. 1997). Occasional immature-looking hair cells have also been reported in
the sensory epithelia of the bat (Kirkegaard and Jørgensen 2001). If there is
even a small level of ongoing proliferative production of cells, as occurs in most
nonmammalian vertebrates examined, such a mechanism may provide an entry
point into initiating a large proliferative response in mammals.

8.2 Reserve Stem Cells versus Supporting Cell
Proliferation in Mammals

In contrast to the robust supporting cell proliferation in nonmammalian verte-
brates previously discussed, studies of proliferation in response to damage in
mammals suggest that few cells contribute to the regenerative response. Does
this represent a distinct mechanism of replacing lost hair cells between mammals
and other vertebrates, such as the presence of a few stem cells rather than a large
population of potential progenitors?

Consistent with this hypothesis, a small fraction of cells from the adult mouse
utricular epithelium act as colony-forming stem cells when dissociated, and the
progeny of these cells can differentiate into many cell types including cells that
express proteins in common with hair cells (Li et al. 2003). These colonies each
have one to three cells that can be subcloned to form their own spheres in cultures.
The demonstrated multipotency and self-renewal of these progenitors are the
hallmarks of a stem cell population, suggesting that there may be a handful of
isolated stem cells within mature mammalian vestibular epithelia. At this point,
the identity or other characteristics of these potential stem cells are unknown.

What, then, of the capacity for the many supporting cells within the epithelium
to reenter the cell cycle as occurs in nonmammalian vertebrates? The majority of
supporting cells from perinatal rodents can be stimulated to proliferate in culture
with growth factor and pharmacologic treatment, in a manner similar to, and
using the same intracellular cascades as, avian supporting cells (Gu et al. 1996;
Montcouquiol and Corwin 2001a, b; Witte et al. 2001). Thus the proliferative
capacity of perinatal utricular epithelia is consistent with the hypothesis that
most supporting cells are capable of proliferating. This is in contrast to the
limited proliferation seen in mature organs in response to damage. However,
when mature supporting cells are stimulated to spread and flatten following a
large lesion, nearly all spread cells reenter the cell cycle, suggesting that most
supporting cells retain the capacity to reenter the cell cycle, but are restricted
from doing so under normal conditions (Meyers and Corwin 2007). Further
experimentation will be necessary to determine whether a few reserve stem cells
exist in the mature mammalian inner ear, or whether all mature supporting cells
can serve as a potential, though only rarely stimulated, progenitor. It seems
unlikely that mammals would retain only a few stem cells, in particular too
few to bring about functional repair, while all other vertebrates can utilize any
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supporting cell as a regenerative precursor. Rather, it may be that the cellular
control of proliferation has been significantly tightened in mammals and that
only rarely can a mature supporting cell overcome the strong inhibition.

8.3 Loss of Mammalian Proliferative Capacity with Age

Notably, the capacity to stimulate supporting cells to reenter the cell cycle is
critically dependent on the age of the animal. While large numbers of supporting
cells from perinatal animals can be stimulated to proliferate, few to no cells enter
S-phase in cultures from mature animals (Gu et al. 1997; Hume et al. 2003; Gu
et al. 2007). Thus, the proliferative mechanisms that operate in cultures from
the neonatal inner ear are turned off or suppressed in more mature epithelia,
consistent with the limited proliferation found in mature guinea pig or human
utricles after damage. Coincident with this change in proliferation, there are
changes in the components of the basal lamina and cytoskeleton that affect the
ability of supporting cells to change shape and reenter the cell cycle (Davies
et al. 2007). Pharmacological treatments that alter the cytoskeleton show promise
in promoting supporting cell proliferation in mature utricles (Davies et al. 2007;
Meyers and Corwin 2007). The fundamental nature of the cytoskeletal and other
changes that underlie this change in proliferative capacity are unknown, but
future studies should help elucidate the mechanisms that repress proliferation in
mature epithelia (see also Oesterle and Stone, Chapter 5).

8.4 Challenges and Promises of Mammalian Regeneration

The restricted proliferative response to damage in the mammalian inner ear
suggests that significant numbers of new cells are not produced as they are in
nonmammalian vertebrates, consistent with the clinical permanence of auditory
and vestibular deficits associated with hair cells loss and the continual decrease
in hair cell number throughout the life of mammals. There may be some non-
proliferative mechanisms that allow morphological recovery, and more work
needs to be done to assess whether this could contribute to functional recovery.
While mammalian supporting cells appear to lose their capacity to reenter the
cell cycle as they mature, the presence of some supporting cells that reenter
the cell cycle and immature hair bundles in the adult mammalian vestibular
system indicate that the cellular processes necessary for regeneration can occur
in mammalian sensory epithelia. Work has begun to point to genetic changes
and cellular pathways that may underlie the loss of proliferative capacity, but
the fundamental changes that restrict supporting cell proliferation in mammalian
epithelia remain unclear. Further investigation into the control of proliferation
in the mammalian inner ear and the mechanisms that underlie the robust prolif-
eration in nonmammalian vertebrates may lead to strategies that can upregulate
proliferative regeneration, bringing about morphological and functional recovery
from damage.
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9. Levels of Cell Differentiation

One recurring theme in this chapter has been that cells that become too differ-
entiated become refractory to regenerative processes, whether that is cell cycle
reentry or conversion of cell fate. Framed more broadly, the plasticity of the inner
ear to respond to damage may be tied into the level of specialization and differ-
entiation of the cells within the sensory organ (Fig. 2.10). In particular, the most
specialized cell type within the ear, the hair cells, are terminally differentiated and
under normal conditions do not reenter the cell cycle. Genetic manipulation of
retinoblastoma control of the G1–S transition can force differentiating hair cells
to stay in the cell cycle (Sage et al. 2005), but normal hair cells are not thought
to contribute to regeneration, except via self-repair. In the mammalian cochlea,
where supporting cells show the highest degree of morphological specialization
and differentiation, the normal proliferative response is minimal, and capacity
for cell fate conversion is minimal outside a narrow developmental window.
Supporting cells in the mammalian vestibular organs show fewer specializations
than those in the cochlea, and are occasionally able to reenter the cell cycle and
may be capable of redifferentiating into a hair cell by phenotypic conversion.
Supporting cells in nonmammalian sensory organs also show few morphological
specializations and appear generally capable of reentry into the cell cycle as
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Figure 2.10. Schematic of how levels of differentiation may affect hair cell regeneration.
(A) Multipotent progenitors (bottom) have no differentiated characteristics and can divide
to produce both hair cells and supporting cells. As the hair cell differentiates, it crosses a
threshold beyond which it is incapable of returning to the cell cycle or respecifying its fate.
An inhibitory cue from the hair cell holds the supporting cell in a less morphologically
differentiated state. (B) When the hair cell is lost, the inhibition of the supporting cell
is relieved, allowing it to either directly differentiate into a hair cell (conversion) or
dedifferentiate into a multipotent progenitor that returns to the cell cycle.



2. Morphology of Inner Ear Repair 65

well as potentially able to convert directly into hair cells. Notably, in sensory
epithelia that have ongoing proliferation, such as the lateral line or the avian,
fish, or amphibian vestibular system, a sizable population of recently produced,
partially differentiated supporting cells may reside and be capable of phenotypic
plasticity or cell cycle reentry.

As the supporting cells in the mammalian cochlea and vestibular organs diffe-
rentiate, they become less capable of reentry into the cell cycle as well as less
capable of converting into a hair cell in response to hair cell ablation or pharma-
cological treatment. One could therefore imagine a hierarchy of differentiation,
with the original progenitor cells for the hair cells and supporting cells serving as
an undifferentiated, multipotent cell (Fig. 2.10). The progeny of that cell begin
to differentiate, with the hair cell quickly crossing a threshold of differentiation
beyond which the cell cannot reenter the cell cycle or change its fate (potentially
controlled by the retinoblastoma pathway among other signaling mechanisms). In
nonmammalian vertebrates, the supporting cell differentiates, but retains enough
plasticity either to alter its fate directly or to return to a multipotential progenitor
state. In elasmobranchs and amphibians, multipotent progenitors may also be
retained at the margin between the sensory and nonsensory epithelium. In the
mammalian vestibular system, the supporting cells retain plasticity for a short
time after they are produced, but gradually become refractory to reentering the
cell cycle or converting their fate to become hair cells. In the mammalian cochlea,
the supporting cells again initially show some plasticity, but quickly specialize
to a point where few can return to a multipotent progenitor or change their
fate without direct genetic manipulation. As more is discovered about the genes
involved in supporting cell differentiation and maintenance of a multipotential
progenitor fate, several aspects of this hypothesis can be more completely tested.

10. Reinnervation of Hair Cells

In addition to the challenges faced in recovering an appropriate number of hair
cells after damage, these hair cells must become integrated with the nervous
system for there to be restoration of function. The recovery of hearing and
vestibular function in birds in the days to weeks after loss of hair cells indicates
that once hair cells regenerate, sufficient reinnervation occurs to enable commu-
nication between the sensory cells and the central nervous system (see Saunders
and Salvi, Chapter 3). Ten days after acoustic overstimulation in adult quail, both
efferent and afferent terminals with defined synaptic specializations were seen on
regenerated hair cells (Ryals and Westbrook 1994), lagging about 3 days behind
the regeneration of hair cells (Wang and Raphael 1996). In contrast, in studies of
gentamicin-treated chicks, few synapses were present on regenerating hair cells
after 10 days, though terminals gradually formed over several months, matured,
and developed specializations, though not matching the complexity of normal
synaptic terminals (Hennig and Cotanche 1998; Zakir and Dickman 2006). The
difference in speed of neural reconnection may be due to the more complete
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lesion of hair cells and the broader systemic effects from aminoglycoside antibi-
otics, such as kidney damage, compared to acoustic overstimulation, which would
be restricted to the basilar papilla. Nonetheless, reinnervation in the avian inner
ear can recapitulate the original innervation and lead to functional recovery,
suggesting that substantial plasticity is retained in the regenerating afferents and
efferents. Importantly, such reinnervation requires healthy neurons. Studies in
the chicken found that low doses of kainic acid would damage the glutamatergic
cochlear afferent synapse but allow normal reinnervation and return of cochlear
function, while high doses killed the cochlear neurons and led to irreversible
loss of the synapses and cochlear function (Sun et al. 2000, 2001).

10.1 Reinnervation in Mammals

Although significant spontaneous hair cell regeneration does not occur in the
mammalian cochlea, the neural fibers do show signs of plasticity that suggest that
reinnervation is possible. After acoustic overstimulation, the fibers innervating
the organ of Corti degenerate, though it is unclear whether the loss of the fibers
is due to direct excitotoxicity from the overstimulation (Puel et al. 1994) or is
secondary to the loss of hair cells (Lawner et al. 1997). While some neurons in
the spiral ganglion die after overstimulation, after 1 year, nerve fibers can be seen
throughout the damaged regions of the cochlea, doubling back toward the spiral
ganglion, traveling laterally along the basilar membrane, or spiraling around the
basilar membrane (Bohne and Harding 1992). Some of the regenerating fibers
terminate on cuboidal or squamous epithelial cells while others migrate into
remnants of the organ of Corti and terminate on supporting cells or surviving
hair cells (Bohne and Harding 1992).

The regenerating fibers within the cochlea appear to be exclusively afferent
neurites (Strominger et al. 1995), though neurons within the cochlear nucleus
will sprout small axonal processes between 2 and 8 months after overstimulation-
induced degeneration (Bilak et al. 1997). Thus, while hair cells are not replaced
after loss in the mammalian organ of Corti, the innervating neurons can regen-
erate. Paired with the finding that functional recovery follows reinnervation of
regenerated hair cells in the avian inner ear, this suggests that if new hair cells
could be produced in mammals, they are likely to be reinnervated, at least by
afferent neurons, which may lead to functional recovery.

11. Summary

Morphological evidence of regeneration and repair in the lateral line and inner
ear sensory organs of vertebrates has accumulated since the 1930s. After trauma
to their lateral lines, aquatic amphibians regenerate entire sensory epithelia and
the individual hair cells within them. This regeneration begins when supporting
cells reenter the cell cycle, replicate their chromosomes, divide, and produce new
cellular progeny that differentiate as replacement hair cells and supporting cells.
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Supporting cells in the ears of fish, amphibians, and birds also divide and produce
new hair cells and supporting cells throughout life, contributing to significant
growth of the hair cell populations in the ears of some species, continual turnover
of hair cells in others, and most significantly to the regenerative replacement
of hair cells that have been killed by trauma or toxicity. Reptiles have not
been widely investigated, but at present it appears that mammals alone lack the
capacity for effective replacement of hair cells.

Research aimed at the discovery of treatments that may stimulate regeneration
of hair cells in mammals has yielded considerable progress. In mammals, there
is strong evidence for recovery in the number of hair bundles after damage to
the vestibular system, indicating that some process of repair or regeneration can
occur in vivo. While the proliferative responses are limited in mature animals,
some supporting cells divide in response to damage, even in epithelia from
50-year-old humans.

Mammalian supporting cells share many morphological characteristics with
the supporting cells that are the key to the replacement of hair cells in
nonmammals, but the mammalian cells become quiescent early in the postnatal
maturation. Before this, the proliferation of supporting cells in neonatal
mammalian vestibular epithelia can be greatly stimulated by appropriate growth
factor treatments and by direct activation of intracellular signal cascades. In
addition, it has been shown that the forced expression of the transcription factor
Atoh1 will result in the differentiation of new hair cells in mammalian ears.
Thus, the machinery for the regeneration of mammalian hair cells is present and
appears to be capable of functioning under experimental conditions.

11.1 Open Questions and Future Directions

While much progress has been made in identifying the underlying mechanisms
for regeneration in the inner ear, many open questions remain. We would like to
briefly summarize a few of what we feel are important morphological questions.

1. Is there a population of stem cells at the margins of the elasmobranch and
amphibian sensory epithelia? Do these cells recapitulate the original deve-
lopmental processes, or are the cells distinct from the original progenitors that
lay out the sensory epithelium? Do the cells at the margin of the mammalian
epithelia retain any of the properties of these ongoing progenitors?

2. What is the trigger for stimulating regeneration? Is this trigger missing or
decreased in mammals or is it the response to the trigger that is decreased?

3. What processes underlie the dedifferentiation of supporting cells allowing
them to return to the cell cycle?

4. What is the contribution of nonproliferative mechanisms to recovery following
damage? Are there limits to how much hair cells can repair damage? Can
protective treatments preserve hair cells and allow sufficient post-damage
repair to bring about return of function? Does supporting cell conversion
contribute significantly to recovery? In addition, because these mechanisms
are believed to occur in mammals, but mammals do not have significant
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functional recovery from significant damage, what physiological relevance do
these mechanisms have in mammals versus nonmammalian vertebrates? As
the mechanisms underlying nonproliferative repair are elucidated, can these
mechanisms be augmented to stimulate functional recovery in mammals?

5. What is the primary limiting factor for stimulating regenerative proliferation in
mammals? Is it that mammalian supporting cells are too highly differentiated
to return to the cell cycle, and only a handful of stem cells remain? Or do all
supporting cells retain the capacity to reenter the cell cycle if appropriately
stimulated?

11.2 Conclusions

Continued research into the mechanisms of hair cell regeneration at all levels
from species that produce hair cells throughout life to those where proliferation
is activated only in response to damage, to mature mammalian cochleae where
little regeneration occurs, is likely to provide further insight into the factors that
limit regeneration. Four steps must be achieved to turn hopes of regeneration
in mammalian into reality. Quiescence of supporting cells must be reversed
or suspended, supporting cell proliferation must produce new cells, the new
cells must be induced to differentiate as replacement hair cells, and those cells
must become reinnervated and functionally integrated into the nervous system.
Progress has been made toward the achievement of each of those steps, and
continued research ultimately holds the promise of developing treatments to help
the millions of people affected by hearing loss and vestibular dysfunctions.
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3
Recovery of Function in the Avian
Auditory System After Ototrauma

James C. Saunders and Richard J. Salvi

1. Introduction

The auditory system of birds has been scrutinized in ever increasing detail since
the discovery of hair cell regeneration in the late 1980s, and numerous reviews
of hair cell regeneration have appeared in recent years (Cotanche et al. 1994;
Forge 1996; Cotanche 1997, 1999; Smolders 1999; Stone and Rubel 2000). It
was recognized early that if functional recovery in the peripheral auditory system
accompanied the appearance of new hair cells, then the phenomenon of hair cell
regeneration would be much more than a biologic curiosity. During the ensuing
two and a half decades, it has become amply clear that the emergence of new
hair cells is one aspect of a complicated array of structural repair processes in
the avian inner ear (Cotanche 1999). Moreover, this repair is accompanied by
nearly complete recovery of auditory capability (Smolders 1999). Nevertheless,
the contribution of regenerated hair cells to the restoration of auditory function
is not fully understood, and depends on the ototraumatic events that caused inner
ear damage and hair cell destruction.

Peripheral auditory function might be considered from different perspec-
tives. Using the patterns of cochlear (auditory) nerve discharge as an example,
activity might be seen as a cipher in its own right, coding various properties
of the acoustic stimulus. Another approach might consider the same activity
as a proxy for inner ear processes. Tuning curves, for example, could provide
an indication of the frequency analytic mechanisms in the cochlea; phase-
locking and adaptation behavior might reflect membrane and synaptic mecha-
nisms of the hair cell, while rate-level functions and two-tone suppression
reflect nonlinear inner-ear processes. Other peripheral responses such as the
endocochlear potential or otoacoustic and electrically evoked emissions provide
additional insight to the health of the inner ear and its analytic mechanisms.
These and other phenomena can be associated with particular tissue or cellular
compartments, or analytic processes, within the inner ear. Abnormal behavior in
any aspect of peripheral physiology provides a window into the pathophysiology
of the inner ear induced by ototrauma.
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Two procedures have evolved for damaging the chick basilar papilla. The
first overstimulates the ear with intense sound exposures, and in birds pure
tones have been used most frequently. Acoustic trauma in the chick produces
two well defined lesions. The so called “patch” lesion, located over the basilar
membrane (at the tonotopic location of the exposure frequency), damages princi-
pally abneural hair cells. Depending on exposure level and animal age, the hair
cell destruction in the patch may be relatively modest to substantial. With the
exception of tip-link loss, most neural hair cells survive the exposure unharmed.
A second, much less understood area of damage is the “stripe” lesion, which
occurs on the high-frequency side of the patch, and is seen as an area of hair
cell destruction, perhaps several hair cells wide, lying along the midline of the
papilla.

The second procedure uses ototoxic agents such as gentamicin or kanamycin
to produce a massive lesion of hair cell destruction. The extent of papilla damage
is limited by the nephrotoxic side effects, and animal survival depends on the
dose level and number of daily injections. Ototoxic drugs have been applied
systemically or directly through the round window of the labyrinth. All hair cells
are completely destroyed over the basal half of the papilla. Trauma to other cells
of the papilla or the tectorial membrane is minimized by this treatment.

In this chapter, the focus is mainly on the peripheral physiology of the
avian ear, particularly that of the chicken, and when considering structural
and functional loss from intense sound exposure, the discussion is confined to
relatively mild exposures rather than those that create extreme levels of damage.

2. Peripheral Auditory Processes in Normal
and Damaged Ears

2.1 The Endocochlear Potential

The endocochlear potential (EP) is a DC voltage that is positive in scala media,
and is measured with respect to the adjacent fluid compartments of the inner
ear. The fluid in the avian scala media (referred to as endolymph) is high in
potassium and low in sodium (much like that of the intracellular environment),
and nearly identical to that found in the mammalian scala media. Mammalian
and avian perilymphs, in scala vestibule and tympani, have nearly identical ionic
concentrations, and are much like that of extracellular fluid (e.g., high sodium
and low potassium; Sterkers et al. 1988).

Specialized cells that secrete K+ and other ions into scala media, and the
permeability gradient of the tissue compartments lining scala media, determine
the EP voltage level (Salt et al. 1987). In mammals, the EP is approximately
80 mV (von Békésy et al. 1952) while in the young chick it is between 8 and
16 mV, increasing in the adult to between 18 and 23 mV (Trautwein et al. 1997).
These levels are typical of all avian species, and the question is, how do
mammals and birds, with the same approximate ionic concentrations, produce
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such dramatic voltage differences? The most frequent explanation evokes the
concept of “leakiness” in the cellular lining of scala media. If K+ ions are more
easily shunted across the endolymph/perilymph boundaries of scala media, then
the resulting EP voltage should be lower.

Potassium is secreted into scala media via the dark cells of the tegmentum
vasculosum (Hara et al. 2002). The tegmentum is a richly vascularized structure
whose organization is homologous to that of the mammalian stria vascularis.
However, the tegmentum forms a tissue boundary between scala vestibuli and
scala media, occupying the same physical location as Reissners’ membrane in
the mammalian cochlea. The tegmentum is thus mechanically vibrated by the
propagation of acoustic pressure waves through the cochlear fluids, and during
intense sound stimulation there is the possibility of inducing tissue damage.

The EP plays an important role in hair cell transduction. Ion channels in the
tips and shafts of the hair cell stereocilia carry hair cell transduction currents.
These channels are gated mechanically by tension exerted through tip-links, fine
threadlike structures interconnecting the tip and shaft of adjacent sensory hairs.
(Markin and Hudspeth 1995; Kachar et al. 2000). The dominant extracellular
ion is K+, which is interesting because the open transduction channel presents
an already high intracellular K+ environment. The flow of K+ into the hair cell
is aided by the EP, and even at 15 mV provides a driving force that “pushes”
K+ ions into the opened transduction channel. Increases in intracellular K+

concentration depolarize the hair cell membrane, triggering events that lead to
exocytosis of neurotransmitter vesicles and activation of the auditory nerve.
Reducing EP amplitude by injecting current into scala media attenuates sound-
driven cochlear nerve unit activity, but causes little change in spontaneous
activity (Vossieck et al. 1991).

Acoustic overstimulation in young chicks, sufficient to cause hair cell loss
and substantial shifts in threshold, also produced dynamic changes in the EP. A
48-hour pure tone exposure, between 1 and 3 days of age, caused a 63% loss
in EP shortly after removal from the exposure. Within 4 days postexposure the
EP level recovered to normal. Figure 3.1 demonstrates that the time course of
EP recovery mimics the rate of evoked response threshold recovery seen in the
chick cochlear nucleus after a similar exposure. On the basis of this relationship,
it was hypothesized that the loss and recovery of EP played a role in the loss and
recovery of peripheral function (Saunders et al. 1996b). Similar recordings in
adult chickens, after acoustic overstimulation sufficiently intense to cause hair
cell loss and threshold shifts, failed to show any postexposure change in the
positive EP (Trautwein et al. 1997). However, the acoustic trauma altered the
negative EP recorded during anoxia. The negative EP was still reduced 4 months
postexposure suggesting a long-term disruption of this potential. The difference
between very young and mature animals was striking, but there is reason to
believe that both observations are valid.

A histologic evaluation of the tegmentum vasculosum in the adult quail
after an intense pure-tone exposure for 12 hours revealed considerable injury
(Ryals et al. 1995). With 6 days of recovery, the tegmentum regained a normal
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Figure 3.1. Endocochlear potential (EP) loss is plotted against postexposure time in
young chicks. Also plotted is evoked response threshold shift (in dB), averaged for 0.9,
1.3, and 1.5 kHz, in similarly exposed chicks at the same age. Within 3 days, the EP
and threshold shifts are nearly fully recovered. The correspondence between these data
suggests that EP recovery might play a role in evoked response threshold recovery (Data
from Poje et al. 1995, with permission.)

appearance. Endocochlear potential changes in the sound damaged quail ear
have yet to be reported, though other measures of peripheral auditory function
recover in the same time frame as the tegmentum repair. Similar postexposure
morphologic damage and recovery of the tegmentum has been reported in the
chick. The area occupied by dark cells was greatly reduced immediately after
removal from overstimulation, and appeared normal 6 days later (Ramakrishna
et al. 2004; Askew et al. 2006).

The postexposure loss of EP in the chick could arise from disruption of
signaling pathways leading to K+ secretion and modification in the number or
types of ion pumps in the tegmentum, or from greater leakiness of K+ in the walls
of scala media due to acoustic damage. It is likely that the differences between
the adult and young chicken are due to the immaturity of the chick inner ear
at the time of exposure (Trautwein et al. 1997). Regardless, additional research
is needed to understand more fully the role of ionic homeostasis, particularly
the loss and recovery of tegmental structure and EP function after intense sound
exposure.

High doses of aminoglycoside antibiotics such as kanamycin and gentamicin
have also been used to damage the sensory cells in the avian ear, and over
time, the hair cells exhibit regeneration. Interestingly, adult chickens treated with
kanamycin for 10 days failed to show changes in the steady state EP (Chen
et al. 1995). Nevertheless, other sound-driven functional deficits were apparent
and these also recovered with the passage of time. This observation suggested
that ototoxic damage to the epithelium does not injure the EP, perhaps because
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of the absence of any mechanical trauma to the papilla. It further suggested that
impairment to sound-driven activity can arise from sources other than the driving
force behind the hair cell transduction current.

The EP might be viewed as a “gross” potential within the cochlea. There
are other gross potentials such as the cochlear microphonic (CM), summating
potential, and the compound action potential (CAP). All these suffer changes
as a consequence of ototrauma. Changes in CAP thresholds, for example, show
deterioration after exposure to both intense sound and aminoglycoside treatment
(Chen et al. 1993; Müller et al. 1996, 1997).

2.2 Innervation of the Avian Cochlea

The organization and innervation of the avian cochlear nerve are important for
understanding and interpreting results from single-unit studies in the normal and
damaged ear. Hair cell innervation and cochlear nerve organization are well
understood on the chicken basilar papilla (Fischer et al. 1992; Fischer 1994). The
avian cochlear nerve contains three neuronal components: the auditory afferents,
lagenar afferents, and a small component of efferent fibers (Köppl et al. 2000). In
the chick, there are approximately 12,400 auditory afferent fibers, all myelinated,
and of a fairly uniform diameter (approximately 2�0 �m). Innervation density is
greatest in the area located between 40% and 70% from the apex (approximately
0.9–3.0 kHz). There are estimated to be between 100 and 200 efferent fibers
in the chick, and because all hair cells synapse with at least one efferent fiber,
the small number implies considerable divergence of innervation. These efferent
fibers are myelinated and exhibit a diameter similar to the afferent fibers. There
is evidence of unmyelinated fibers in the cochlear nerve, but their numbers are
few, and it is uncertain if they are autonomic nervous system fibers, traversing
the cochlear nerve, or perhaps isolated efferent fibers. The interesting aspect
of this innervation pattern is the absence of unmyelinated neurons similar to
the type II afferents innervating the outer hair cells (OHCs) of the mammalian
cochlea.

Three types of hair cells were described across the sensory sheet of the
basilar papilla: tall, intermediate, and short. These names were derived from a
consideration of the ratio of cell apical diameter to its length (Smith 1985). Short
hair cells were thought to occupy the abneural half of the papilla, whereas tall
hair cells were found on the neural half (Fig. 3.2), with intermediate cells in
between. This description has been refined to take into account the innervation
pattern of the hair cells rather than their morphology. Those hair cells on the
far abneural edge of the papilla, innervated exclusively by efferent nerve fibers
with large chalice-like synaptic boutons (see Fig. 3.2), are now considered the
short hair cells (Manley et al. 1989). Throughout the remainder of the chapter
we will refer to neural and abneural hair cells. The neural cells are equivalent
to the tall hair cells lying over the superior fibrocartilagenous plate, while the
abneural hair cells are situated over the basilar membrane.
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Figure 3.2. This cartoon depicts the innervation and organization of chick neural
(left side) and abneural (right side) hair cells. The afferent fibers are colored black
while efferent fibers are indicated by the speckles. (Modified from Fisher 1994, with
permission.)

Changes occur in hair cell innervation from the abneural to neural edges of
the papilla. The abneural hair cells have large efferent endings and minimal
size afferent endings. Neural hair cells exhibit large afferent endings with small
efferent terminals (Fig. 3.2). Depending on location, the number of afferent fibers
that innervate each neural hair cell is between 1.4 and 2.4 (Fig. 3.2).

Ototrauma from loud sound or ototoxic drugs results in hair cell loss, which
inevitably means that the neural connections with the hair cell are broken. These
connections must repair themselves if auditory function is to return to normal
(Ryals and Dooling 1996). Issues such as the postexposure fate of synaptic
boutons, the degree of axonal degeneration and recovery, the mechanisms that
guide neurons back to their correct tonotopic location, the time course of neural
recovery, and the importance of innervation in inducing hair cell regeneration
are far from well understood. Indeed, it has been a vexing question to clearly
trace the degeneration and/or recovery of afferent and efferent neurons after
ototrauma.
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Transmission electron microscopy of serial sections, antibody labeling of
neurofilament proteins in axons, and the application of synapsin or syntaxin-
specific immunohistochemistry, have been used to gain some idea of the loss and
recovery of afferent and efferent elements in the cochlear nerve. Four scenarios
for the fate of cochlear neurons have been proposed (Cotanche et al. 1994):
(1) The axons remain connected to the synaptic bouton, and the bouton itself
separates from the dying hair cell. In this situation the neural elements remain
in place, and simply await the reemergence of new hair cells with which to
make contact. (2) The afferent and efferent terminals remain attached to the hair
cell with the more central axon projection breaking off. Despite the loss of the
synaptic terminal, as the hair cell degenerates, the nerve fibers remain intact,
healthy, and in position. In this case the sprouting of new terminals would be
required for reinnervation with new hair cells. (3) The synaptic endings of the
neurons are lost, which leads to degeneration of afferent and efferent fibers.
As these fibers degenerate they retract toward the cochlear ganglion cell body.
Repair, in this situation, would require axonal regrowth, and the formation of a
new synaptic bouton before reinnervation could occur. (4) Axonal degeneration
might be so severe that it leads to the loss of ganglion cell bodies, and in this
scenerio repair might be impossible.

Synapses have been observed on newly regenerated hair cells 3–4 days after
acoustic trauma, indicating that reinnervation does indeed take place (Ryals
and Dooling 1996). Moreover, neurofilament labeling of the cochlear nerve, in
moderately damaged ears, revealed that the synaptic endings, while separated
from the axon, appeared to remain attached to dying hair cells. The axons, even
though separated from the bouton, remain in the immediate vicinity of the hair
cells to which they were originally connected (Ofsie and Cotanche 1996; Ofsie
et al. 1997). In addition, there was no apparent loss in the number of fibers or
their pattern of distribution on the papilla. The tonotopic specificity of the papilla
remained intact, and this was supported by fiber tracing, which revealed the
papilla frequency map unchanged after hair cell regeneration (Chen et al. 1996).
It has also been reported that efferent fibers remained in contact with surviving
hair cells in the lesion, implying that the afferent connections on these cells were
also intact.

Immunolabeling of the papilla with synapsin, a marker for small synaptic
vesicles in neurons, indicated that new hair cells were not initially associated
with the presence of efferent fiber terminals after acoustic overstimulation (Ofsie
et al. 1997). However, within 7 days of the emergence of new hair cells the
first efferent terminals were identified, thus providing additional evidence that
the presence of nerve endings was not a requisite for the emergence of new hair
cells. With severe acoustic damage to the papilla (e.g., damage in which both
hair cells and supporting cells are destroyed), there appeared to be a loss of both
the synaptic ending and the nerve fiber (Cotanche 1999). The recovery of the
cochlear nerve in this situation has yet to be described, but may well take longer
and be less effective.
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The restoration of efferent nerve terminals after gentamicin destruction of hair
cells has also been traced (Hennig and Cotanche 1998). The ototoxic recovery of
neural connections occurred in several stages and takes longer than after acoustic
trauma, which may account for the extended functional recovery reported in these
ears (see Section 2.4). There also appeared to be differences in the regeneration
of efferent terminals after ototoxic injuries to the papilla, again reflecting the
more extensive damage to the sensory surface after aminoglycoside trauma.

2.3 Cochlear Nerve Coding of the Acoustic Stimulus

Access to the cochlear nerve may be achieved via an opening in the bony skull
overlying the recussus scala tympani, which reveals the cochlear nerve lying
beneath the distal wall of this chamber. Passing a microelectrode through the
perilymph and penetrating the wall gains access to cochlear ganglion cells and
nerve fibers. Remarkably, opening the scala tympani does not alter cochlear
mechanics.

Parameters of the cochlear nerve response can assess various functions of the
peripheral ear. These can be organized into categories that include spontaneous
activity, threshold sensitivity, frequency selectivity, intensity coding, synchro-
nization or phase locking, transient detection and adaptation, and neuronal
suppression. The findings below are largely from the young chick, but they are
nearly identical to those reported in the adult animal.

2.3.1 Tuning Curves

Frequency selectivity is most commonly determined through the threshold tuning
curve or the response area curve. These curves describe either iso-response or
iso-stimulus contours of unit activity at many frequencies. Threshold tuning
curves use an algorithm that determines the sound pressure level (SPL) needed to
achieve a sound-driven criterion response level of, for example, 2 spikes/s (S/s)
above the level of spontaneous activity. When measured at many frequencies, it
forms an iso-response contour. The response area curve is an iso-stimulus plot
describing discharge activity to a constant intensity tonal stimulus of varying
frequency. When the discharge activity produced by a random matrix of tone
bursts at different frequency and intensity combinations is reconstructed into a
tuning curve, it is referred to as a spectral response plot. Tuning curves reflect
not only the frequency selective properties of the inner ear but also the tonotopic
distribution of frequency along the sensory epithelium. Auditory nerve fibers
have been mapped to their hair cell of origin in the chick and pigeon (Chen
et al. 1994; Smolders et al. 1995).

Examples of spectral response plot tuning curves in the chick are seen in
Figure 3.3. Tuning curves arise from frequency selective mechanisms acting on
or within hair cells. One of these is a traveling wave on the basilar membrane. In
birds, the locations of the maximum membrane deflection change with frequency,
exhibit tonotopic organization along the length of the membrane, and exhibit
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Figure 3.3. (A–C) Three spectral response tuning curves are seen for each of three units
with a similar CF. The tuning curves from exposed chicks were obtained at 0 days of
recovery (B) or after 12 days of postexposure recovery (C), and should be compared
against the age-matched control tuning curve at the equivalent of 0 days of recovery (A).
Immediately after removal from the exposure, the CF threshold is elevated and the tuing
curve is less frequency selective. The unit recorded after 12 days of recovery is identical
to the control unit indicating complete recovery. (Data from Saunders et al. 1996a, with
permission.)

relatively poor fequency selectivity (von Békésy et al. 1960; Gummer et al. 1987).
If the level of frequency selectivity seen in the basilar membrane response were
communicated to the hair cell stereocilia, with no other tuning influence, then the
resulting neural tuning curve seen in Figure 3.3A would be much wider. The fact
that the cochlear nerve tuning curves are sharper than what would be predicted
by the mechanical response of the basilar membrane indicates additional sources
of tuning.

A second frequency selective mechanism is found within the hair cell itself,
and is associated with electrical tuning of the membrane (Fuchs et al. 1988).
Electrical tuning arises from the interaction between voltage-gated Ca2+ and
calcium-gated K+ channels and their splice variants. When the movements of
the sensory hairs are at the same frequency as the resonance of the hair cell
membrane, the magnitude of membrane depolarization is greatest. As a conse-
quence, activity in the cochlear nerves attached to the hair cell is greatest relative
to the activity generated by any other frequency at the same level.

Third, a compressive nonlinearity may be due to motor activity that changes
the mechanical properties of the sensory hair bundles of the hair cell. This activity
might alter the stiffness of the bundle and thus influence hair cell frequency
selectivity. Such mechanisms have been identified in anuran ears, but are less
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well understood in the avian ear (Manley 2000, 2001). The interaction of these
three tuning processes, and their precise contributions to frequency selectivity,
as measured in cochlear nerve tuning curves, remain to be elucidated.

Three spectral response plots from cochlear nerve units are shown in
Figure 3.3: one from a normal control (Fig. 3.3A), another from a noise-exposed
chick immediately after acoustic overstimulation (Fig. 3.3B), and a third from
a chick 12 days postexposure (Fig. 3.3C). All have a common characteristic
frequency (CF), which is the lowest point on the tuning curve where sound-
driven activity can be identified (about 1.15 kHz). The example in Figure 3.3B
shows the typical loss of CF threshold and the deterioration of frequency selec-
tivity seen shortly after removal from the exposure. The recovery of tuning is
apparent in Figure 3.3C.

2.3.2 Threshold Sensitivity, Sharpness of Tuning, and Spontaneous Activity

Additional phenomena can be synthesized from unit tuning curves obtained over
a range of CFs. In normal ears, CF thresholds at any given frequency exhibit a
range of 30–40 dB from the best to poorest threshold levels. In addition, the sensi-
tivity of the lowest threshold at CFs, across frequency approximate the behavioral
threshold curve of the chicken (Gray and Rubel 1985). In young and adult
chickens, the absolute threshold of hearing is U shaped with thresholds of approx-
imately 0.1–0.2 kHz and 2.8–4.0 kHz showing the poorest, and those between 0.9
and 1.3 kHz, the best sensitivity. Figure 3.4A shows the CF thresholds in a large
sample of units recorded from a group of 3-day-old nonexposed control chicks.
Figure 3.4B shows CF thresholds in age-matched units recorded shortly after
removal from an intense pure-tone exposure. A comparison of Figures 3.4A and
B reveals that units with CFs above 0.4 kHz show threshold shifts corresponding
to frequencies near and above the 120 dB SPL exposure tone of 0.9 kHz. The
CF thresholds in Figure 3.4B are from units in exposed animals allowed 12 days
to recover, and demonstrate completely recovery. The rate of threshold recovery
over time is too difficult to trace with single-unit studies, but has been effectively
followed using evoked responses directly recorded from the chick brainstem
(McFadden and Saunders 1989).

Frequency selectivity is quantified by measuring the Q of the tuning curve.
This is an index of filter sharpness defined by the ratio of the characteristic
frequency (CF in Hz), divided by the bandwidth of the tuning curve in Hz at a
criterion level above the CF (typically 10 dB). Since Q is a ratio, the sharpness
of tuning can be directly compared across units with different CFs. The larger
the Q value is, the sharper the filter. Figure 3.4D shows Q10dB ratios in cochlear
nerve units recorded from 3-day-old control chicks. The value of Q10dB increases
(as does the variability) with increasing CF, meaning that frequency selectivity
becomes sharper in units originating from higher (more basal) frequency regions
of the basilar papilla. Interestingly, the most selective units in birds exhibit
sharper tuning than seen at equivalent frequencies in mammals (Manley 2001).
Figures 3.4E and F show what happens to frequency selectivity just after removal
from an intense sound exposure, and after 12 days of recovery. Tuning curves
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Figure 3.4. (A) Open circles show CF threshold from 491 units in control chicks.
(B) The closed circles reveal the same thresholds in 336 units in exposed but 0-day
recovered chicks. The threshold shift of units in the 0-day recovery group with CFs
between 0.5 and 3.0 kHz is apparent. (C) CF thresholds are plotted for exposed chicks
allowed 12 days of postexposure recovery. (D–F) Similarly organized data for frequency
selectivity, as measured by the Q10dB metric. (G–I) Data organized for spontaneous
activity (SA). A comparison between the control data (A, D, G) with results in exposed
units after 12 days of recovery reveals a complete return to normal. (Data from Saunders
et al. 1996a, with permission.)

become much broader (have a lower Q) after the exposure, but within 12 days
return to normal.

Threshold and tuning were also measured in adult chickens after exposures
(48 h, 0.53 kHz, 120 dB SPL) that destroyed hair cells and the tectorial membrane.
The CF thresholds were similarly elevated, and iso-response tuning curves
were more broadly tuned immediately after the exposure. Threshold and tuning
were partially recovered by 5 days postexposure; however, peculiar W-shaped
tuning curves with multiple tips and hypersensitive tails, similar to those seen
in the developing ear, were also reported (Chen et al. 1996). Single-fiber
labeling showed a normal cochlear frequency-place map despite the elevated CF
thresholds and broad tuning. After 28 days of recovery, tuning and thresholds
were almost normal. Nevertheless, the CF thresholds of the most sensitive
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neurons were still slightly elevated, tuning curve slopes below CF were shallower
than normal, and thresholds in the low-frequency tail of the tuning curves were
often hypersensitive. These functional deficits were associated with residual
structural damage to the upper fibrous layer of the tectorial membrane over the
patch lesion.

Spontaneous activity (SA) represents neuron discharges in the absence of any
planned sound stimulation of the ear. This activity arises from the release of
neurotransmitter by the hair cell due to Brownian movements of the sensory
hair bundles, ambient noise stimulation, and/or spontaneous exocytosis of neuro-
transmitter vesicles. Spontaneous activity in birds tends to be higher than in
mammals, and in some units may be well over 110 S/s. Figure 3.4G shows
spontaneous activity in young chicks plotted against CF in control units, and
while the SA from unit to unit is quite variable, there is little systematic change
across frequency. The consequence of intense sound, just after removal from the
exposure, greatly suppresses spontaneous activity (Fig. 3.4H), while Figure 3.4I
shows the return of spontaneous activity after 12 days of recovery. Suppression
and recovery of spontaneous activity after sound damage has also been observed
in adult birds (Chen et al. 1996).

2.3.3 Intensity Coding

Changes in discharge activity with increasing sound intensity describe the rate-
intensity function. These functions have been reported for the pigeon, owl,
emu, starling, and chick. In the chicken, four types of functions have been
identified: saturating, sloping upward, straight, and sloping downward (Saunders
et al. 2002). Rate-level functions arise from several processes. Changes in
stimulus intensity result in different levels of basilar membrane displacement
and hence hair bundle displacements. This in turn varies the level of hair cell
membrane depolarization, neurotransmitter release, and neuron excitation. While
basilar membrane movements with changes in intensity have been described as
linear in the pigeon (Gummer et al. 1987), the rate-intensity function shows a
compressive nonlinearity at higher stimulus levels. In mammals, OHC contrac-
tility is thought to be the principal mechanism of cochlear nonlinearity. There
is no evidence of somatic motility in the avian hair cells (He et al. 2003; Köppl
et al. 2004). However, this compression may arise from a nonlinearity thought
to be associated with the response properties of individual hair cells.

Figures 3.5A–C show rate-level functions for low-, mid-, or high-frequency
units (each curve is the average of a number of sloping-up units with a common
CF) from control (open circles) and exposed (closed circles) ears shortly after
removal from the exposure. At the lowest intensities, only spontaneous activity is
seen. Sound-driven responses emerge after a threshold stimulus level is achieved,
and discharge activity then increases with sound level (over an approximate
30–40 dB range in control units). Above that range, the slope of the growth
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Figure 3.5. (A–C) Rate-level functions for units with the indicated CFs are shown from
exposed chicks at 0 days of recovery (black circles) and age-matched nonexposed controls
(white circles). The most severe change in the exposed functions occurs near the 0.9-kHz
exposure frequency (B) with a pronounced threshold shift and steeper growth of activity.
(D–F) Similar data in exposed units 12 days postexposure (black circles) and age-matched
control units (white circles) appear. The functions in D and F show complete recovery.
Exposed units with CFs near the exposure frequency (E) show a steeper growth segment
and a larger discharge rate at the higher intensities. These plots represent the average of
6–9 units, each with the same approximate CF. (Data from Saunders et al., 1996a and
Plontke et al. 1999, with permission.)

function becomes shallower. The threshold shift for exposed functions with CFs
near the exposure frequency (Fig. 3.5B) is obvious, and the initial growth segment
is steeper than in the control, suggesting some form of “recruitment” in discharge



90 J.C. Saunders and R.J. Salvi

activity. At the highest stimulus intensity, control and exposed discharge levels
are approximately the same. For units with CFs around 0.25 kHz (Fig. 3.5A), the
exposure has little effect, while at the highest CFs (2.4–2.6 kHz) threshold shift
and recruitment remain evident (Fig. 3.5C). Figures 3.5D–F depict rate-level
functions in control and 12-day recovered units. The 12-day recovered units
at the highest and lowest frequencies (Figs. 3.5D, F) show complete recovery.
Rate-level functions in 35% of units with CFs at or near the exposure tone were
abnormal (Fig. 3.5E), exhibiting a steeper initial growth segment and a higher
maximum discharge rate (Plontke et al. 1999). This is one of the few aspects of
single-unit activity that fail to exhibit full recovery.

2.3.4 Two-Tone Rate Suppression

Another nonlinear response in the discharge response of the auditory nerve is
two-tone rate suppression (TTRS), reported in amphibians, reptiles, birds, and
mammals. The origin of TTRS is poorly understood, but may be associated with
hair cell transduction and perhaps its interaction with the tectorial membrane.
The efferent system does not appear to play a role, as sectioning of the
(mammalian) olivocochlear bundle does not eliminate this response. The TTRS
reported in the adult chicken exhibits many characteristics seen in mammals
(Chen et al. 1997).

Two-tone rate suppression uses a continuous tone at CF, 20 dB above
threshold. A second pulsed (suppressing) tone is then introduced and the
discharge rates during the combined CF and suppressing tones are counted. This
is then subtracted from the rate of activity when the CF tone is presented alone.
The suppressing tone is adjusted in intensity, with the level noted when the
response during the two-tone interval is less than during the one-tone interval by
a criterion amount (e.g., one spike). The process is repeated with pulsed tones
at different frequencies.

Figure 3.6A shows the typical pattern of a TTRS tuning curve. The heavy line
is the threshold tuning curve, while TTRSa and TTRSb (the thin lines) depict the
suppression threshold above and below the CF of the tuning curve. Figure 3.6B
shows what happens shortly after removal from an intense sound exposure. As
would be expected, the single tone tuning curve exhibits a threshold shift and
broadening of tuning. The suppression slopes are shallower, the best suppression
thresholds are elevated, and TTRSa and TTRSb are first identified at a frequency
more distant from the CF than in the control (Fig. 3.6A). In addition, acoustic
trauma reduced the number of neurons exhibiting these boundaries from 53%
to 8% for TTRS below CF, and from 88% to 47% for boundaries above CF.
The change in number of neurons showing TTRS boundaries in control and
exposed animals, after different recovery intervals, appears in Figure 3.6C. The
boundaries below CF have yet to fully recover after 28 days postexposure, while
above CF, they returned to normal within 14 days. The incomplete recovery of
the lower TTRS boundary has been related to the incompletely healed tectorial
membrane in the overstimulated chicken ear.
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Figure 3.6. (A) A tuning curve from a nonexposed adult chicken cochlear nerve unit
showing two-tone rate suppression boundaries above (TTRSa) and below (TTRSb) the
unit CF. (B) A unit with a similar CF recorded shortly after removal from an intense
sound exposure. The tuning curve is wider and CF threshold shows reduced sensitivity.
The TTRS boundaries emerge at a much higher level along the skirts of the tuning curve.
(C) The proportion of neurons in which TTRS revealed an upper or lower sideband in
controls (Ctrl) or chickens allowed to recover 0–1, 5, 14, or 28 days. The suppression
boundary above CF exhibits a normal incidence of occurrence 14 and 28 days postex-
posure, while suppression boundaries below CF never recover to normal. The asterisks
indicate a significant difference from the control condition. (Data from Chen et al. 1997,
with permission.)

2.3.5 Synchronization and Phase Locking

The ability of a cochlear nerve unit to discharge in concert with the cycles
of a sinusoidal signal is referred to as synchronization. When synchronization
occurs at a fixed phase angle, it is said to be “phase locked.” Figure 3.7A shows
the phasic discharges in a peristimulus time (PST) histogram for a unit (CF =
0�42 kHz) stimulated repeatedly with a 0.42-kHz tone burst. The waveform of
the tone burst is also plotted. The degree to which each cycle of the stimulus
produces a phase-locked discharge can be used to calculate vector strength
(VS) and the value of VS would equal one if every cycle of the stimulus
produced a discharge. Inherent jitter at the hair cell synapse, limitations in the
resistance/capacitance of the hair cell membrane, and limitiations in the influx
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Figure 3.7. (A) Upper portion shows a phase-locked PST histogram in a chick cochlear
nerve unit with a CF of 0.43 kHz. The PSTH was compiled from 376 tone burst presen-
tations. (B,C) Vector strength of units in age-matched control and exposed chicks plotted
against the CF of the unit. Statisitcal analysis of the control and exposed vector strength
reveals that they are identical. (Data from Furman et al. 2006, with permission.)

and diffusion of calcium at neurotransmitter release sites in the hair cell preclude
perfect synchrony and restrict the frequency range over which synchronization
can occur (Furman et al. 2006).

Figure 3.7B shows VS in a sample of control units plotted against the unit
CF. The VS is calculated for phase locked tone bursts 20 dB above the CF
threshold. As shown, synchronization is best in neurons with low CF, then



3. Recovery of Function 93

deteriorates as frequency increases, and between 3.0 and 4.0 kHz is lost in the
noise. Figure 3.7C shows the VS in a sample of units just removed from the
0.9-kHz, 120-dB sound exposure, and these results reveal that VS in exposed and
control units are the same. This observation is interesting because these exposed
units exhibited the same changes in CF threshold, tuning sharpness, spontaneous
activity, and rate-level activity shown in Figures 3.3, 3.4, and 3.5. The fact that
synchronization was unaffected, even though overlain on substantial changes in
discharge activity, suggests that the hair cell membrane and synaptic properties
that determine the degree of synchronization were unaffected by the exposure.

2.3.6 Adaptation

Adaptation in the cochlear nerve response represents a progressive decline in
discharge activity with the passage of stimulus time. Adaptation is identified in
poststimulus time histograms (PSTH), which describe the accumulation of spike
discharges in successive time intervals (bins) that occur with repeated tone-burst
presentations. The PSTH exhibits several stages of adaptation; a phasic portion
at stimulus onset where the number of discharges per bin are high, followed by
a decline in activity to a tonic level where the number of discharges per bin
are lower and relatively constant. The decline in discharge activity is orderly,
and characterized by fitting the histogram data to an exponential decay function.
Figure 3.8A shows a PST histogram for a tone burst with discharge activity
collected at a 0.1-ms resolution. Figure 3.8B reduces the data to 1.0-ms bins, and
fits the results with an exponential decay (solid line), revealing a time constant
of 16.8 ms. Adaptation in chick occurs in three different time compartments
called rapid, short term, and long term with time constants of approximately
2–3 ms, 15–17 ms, and 20–40 s. An example of long-term adaptation appears
in Figure 3.8C, where discharge rates to a continuous tone were measured in
2-s intervals, every 4 s, for 43 min. The time constant was 30.9 s, but what is
remarkable about this curve is that tonic activity (approximately 65 S/s) was
maintained for the next 2530 s.

The presynaptic membrane of the hair cell appears to control adaptation
through the number and release kinetics of neurotransmitter vesicles (Spassova
et al. 2004; Crumling and Saunders 2006). One possible scenario is that vesicles
lying beneath the dense body (the synaptic ribbon in chick) in immediate
proximity to the hair cell plasma membrane, undergo exocytosis first (this is the
immediately releasable pool). This is then followed by the exocytosis of those
vesicles tethered to the dense body (the readily releasable pool). Finally, a steady
level of vesicle mobilization, probably from the hair cell cytoplasm, is trans-
ported to the dense body and hence the release sites (this is the mobilizable pool).
The three stages may correspond to the initial burst of activity, followed by the
rapid decay and then tonic levels of activity, as vesicles in the various releasable
pools are exhausted. Mobilization of cytoplasmic vesicles to the release site
permits sustained discharge activity over long time intervals.
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elevated in the exposed adaptation curves while adapted rates exhibit the same discharge
rate in both groups. (Data from Crumling 2006, with permission.)

Figure 3.8D shows changes in adaptation for units measured shortly after
removal from the 120-dB, 0.9-kHz pure-tone exposure. The curves in each panel
depict an average PST histogram (14–30 units per curve) in control or exposed
units, all with approximately the same CF. Exposed units with CFs at or above
the exposure frequency show an increase in the phasic discharge rate, but the
same level of activity for the tonic region of the curve, compared to the control
PSTH. The time constant of these exposed and control PSTHs were much the
same (Crumling and Saunders 2006). These results indicated that the kinetics of
discharge decay were unaffected by the exposure (as revealed by the similar time
constants); however, the phasic portion of the response was increased in exposed
units. Adaptation functions for control and exposed units with CFs below the
exposure frequency (0.9 kHz) were nearly identical.

The mechanisms controlling vesicle release rate were unaffected by the
exposure; however, the number of vesicles released (and the volume of neuro-
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transmitter available to influence the postsynaptic membrane) was larger, but
only for the vesicle pools associated with the initial level of exocitic activity.
How this can be is not clear at present because the dense body normally has a
60% vesicle packing density. It could be that the exposure causes more vesicles
to cluster at the membrane surface, filling the remaining 40% of the dense body,
or the dense body gets larger in exposed hair cells. Contributions from efferent
feedback or changes in the postsynaptic membrane have yet to be defined, but
they could also play a role in this observation. It is interesting to speculate further
that the enhanced phasic response is some form of compensatory mechanism
by the hair cell to maintain a measure of discharge sensitivity in the face of
destructive overstimulation.

2.3.7 Spatial Tuning Curves

The issue of the incompletely healed tectorial membrane and its effect on
the chick peripheral auditory system has been noted above and revisited by
examining spatial excitation for CFs distributed across the basilar papilla surface
(Lifshitz et al. 2004). Spectral response tuning curves were examined in age-
matched control chicks, and in chicks exposed to intense sound, but allowed to
recover for 12 days. The discharge activity at criterion frequencies and intensities
were noted for each unit and then plotted against the CF of the unit. When the
CF of the unit was the same as the criterion frequency, unit discharge rate was
expectedly high. As units were examined with CFs above or below the criterion
frequency, activity diminished. Finally, when the unit CF was sufficiently distant
from the criterion frequency, only spontaneous activity was observed. These
spatial tuning curves were constructed for a number of criterion frequencies,
and the excitation patterns provided a proxy of the mechanical activity on the
papilla surface. Spatial tuning curves for control chicks at 10 criterion frequencies
appear in Figure 3.9 at one criterion intensity (40 dB SPL). Using an equation
that described the distribution of unit CFs along the tonotopic axis of the basilar
papilla (Chen et al. 1994), the spatial tuning curve data were plotted against
axes for the percent distance and tonotopic frequency from the apical end of the
papilla.

Figure 3.9B illustrates the excitation patterns in chicks exposed to a 120-dB
SPL, 48-hour, 0.9-kHz pure tone, and then allowed 12 days to recover. Above the
spatial tuning curves is a cartoon of the papilla depicting the location and extent
of the partially healed, patch lesion. The accuracy of the equation transforming
unit CF to papilla location is seen in the fact that the spatial tuning curve in
Figure 3.9B with a criterion frequency of 0.95 kHz is centered almost in the
middle of the patch created by a 0.9-kHz exposure tone.

The spatial tuning curves with criterion frequencies within the patch lesion
are the same as those in the age-matched control group in Figure 3.9A. Thus, the
damage to the tectroial membrane does not appear to play a role in the processes
that determine the spatial tuning of units across the sensory surface of the basilar
papilla (Lifshitz et al. 2004).
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2.3.8 Summary

The story of acoustic trauma in the young and adult chicken ear can be summa-
rized quite succinctly. Exposures that produce moderate to severe functional loss
(e.g., 60–70 dB threshold shifts) will show nearly complete recovery of function.
Nevertheless, some residual loss after 12–28 days of recovery is seen in rate-level
functions and in TTRS activity. The units exhibiting this abnormal behavior were
typically those with CFs at or near the exposure frequency. It may be that with
additional recovery time these abnormal responses will return to normal. With
the exception of the abnormal appearance of the tectorial membrane, almost
all inner ear damage is reversed (Cotanche 1999). Whether or not the tectorial
membrane lesion is responsible for the rate-level or TTRS dysfunction remains
to be seen.
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2.4 Changes in Cochlear Nerve Activity
After Ototoxic Trauma

2.4.1 Ototoxic Damage and Recovery to the Papilla

The application of ototoxic agents such as gentamicin or kanamycin is potentially
lethal due to nephrotoxic side effects, and animal survival depends on the number
of daily injections and drug dose level. These treatments are very destructive
to the receptor cells and cause the loss of all neural and abneural hair cells
beginning in the high-frequency region of the papilla. As dosing progresses, the
lesion extends into the low frequencies, but even with long treatment regimens,
rarely goes beyond the basal 50% of the papilla. Despite the hair cell losses, the
injury to the overall papilla is less traumatic than with acoustic overstimulation.
The tectorial membrane, for example, appears normal, although it is disconnected
from the reticular surface of the papilla.

Single, high-dose injections have been used to more precisely time the course
of injury and recovery, and these also cause hair cell loss to the approximate
basal half of the papilla. A refinement in procedure applies gentamicin-loaded
collagen sponges directly to the round window membrane. Nephrotoxicity is
greatly reduced and complete loss of all hair cells now occurs over as much as
70% of the papilla (Husmann et al. 1998; Müller and Smolders 1998, 1999).

The time of emergence of new hair cells is difficult to determine with multiple
injections, but with a single-dose treatment new hair cells are evident after
3–5 days in young chicks. In general, within 4 weeks posttreatment the sensory
epithelium is completely repopulated with new hair cells, although hair bundle
orientation may remain abnormal. Also, when a local application of gentamicin
is used, it results in fewer regenerated hair cells than found in the original
population. Reinnervation of the regenerated hair cells also occurs. Full details
of the development and recovery of ototoxic damage to the papilla can be found
in Cotanche (1999).

2.4.2 Functional Changes

Figure 3.10A illustrates auditory brainstem response (ABR) threshold shifts in
the adult pigeon after application of a gentamicin sponge to the round window
(Müller and Smolders 1999). The parameter is recovery duration. At 5 days
after the sponge application, the threshold shift is between 63 and 69 dB and
between 1.41 and 5.66 kHz. Over the next 37 days considerable recovery occured,
but after 70 days there was little further improvement. Similar ABR results
have been reported in the chick after aminoglycoside injections that began just
after hatching. Thresholds recovered with time, but after durations as long as
14–20 weeks a high-frequency (>1�5 kHz) permanent shift of 20–30 dB was
noted (Tucci and Rubel 1990; Girod et al. 1991; Duckert and Rubel 1993).

Cochlear nerve unit activity has been reported after either systemic kanamycin
injections in the adult chicken or localized gentamicin treatment in the pigeon (Salvi
et al. 1994; Müller and Smolders 1998). The results of both studies were largely
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Figure 3.10. (A) Auditory brainstem thresholds in pigeons exposed to a gentamicin-
impregnated sponge (applied to the round window membrane) were subtracted from
similar thresholds obtained from control animals to obtain an indication of threshold
shift at different frequencies. The parameter is the post-application recovery duration.
Thresholds recover over 70 days, but a permanent threshold shift of approximately 20 dB
remains. (Data from Müller and Smolders 1999.) (B) Cochlear nerve CF thresholds are
plotted for the most sensitive units recorded from adult pigeons. The treated animals
received a localized application of gentamicin (round window) and the data were
obtained 98 days post-application. Control and treated best CFs are much the same
up to about 0.2 kHz. The thresholds in the treated units show poorer CF thresholds as
frequency increases. This is a permanent change in CF threshold. (Data from Müller and
Smolders 1998, with permission.)
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consistent with each other. Shortly after the end of treatment, lower frequency
CFs showed abnormal thresholds, tuning curves, lower spontaneous activity, and
changes in the proportion of units showing preferred intervals of spontaneous
activity. It was difficult if not impossible to record units with higher frequency CFs
because the basal region of the papilla was completely stripped of hair cells. After
long recovery intervals (approximately 10–20 weeks), activity in low-frequency
units exhibited complete recovery. Units with higher CFs could be identified as
the basal papilla hair cells regenerated and matured; however, they often failed to
exhibit normal levels of activity. These effects are illustrated in Figure 3.10B by
plotting only the cochlear nerve units that showed the most sensitive CF thresholds
in control animals and in gentamicin-treated pigeons (Müller and Smolders 1998).
The units in the treated animals were recorded 14 weeks after the aminoglycoside
application. The “best” CF thresholds are approximately the same in both groups
up to about 0.25 kHz, and then differ by increasing amounts as CF rises. The
differences are startling given that hair cell complements in the high-frequency
region of the papilla have returned to nearly normal levels. Measures of Q10dB,
spontaneous activity, and the dynamic range of rate-intensity functions were
also diminished in units with CFs above 0.25 kHz.

2.4.3 Differences Between Acoustic and Ototoxic Trauma

The effects of acoustic and ototoxic trauma to the papilla offer interesting and
contrasting models of damage. Acoustic lesions are often confined to the abneural
hair cells at a restricted location on the sensory surface that corresponds to the
location stimulated by the exposure frequency. Overstimulation produces lesions
that result in hair cell loss, cellular disruption of the sensory epithelium, and severe
damage to the tectorial membrane. The latter damage does not appear to recover
(Cotanche 1999). An ototoxic lesion destroys all neural and abneural hair cells over
a large area of the sensory sheet, extending perhaps from the mid-papilla to the
basal end. With ototoxic damage, the tectorial membrane remains intact, though
disconnected fromthe reticularpapilla surface in theareawherehair cellsdisappear.
Hair cell regeneration and neuronal reinnervation occur after acoustic and amino-
glycoside trauma. The patterns of functional recovery accompanying these lesions
differ with nearly complete return of function seen after acoustic damage and
only partial functional recovery after ototoxic damage. These differences offer
important comparative possibilities for understanding the consequences of papilla
repair. Unfortunately, the utility of these comparisons has yet to be fully exploited.

3. Otoacoustic Emissions in Normal and Damaged
Bird Ears

3.1 Acoustically Evoked Otoacoustic Emissions

As noted in the preceding text, single-neuron activity that describes rate-
level functions and two-tone rate suppression reflect nonlinear activity within
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the cochlea. Another peripheral auditory response originating from nonlinear
cochlear activity is the otoacoustic emission. These emissions have served as an
indicator of active cochlear processes in both mammals and birds (Manley 2001).

Mammalian otoacoustic emissions are closely linked to somatic motility of
OHCs (Brownell 1990). This motility is an active process driven by the motor
protein prestin, which is heavily expressed along the lateral wall of OHCs
(Dallos and Fakler 2002; Zheng et al. 2002). A sound-evoked change in the
OHC membrane potential elicits a contractile response that causes feedback
of mechanical energy into the cochlear partition. This in turn enhances the
sensitivity and frequency selectivity of the inner ear, and as a by product gives,
rise to otoacoustic emissions. These emissions are propagated out of the cochlea
via the middle ear, and can be identified as acoustic signals in the ear canal.
Support for this mechanism of producing emissions is found in lesion studies,
which show that selective destruction of OHCs abolishes the response (Brown
et al. 1989; Hofstetter et al. 1997; Wang et al. 1997).

Synchronously evoked otoacoustic emissions were first detected from the
ear of the starling (Sternus vulgaris; Manley et al. 1987), and sound-evoked
distortion product otoacoustic emissions (DPOAEs) have been observed in the
chicken (Norton and Rubel 1990; Burkard et al. 1996). The DPOAE consists of
acoustic components not identified in the stimuli used to generate them (Probst
et al. 1991). The cubic difference tone is considered the most prominent DPOAE.
It is defined mathematically as 2f1 −f2, where f1 and f2 are the frequencies of
two equally intense primary stimulus tones that share the relation f1 < f2.

The cubic difference tone component (which we now refer to, by convention,
as the DPOAE) was examined in adult chickens after intense sound exposures
(120 dB SPL) at either 1.5 or 0.53 kHz (Froymovich et al. 1995; Trautwein
et al. 1996). Shortly after removal from the exposure, DPOAE amplitude
exhibited a substantial reduction at or above the exposure frequency. After 8–16
weeks of recovery, DPOAE frequencies at or near the exposure tone showed
little recovery whereas the frequencies lying further away from the exposure
returned to normal levels. The failure of the DPOAE to exhibit recovery was
attributed to the persistent tectorial membrane lesion, and suggested that this
membrane was somehow involved in the production of the emission signal.

Changes in the DPOAE have also been examined in young chicks after intense
tone exposure (Ipakchi et al. 2005), and Figures 3.11A and B show DP-grams
and response-level functions from two groups of control animals (3 and 15 days
old). The DP-grams (Fig. 3.11A) were obtained by averaging the DPOAE levels
at each test frequency between 0.2 and 2.54 kHz across primary levels between
75 and 90 dB SPL. The emission level declines at a rate of approximately
2 dB/octave as frequency increases. The response-level functions (Fig. 3.11B)
averaged emission levels across frequency (0.4–2.54 kHz), at each primary tone
level, from 60 to 100 dB SPL. This input/output curve shows systematic increases
in the DPOAE response as the primary tone levels increase. A slight but reliable
difference between the two age groups is also seen.
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Figure 3.11. (A,B) Distortion product otoacoustic emission (DPOAE)-grams and
response-level functions are plotted for 3-day and 15-day controls. (C,E) The DPOAE-
grams in 0-day recovered and 12-day recovered chicks are compared to age-matched
controls. DP-grams show a severe loss in the DPOAE response immediately (C) after
removal from a pure-tone exposure and show complete recovery 12 days later (E). (D,F)
The same pattern of response loss and recovery is seen in the response-level functions.
(Data from Ipacki et al. 2005, with permission.)

Chicks were exposed to a 0.9-kHz, 120-dB tone beginning at 1 day of age for
48 hours, and thus were 3 days old when removed from the sound. Figures 3.11C
and 3.11D compare DP-grams and response-level functions just after removal
from the exposure (0–day recovered). A significant shift in the emission response
is apparent, with the greatest effects between 1.0 and 2.0 kHz for primaries
between 75 and 90 dB SPL.

Figures 3.11E and F show similar data, but for exposed animals allowed
12 days of recovery (e.g., 15 days old). Both the DP-gram and response-level
functions exhibit complete recovery. This was different from that seen in the
adult chicken (see earlier), where recovery was incomplete after substantially
longer recovery durations. The inability of the adult to exhibit recovery was
attributed to the incompletely healed tectorial membrane, but this conclusion
may need refinement because the same lesion persisted in the chick, but with
complete recovery of the DPOAE.

Although the same exposure conditions were used with adults and chicks,
the effect of intense sound in the adults may be greater because middle-ear
conduction is more efficient. Thus, the inner ear of adults may be more vigorously
overstimulated than that of youngsters, and the consequence might be greater
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papilla damage. If the adult ear is more traumatized than the chick is, it may be
less able to achieve the same level of repair. Alternatively, the chick papilla may
be more plastic and simply capable of greater repair than the adult. It is also
possible that the difference is due to an unidentified developmental component
in the inner ear that renders the chick less susceptible to acoustic injury.

3.2 Electrically Evoked Otoacoustic Emissions

Injection of electrical current into the cochlea causes basilar membrane motion
accompanied by sounds emitted into the ear canal. The sounds in the canal
are called electrically evoked otoacoustic emissions (EEOAEs), and conditions
known to selectively damage mammalian OHCs have been shown to reduce or
abolish these emissions (Nuttall and Ren 1995; Reyes et al. 2001).

Given that birds clearly produce DPOAEs and spontaneous otoacoustic
emissions, it seems plausible that they might also generate EEOAEs. This was
tested by applying an AC current to the chicken round window membrane and
checking for emission signals in the ear canal (Chen et al. 2001; Sun et al. 2002).
The AC current evoked robust EEOAEs, which had a maximum response of
27 dB SPL and a broad bandpass between 1.0 and 3.0 kHz (Fig. 3.12A). This
band encompassed the region of maximum threshold sensitivity in the chicken
audibility curve.

Transient EEOAEs were also found in chicken ears by applying brief current
pulses to the round window. These transient stimuli-evoked emissions were
characterized by a damped oscillation with an instantaneous frequency near
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Figure 3.12. (A) Amplitude (dB SPL) of electrically evoked otoacoustic emission
(EEOAE) obtained with a 50-mA sinusoidal current presented as a function of frequency.
The inset (a) shows spectrum of EEOAE obtained at 3.0 kHz; EEOAE amplitude is 16 dB
SPL. (B) Top trace shows a transient EEOAE from a normal control chicken (peak EEOAE
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shows an EEOAE obtained from a chicken treated with kanamycin (400 mg/kg perday
for 10 days) with an EEOAE of 7.8 dB SPL that is barely detectable above the noise
floor. (Data from Chen et al. 2001, with permission.)
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2.0 kHz (Fig. 3.12B). The transient EEOAEs showed phase reverse when
current polarity was reversed, and were abolished with anoxia or perfusion of
paraformaldehyde into the inner ear. These later observations suggest that the
EEOAE depends on normal metabolic function, and is not an artifact of the
electrical stimulation itself.

Kanamycin was used to explore the role of hair cells in EEOAE gener-
ation. The dose employed spared hair cells on the apical papilla below approx-
imately 500 Hz. As expected, the DPOAE and cochlear microphonic responses
were considerably reduced after hair cell destruction. In addition, the EEOAE
amplitude evoked by a 3.0-kHz electrical stimulus decreased from 15 dB SPL in
normal ears to 3 dB at 1–4 days posttreatment. A similar reduction in the EEOAE
response was also seen for pulse stimuli (see “2d Post Trace” in Fig. 3.12B).
These results suggested that hair cells are the source of avian EEOAEs. Surpris-
ingly, EEOAE amplitude and high-frequency DPOAEs 11–14 weeks after the
kanamycin treatment were still greatly reduced, despite regeneration of almost all
the hair cells lost to the ototoxic treatment. The cochlear microphonic amplitude
showed substantial but incomplete recovery after 11–14 weeks. The major
improvement in CM suggested that the mechanisms responsible for the hair
cell transduction current had recovered substantially. In contrast, the minimal
recovery of EEOAEs and DPOAEs implied that the mechanisms responsible
for avian otoacoustic emissions failed to recover. An intriguing question that
remains to be addressed is whether the EEOAE and DPOAE ever fully recover
in adult birds after aminoglycoside damage.

Avian neural and abneural hair cells respectively are often considered homol-
ogous to mammalian outer and inner hair cells, largely because of similarities
in the afferent and efferent innervation patterns. These similarities led to specu-
lation that the avian hair cells might possess electromotile properties (Brix and
Manley 1994; He et al. 2003). The somatic electromotility of isolated chick
hair cells were compared to those of mammalian OHCs via the microchamber
(Fig. 3.13B) and whole-cell voltage-clamp techniques (He et al. 2003). In response
to sinusoidal voltage, gerbil OHCs changed length on a cycle by cycle basis and
exhibited nonlinear capacitance, the hallmarks of electromotility (Fig. 3.13B).
The OHC movements were also asymmetric in that the cells shortened more
than they elongated. In contrast, neural (tall) and abneural (short) hair cells
from the chick failed to exhibit somatic motility and nonlinear capacitance.

The absence of somatic motility in chick hair cells suggested that EEOAEs
must originate from some other voltage-sensitive process. This “other” process
may be associated with small stereocilia bundle movements, which change
direction with current polarity. These electrically driven bundle movements have
been reported in amphibian and reptilian hair bundles and suggested for avian
bundles (Crawford and Fettiplace 1985; Manley et al. 2001). The movements
disappear when the tip-links are disrupted or the hair cell transducer channel is
blocked (Crawford and Fettiplace 1985; Ricci et al. 2000). If these stereocilia
bundle movements are responsible for generating EEOAEs then their movements
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Figure 3.13. (A) Photomicrograph showing a microchamber with the base of a tall
hair cell (THC) in the lumen. The cuticular plate is positioned over a slit that records
axial movements during stimulation with sinusoidal current. (B) Electromotile responses
showing elongation and contraction of outer hair cell (OHC), tall hair cell (THC), and
short hair cell (SHC) to sinusoidal stimulation. Note robust movements from OHC and
absence of response from THC and SHC. (Data from He et al. 2003, with permission.)

would need to be synchronized across a number of hair cells to generate sufficient
pressure in the surrounding fluids to produce the EEOAEs.

4. Cochlear Nerve Reversible and Irreversible
Excitotoxic Damage

A difference between the damage caused by aminoglycoside antibiotics and
acoustic overstimulation is that intense sound stimulation causes a glutamate-
induced excitotoxic injury to the afferent terminals beneath the hair cells
(Henry and Mulroy 1995; Pujol and Puel 1999). Kainic acid (KA), a
potent glutamate analog that preferentially activates kainate-sensitive ionotropic
glutamate receptors, has been used to identify regions of excitotoxic damage
in the avian inner ear (Shero et al. 1998). Within hours of applying KA to the
round window membrane of adult chickens, a massive swelling occurred in the
afferent dendrites beneath the neural hair cells of the papilla, but with no apparent
trauma to the hair cells themselves (Fig. 3.14A, B). Efferent terminals appeared
normal. The afferent terminal swelling extended over 80% of the papilla from
the apical end (Fig. 3.14C). These results indicate that glutamate is the major
neurotransmitter between neural hair cells and afferent nerve fibers. The absence
of afferent terminal swelling beneath abneural hair cells suggested further that
another neurotransmitter may be active in this papilla region.

Light and electron microscopic observations revealed that the application of
both low and high KA doses produced rapid and severe swelling of the chicken
afferent terminals immediately after application (Sun et al., 2001). The swelling
of the afferent terminals, however, followed different patterns with the passage of
time in the two groups. While there was no evidence of cochlear ganglion neuron
loss in the low-dose group, there was, nevertheless, a substantial percentage of
cell bodies with vacant spaces between the myelin sheath and soma, as well as
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Figure 3.14. (A) Cross section of adult chicken basilar papilla showing tectorial
membrane (TM), the short hair cell (SHC) and tall hair cell (THC) region, and swollen
afferent terminals (AT) beneath the THC. (B) High-magnification view showing swollen
afferent terminals (AT) beneath the tall hair cells (THC). (C) Papilla cartoon with the dark
gray area revealing the location of swollen afferent terminals. (Data from Sun et al. 2001,
with permission.)

changes in the distribution of nuclear chromatin. These initial effects of the KA
treatment rapidly disappeared, and the postsynaptic terminals appeared normal
in the low-dose group within 1 day.

At 30 min after KA treatment, cochlear ganglion neurons appeared normal
(Fig. 3.15A). However, 4 weeks later many cochlear ganglion neurons were
surrounded by vacuoles (Fig. 3.15B, arrows) and had a shrunken appearance
(arrowheads), a morphological feature characteristic of apoptosis. The vacant
spaces beneath the tall hair cells, in the high-dose group, persisted for months
indicating a lack of repair. In addition, ears treated with the high dose had
a considerable number of missing cochlear ganglion neurons 4 weeks after
treatment (Fig. 3.15C).

The DPOAE and chronic CM measurements were used to assess the functional
status of hair cells after the application of low- or high-dose KA injections into
the scala tympani of adult chickens (Sun et al. 2000). Emission and microphonic
responses remained normal after treatment, indicating functioning hair cells.
In contrast, both doses caused a large and almost immediate reduction in the
compound action potential (CAP, Fig. 3.16A) and the slow positive neural
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Figure 3.16. (A) Recovery of compound action potential (CAP) amplitude for adult
chicken treated with a low dose or high dose of kainic acid versus a control group.
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following low or high dose of kainic acid treatment. (Data from Sun et al. 2000, with
permission.)
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potential (SPNP; Fig. 3.16B). The CAP amplitudes showed a 50–70% recovery
within 2–4 weeks following the low-dose treatment, but no recovery with the
high–dose treatment.

The total lack of functional recovery in the high-dose group is consistent with
the persistent damage to the afferent terminals and the loss of cochlear ganglion
neurons. Despite the loss of neurons in the high-dose group, the hair cells
retained a normal appearance, indicating that avian hair cell survival depends
on factors other than the synaptic contacts or trophic influences provided by
the presence of ganglion axons. A similar conclusion was reached in mammals
(Ernfors et al. 1995). The partial recovery of CAP and SPNP amplitude in the
lowdose group is consistent with the morphological recovery of the afferent
terminals. There remained, however, a major discrepancy between the rate and
degree of recovery in the low-dose group (Fig. 3.16A, B). The afferent terminals
largely regenerated within 1 day of the low-dose injection, whereas the CAP
and SPNP responses showed little recovery until 14 days later. Moreover, these
responses were still depressed 1–2 months after treatment, even though the
afferent terminals and number of ganglion neurons returned to normal. The
incomplete recovery in the low-dose group might be related to the subtle morpho-
logical pathologies seen in approximately 35% of the neurons.

Afferent terminal damage with recovery patterns similar to that seen in
the chicken were observed in pigeons after infusion of the glutamate agonist
�-amino-3-hydroxy-5-methylisoxazole-4- propionic acid (AMPA) into scala
tympani (Reng et al. 2001). The partial but incomplete recovery of CAP responses
after excitotoxic damage is also seen in pigeon cochlear ganglion unit responses
3–4 months after AMPA infusions. Overall, the mean spontaneous discharge
rate, for units between 0.1 and 1.0 kHz, increased substantially over that seen
in control units. Similarly, the maximum sound-evoked discharge rate was
higher in nerve fibers from AMPA-treated pigeons than in controls. Finally, as
CFs increased, AMPA-treated pigeons showed tuning curves with poorer CF
thresholds and broader tuning.

Collectively, the results from chicken and pigeon indicated that regeneration of
the afferent synapse after mild excitotoxic damage caused incomplete recovery
of postsynaptic function. In cases of more severe excitotoxic damage, significant
numbers of cochlear ganglion neurons degenerate, and, more importantly, fail to
regenerate. Cochlear ganglion cell degeneration in the quail was reported after
acoustic overstimulation beginning around 30 days postexposure and continued
out to 90 days (Ryals et al. 1989), and may be due to a loss of trophic input
from the hair cells or delayed cell death from acoustically induced excitotoxic
damage. The loss of cochlear ganglion neurons after severe excitotoxic damage or
acoustic overstimulation suggests that this region of the peripheral pathway does
not contain a pool of resident progenitor cells that can divide and differentiate
into neurons that reestablish peripheral and central synaptic contacts.
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5. Higher Brain Centers

5.1 Cellular Changes

The anatomical effects of acoustic or ototoxic trauma at the level of the chicken
receptor organ have been investigated in some detail at the next auditory relay,
the cochlear nuclei, and the results clearly indicate that inner-ear structural
damage can extend beyond the receptor epithelium and affect neurons in the
central nervous system (CNS). The physiological consequences of these changes
in cochlear nuclei neurons, however, are poorly understood. The chick cochlear
nuclei consist of the nucleus magnocellularis and nucleus angularis and their
cellular structure and innervation have been described in detail (Ryugo and
Parks 2003). Recordings of normal discharge activity in both nuclei have also
been reported (Warchol and Dallos 1990).

It is well known that removal of afferent input causes the death or atrophy
of postsynaptic cells throughout the CNS (Rubel et al. 1990). This may be due
to disruption of the cell signaling pathways controlling protein synthesis or the
regulation of postsynaptic calcium entry into the cell. The normal maintenance
of postsynaptic proteins and calcium is controlled in part by afferent input.
Because afferent input can be effectively manipulated by damaging the auditory
periphery in chick, the cochlear nucleus has proved an interesting model for
studying these signaling pathways. Unilateral cochlear removal, oval window
perforation, aminoglycoside damage, and acoustic trauma caused neuron loss
or damage to cells. It appears that a tonic level of afferent input is needed to
maintain normal cell size and function at this level of the brainstem.

Gentamicin-induced hair cell loss caused a reduction in cochlear nerve sponta-
neous activity, and in turn a reduction in cochlear nucleus cells and cell shrinkage.
With sufficient recovery time cell size returned to normal and unexpectedly the
number of cochlear nucleus cells recovered (Durham et al. 2000). Overstimu-
lation in the chick ear also caused a reduction in cochlear nerve units spontaneous
activity (see Fig. 3.4H) and shrinkage of cells in the nucleus magnocellularis.
Within 43 days of recovery, cell size returned to normal. This acoustic trauma,
however, yielded no evidence of neuronal cell loss in nucleus magnocellularis
(Saunders et al. 1998).

Discharge activity in nucleus magnocellularis cells has been examined after
intense sound exposure. A deterioration in CF thresholds, a reduction in the
sharpness of tuning, changes in rate-intensity functions, and a substantial
reduction in spontaneous activity were reported (Cohen and Saunders 1993).
After 12 days of recovery, all these parameters showed full recovery. Despite
the shrinkage in nucleus magnocellularis cell size, functional recovery appeared
to be a simple reflection of the recovery exhibited in the cochlear nerve. The
fact that it took longer for cell size to return to normal than for function to return
suggested that shrinkage of these cells did not alter their function.
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In summary, reduced afferent input to the chick cochlear nuclei, after
peripheral ototrauma, caused cells in this area of the medulla to die or undergo
substantial shrinkage. The effect is most likely due to a postsynaptic reduction in
protein synthesis or the disruption of intracellular calcium regulation. With suffi-
cient recovery duration cell size returned to normal and there is some evidence
of a return to normal cell numbers. The milder damage caused by acoustic
trauma resulted in only cell shrinkage, with complete recovery within 6 weeks
postexposure. There appeared to be no physiological changes in neuron activity
unique to cochlear nucleus cell shrinkage after acoustic trauma, because all the
reported changes could be attributed to more peripheral losses in function.

5.2 Central Auditory System Neurogenesis Stimulated
by Hair Cell Loss and Regeneration

For many years, a dogma of neurobiology was that most neurons are born
during embryogenesis and that neurons that die later in life are not replaced. The
discovery of injury-induced hair cell regeneration in the avian ear challenged
this long held tenant and begs the question of where the new neurons come
from. As noted in the preceding text, destruction of avian cochlear hair cells
leads to diverse changes in nucleus magnocellularis. These changes are followed
by recovery of cell size and number as the hair cells regenerate (Lippe 1991;
Park et al. 1998; Saunders et al. 1998). If neuron number recovers after cochlear
injury, are new neurons “born” to replace those lost as a result of cochlear
injury? To test this idea, tritiated thymidine, an exogenous nucleic acid incorpo-
rated into the DNA of dividing cells, was administered to postnatal chicks for
14 days via osmotic pumps (Park et al. 2002). One day after starting thymidine
administration, chicks were injected with gentamicin or saline, and then sacri-
ficed 16 days later for autoradiographic and histologic analysis of the number of
newborn, thymidine-positive neurons, or glial cells in nucleus magnocellularis.
Newborn neurons and glia were found throughout nucleus magnocellularis in
both the saline- and gentamicin-treated chicks. The vast majority of tritiated
labeled cells, however, were glia. Nevertheless, the number of newborn neurons
in nucleus magnocellularis was significantly greater in gentamicin-treated chicks
than in saline controls. However, the total number of tritiated-positive neurons
in the aminoglycoside ears was relatively small considering that the gentamicin
treatment destroyed all the hair cells in the basal third of the basilar papilla.
Although the hair cell lesion was confined to the basal region of the papilla,
neurogenesis occurred throughout the nucleus magnocellularis. Many newborn
cells were also seen in the cerebellum and brainstem of saline- and gentamicin-
treated chicks, a result that suggested the avian CNS retained substantial potential
for regeneration under both normal and pathologic conditions. When viewed
in this context, hair cell regeneration represented only one small part of a
much larger phenomenon of neurogenesis involving brain plasticity and repair in
birds (Alvarez-Buylla et al. 1994), and perhaps even mammals (Alvarez-Buylla
et al. 2002).
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6. Summary

This final section aims to form some coherent conclusions from the large array
of information offered in the preceding text. One interesting observation can be
offered immediately. We may know more about the consequences of ototoxic
and acoustic insults to the inner ear of birds than in any other animal model.
This formidable literature is traceable to the discovery of hair cell regeneration
on the basilar papilla (Cotanche 1987a,b). While the underlying molecular and
cellular mechanisms of this regenerative process remain elusive, the functional
consequences of papilla damage and recovery are well understood.

Another important conclusion is the remarkable consistency of the avian
ototrauma data. Part of this may be due to the relatively few trauma-inducing
conditions appearing in this literature. For example, the extensive number of
papers using a pure tone exposure of 120 dB for 48 hours, in both adult and
young chickens, has enabled comparisons among reports dealing with different
parameters of the peripheral auditory response. This has permitted a measure
of synthesis, as seen in this chapter, that has yet to be realized in other animal
models. Another important observation is that intra-animal variability, which has
frustrated a more systematic description of acoustic injury in the mammalian
ear, seems to be remarkably low in the avian ear.

There is little argument that the disruption of tissue along the papilla and
the loss of hair cells should have an impact on threshold sensitivity. Moreover,
if the structure completely heals itself, there is the logical assumption that
the functional loss should reverse itself. Figures 3.1, 3.3, 3.4, and 3.5 give
credence to these assumptions, but at best the relationship remains a correlation.
Despite the available data, analytic models that attempt to predict a more formal-
istic relationship between structural injury and repair, and functional loss or
recovery of CF threshold, have yet to enter the avian literature. The extensive
data base suggests that the time is ripe for introducing such modeling efforts.
This would permit the manipulation of parameters whose model results could
be tested against observation, and, in a synergistic fashion, further observation
could be used to modify the entry parameters of the model. This admonition
could be extended to any of the functional parameters discussed earlier, because
the specific basis of threshold shift, loss of frequency selectivity, reductions in
spontaneous activity, a reduced dynamic range in rate-level functions, changes in
two-tone rate suppression, or PSTH changes in adaptation functions, or any other
measure of function following any form of avian ototrauma, are poorly appre-
ciated. Nevertheless, the field is ready for an overreaching theory about avian
ototrauma to guide thinking toward a grander scheme of the phenomenon, and
there is optimism that this will happen because of the extensive and systematic
data base that has been accumulated in the last 15–20 years.

Fortunately, many mysteries remain to be solved. For instance, why is it that
there is nearly complete functional recovery with acoustic damage to the papilla,
yet permanent functional loss with ototoxic trauma? Papilla affected by both
sources of ototrauma show complete hair cell regeneration and reinnervation.
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So why is there a persistent functional difference that results from the chemical
treatment of the ear? In addition, it would be important to exploit the differences
arising from acoustic and ototoxic trauma, as they may reveal some, as yet
unappreciated underlying principles, not only of inner ear function, but also of
the consequences of trauma. There are also differences between the effects of
acoustic injury between adult chickens and juveniles in the EP and DPOAE. The
basis for these differences are elusive, and a simple explanation utilizing age
and the level of maturity of inner structure reveals relatively little.

Finally, there is the enigma of the persistent tectorial membrane damage seen
on the basilar papilla after acoustic trauma. The inner ear is an organ exquisitely
evolved to detect miniscule mechanical movements of tissue. In the mammalian
ear, these movements are discussed at the level of Ångstroms, and there is every
reason to assume similar magnitudes are involved in the avian ear. The tectorial
membrane injury constitutes a relatively huge defect on this exquisitely sensitive
organ. The available evidence has yet to determine definitively that this injury
has any substantial impact on auditory function. The fascinating unresolved issue
is to determine what this observation is telling us about the role of the tectorial
membrane.

The intense and fruitful odyssey that has been the study of hair cell regen-
eration may now be winding down as the phenomenon turns its focus on the
mammalian inner ear. Nevertheless, ototrauma in the avian ear remains an
important comparative animal model for studying the relationship between struc-
tural damage and repair and functional loss and recovery. Understanding the
mechanisms that give rise to this remarkable recovery of function may provide
important insights for what needs to be accomplished in mammalian inner ears
for hearing to be restored. Future investigations hold the promise of under-
standing the relationship between these two phenomena in greater detail, and
that will yield important insight into the operation of the inner ear.
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Functional Recovery After Hair Cell
Regeneration in Birds
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1. Introduction

In response to either acoustic trauma or insult from ototoxic drugs, both young
and adult birds show a temporary period of hair cell loss and regeneration,
usually culminating in considerable anatomical, physiological, and even beha-
vioral recovery within several weeks (Corwin and Cotanche 1988; Ryals and
Rubel 1988; Tucci and Rubel 1990; Girod et al. 1991; Hashino et al. 1991; Lippe
et al. 1991; Saunders et al. 1992, 1996; Ryals et al. 1999b). Recent reviews of
the recovery of auditory function after hair cell regeneration have focused on
physiological measures of the auditory nerve and brainstem (compound action
potential [CAP], auditory brainstem response [ABR], or changes in hair cell
responses using distortion product emissions (e.g., Smolders 1999; see Saunders
and Salvi, Chapter 3). All of these measures are highly correlated with the
return of hearing, but behavioral measures of hearing address, most directly,
the actual recovery of auditory perception. This chapter emphasizes studies that
address the behavioral recovery of hearing after hair cell loss and regeneration in
birds.

As far as we know, birds provide the only animal model in which it is possible
to restore hearing through renewed sensory cell input and then examine the effect
of this hearing recovery on the learning and production of vocalizations. We
review several studies that have addressed the effects of hair cell loss and regen-
eration on complex vocal production. As one can imagine, the issue of whether
a “new” auditory periphery results in sufficient functional recovery so that an
adult bird can perceive, learn, and produce complex acoustic communication
signals has considerable health relevance, as current research efforts are focused
on triggering hair cell regeneration in the mammalian auditory system (e.g.,
Izumikawa et al. 2005). Understanding the fine detail of hearing recovery in
birds may tell us something about how bird ears function, add to our knowledge
of plasticity in both peripheral and central auditory nervous system structures,
and expose the common features of sensorimotor interfaces across vertebrates.
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2. Changes in Absolute Sensitivity

There have been principally two ways to damage auditory sensory cells with
resulting changes in sensory function: acoustic trauma and administration of
ototoxic drugs. The two approaches typically lead to different patterns of
hair cell damage and loss and different patterns of hair cell regeneration and
functional recovery (Saunders et al. 1995; Salvi et al. 1998; Cotanche 1999;
Smolders 1999). Here, we discuss the extents and time courses of hearing loss and
functional recovery to these two types of peripheral auditory system trauma in
birds.

2.1 Acoustic Overexposure

Morphological assessment of hair cell loss and regeneration after acoustic trauma
has shown that acoustic overstimulation generally results in the loss of some, but
not all, hair cells in a specific location on the basilar papilla, depending on the
type, intensity, and duration of the acoustic trauma (reviewed in Cotanche 1999).

Temporary hearing loss in birds after acoustic overexposure, first described
in budgerigars (Melopsittacus undulatus), revealed some differences between
birds and mammals (Saunders and Dooling 1974; Dooling 1980). Budgerigars
exposed to 1/3 octave bands of noise centered at 2 kHz for 72 hours at levels
of 76–106 dB sound pressure level (SPL) showed maximum hearing losses at
2 kHz, and the threshold shift ranged from 10 to 40 dB depending on the level of
the exposure. A permanent threshold shift was observed only with the 106-dB
exposure, suggesting that birds, compared to mammals, are more resistant to
damage from noise (Dooling 1980). Temporary threshold shifts in these birds
were also of a shorter duration than typically seen in mammals and were
also restricted to a narrower range of frequencies (e.g., Luz and Hodge 1971;
Price 1979; Dooling 1980; Henderson and Hamernik 1986). In addition to
showing little spread across frequencies, in budgerigars the maximum threshold
shift occurred at higher frequencies than the exposure frequency. Hashino and
colleagues (1988) extended these bird–mammal differences to impulse noise
exposures. Two 169-dB SPL impulse noises produced by pistols caused more
low-frequency than high-frequency hearing loss with the return to preexposure
hearing levels occurring at a faster rate for high than for low frequencies. These
results are unique and intriguing, and their confirmation could provide insight
into the functioning of the avian ear.

Japanese quail (Coturnix coturnix) exposed to a 1.5-kHz octave band noise at
116 dB SPL for 4 hours showed elevated thresholds for pure tones up to 50 dB
immediately after exposure (Niemiec et al. 1994). Thresholds were most severely
affected at frequencies of 1.0 kHz and above, although there was considerable
variation among subjects. Thresholds improved rapidly within the first week after
exposure, recovering to preexposure levels by 8–10 days. Damaged hair cells
were still observed up to 2 weeks postexposure but not by 5 weeks postexposure.
Similar patterns of threshold shifts and recoveries were seen after repeated
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exposures to noise, although recovery times increased with increasing numbers of
exposures. Interestingly, Niemiec et al. (1994) found that structural abnormalities
(elongated stereocilia, supporting cell expansion, and stress links between hair
cells) remained for at least 4 weeks after pure tone sensitivity had recovered. They
suggested that while these abnormalities may not influence absolute threshold
sensitivity, they may be involved in other aspects of functional hearing. Other
investigators have suggested that lingering structural abnormalities within the
tectorial membrane (lack of upper fibrous layer) may be related to incomplete
recovery of other aspects of auditory function such as frequency resolution
(Salvi et al. 1998; Lifshitz et al. 2004). While neural correlates of frequency
resolution tend to corroborate poorer frequency resolving capacity after acoustic
trauma and hair cell regeneration, corresponding behavioral studies are still
lacking. Behavioral studies of frequency resolution after hair cell regeneration
following ototoxic insult have been performed and are described later in this
chapter.

Ryals and colleagues (1999b) found that the amount of hearing loss and the
time course of recovery varied considerably among different species of adult
(sexually mature) birds even when exposure conditions and test conditions were
identical. In their study, quail and budgerigars were exposed to intense pure tones
centered in their region of best hearing at 112–118 dB SPL for 12 hours. Quail
showed much greater susceptibility to acoustic trauma than did budgerigars,
with significantly larger threshold shifts and hair cell loss. Quail showed a
threshold shift of 70 dB at 2.86 kHz 1 day after overexposure. Thresholds for
the quail remained virtually unchanged for 8–9 days postexposure, and then
began to improve by about 2 dB/day until day 30. Quail experienced a permanent
threshold shift of approximately 20 dB, which remained even when tested 1 year
after exposure. Budgerigars exhibited a threshold shift of about 35–40 dB at
0.5 days after exposure, but showed a much faster recovery than quail. By 3 days
postexposure, budgerigars’ thresholds had improved to within 10 dB of normal.
Chickens exposed to a 120-dB pure tone at 525 Hz for 48 hours (Saunders
et al. 1995) showed similar initial threshold shifts and rates of recovery as the
budgerigars. CAP measurements in pigeons exposed to a 142-dB pure tone at
700 Hz for 1 hour (Ding-Pfennigdorff et al. 1998) showed intermediate threshold
shifts between the quail and the budgerigars and chickens.

In a more comprehensive study, budgerigars, canaries (Serinus canaria), and
zebra finches (Taeniopygia guttata) were exposed to a bandpass noise (2–6 kHz)
at 120 dB SPL for 24 hours (Ryals et al. 1999b). These birds showed thresholds
at 1.0 kHz that were elevated by 10–30 dB and that improved to within normal
limits by about 10 days postexposure in all three species. At 2.86 kHz, the center
of the exposure band, budgerigars, canaries, and zebra finches showed a 50-dB
threshold shift. Recovery began immediately afterward for canaries and finches,
and threshold improved to within 10 dB of normal by about 30 days postexposure.
In budgerigars, threshold recovery did not begin until 10 days postexposure. By
50 days postexposure, thresholds recovered to about 20 dB above normal, and no
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further improvement occurred by 70 days, at which point the loss was assumed
to be permanent. Overall, results showed a significantly more rapid recovery in
canaries and zebra finches than in budgerigars. Histological analysis in all of
these birds quantified hair cell loss and recovery in the region of damage before,
during, and after threshold recovery. In general, the more severe the initial degree
of hair cell loss (width of damage and decrease in hair cell number) was, the
more severe the initial threshold shift.

Ryals et al. (1995), Salvi et al. (1998), and Cotanche (1999) have shown
that structures such as the tegmentum vasculosum, which provides the endolym-
phatic potential in birds, the tectorial membrane, and neural synapses may
also be damaged immediately after acoustic trauma. There are two important
conclusions from these studies. One is that even when exposure and test condi-
tions are identical, the amount of damage and the time course of loss and
recovery from acoustic trauma are quite different among species. The second
conclusion is that determination of the direct role of regenerated hair cells in
the recovery of hearing after acoustic overstimulation is confounded by the
continuing presence of nonregenerated hair cells on the papilla after initial
acoustic trauma, the initial and continuing damage to other structures within the
inner ear such as the tectorial membrane, and the fact that a considerable amount
of hearing can return before a full complement of hair cells is replaced through
regeneration.

These behavioral results are paralleled by a wealth of physiological data.
Measures of CAP and evoked potential (EP) thresholds, for instance, have also
shown a recovery from acoustic trauma in birds. In pigeons, CAP thresholds
increased immediately after exposure to a 0.7-kHz tone at 136–142 dB SPL for 1
hour, but showed some recovery in most subjects (Müller et al. 1996, 1997). The
time course of recovery varied somewhat among individual subjects, and some
animals showed no recovery. A residual threshold shift of 26.3 dB remained at
2.0 kHz for some of the animals that recovered, while others showed normal
thresholds within 3 weeks after exposure. Newborn chicks and adult chickens also
show increased CAP and EP thresholds immediately after acoustic trauma, but
animals with longer survival times showed near-normal thresholds (McFadden
and Saunders 1989; Adler et al. 1992, 1993; Pugliano et al. 1993). Interest-
ingly, less recovery occurred when chicks were exposed a second time (Adler
et al. 1993).

Threshold shifts to a pure tone overexposure (Fig. 4.1A) and to narrowband
noise overexposure (Fig. 4.1B) are shown across several species of birds.
Although the exposure durations, intensities, and frequencies differed across
species, these recovery curves represent virtually all of the existing data available
on experiments that tested the same subjects repeatedly. Given the large differ-
ences in susceptibility to acoustic trauma both within and across species, these
types of experiments are important for understanding the nature of the time
course of recovery in individual subjects. These figures highlight the similarities
in recovery times across species, even when the extent of the initial hearing loss
is quite different.
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Figure 4.1. (A) Behaviorally measured threshold shifts after acoustic overexposure to a
2.86-kHz pure tone for Japanese quail (n = 3) and budgerigars (n = 2 at 112 dB and n = 3
at 118 dB) (replotted from Ryals et al. 1999b) and to a 525-Hz pure tone for chickens
(n = 4) (replotted from Saunders et al. 1995). Shown for comparison are threshold shifts
after a 700-Hz pure tone exposure as measured by the compound action potential (CAP)
in pigeons (replotted from Ding-Pfennigdorff et al. 1998). (B) Threshold shifts after
continuous narrowband noise overexposures for canaries (n = 2), budgerigars (n = 5),
zebra finches (ZF, n = 3), and Japanese quail (n = 3; canaries, budgerigars, zebra finches
replotted from Ryals et al. 1999b and Japanese quail replotted from Niemiec et al. 1994).
For comparison with these continuous exposures, results from budgerigars exposed to 4
gunshot impulses (n = 2) are also shown (replotted from Hashino et al. 1988).
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2.2 Ototoxic Drug Administration

Previous work has shown that considerable variation exists in the response of
the auditory system to acoustic overexposure and that structures other than hair
cells are damaged if the exposure is intense or prolonged enough (reviewed in
Cotanche 1999). Moreover, the apparently paradoxical finding that a consid-
erable amount of functional recovery occurs before hair cell regeneration is
complete further complicates interpretation. In part for this reason, more recent
studies of behavioral recovery after hair cell regeneration have used ototoxic
drug administration to cause hair cell loss. Typically in birds, hair cells in the
basal end of the papilla are damaged and are lost first, with the loss proceeding
toward the apical region with increased dose and time (Cotanche 1999). Studies
of recovery from insult with ototoxic drugs have the advantage of being able
to attribute the recovery of hearing more completely to the regeneration of new
auditory hair cells with less of a confounding influence of surviving hair cells
or mechanical damage to other structures such as the basilar papillae or tectorial
membrane.

In budgerigars given 100 mg/kg or 200 mg/kg of kanamycin (KM) for 10 days,
threshold shifts of about 20–60 dB occurred for frequencies of 2.0 kHz and above,
depending on the dosage of KM (Hashino and Sokabe 1989). Threshold shifts
reached maximal values 3–5 days after the end of the KM treatment. Slightly
larger threshold shifts occurred at 0.5 kHz, reaching nearly 80 dB at day 3 for the
higher dose condition. Recovery of thresholds reached asymptotic levels around
15 days posttreatment. Residual hearing losses of less than 20 dB occurred for
frequencies of 2.0 kHz and above in birds given the higher dosage, but returned
to normal levels in birds given the lower dosage. Permanent threshold shifts
of about 10 dB and 40 dB at 0.5 kHz occurred in birds given the lower and
higher KM dosage, respectively. Because aminoglycosides induce hair cell loss
primarily in the basal region of the basilar papilla (Hashino et al. 1992; Dooling
et al. 1997), a permanent low-frequency hearing loss would not be expected so
this pattern of low-frequency hearing loss remains a curious one.

Other studies have reported returns to near-normal absolute sensitivity for pure
tones after ototoxic drug-induced hair cell loss and regeneration in European
starlings (Sturnus vulgaris; Marean et al. 1993) and budgerigars (Dooling
et al. 1997). Experiments on budgerigars show that by about the fifth day of
injections, absolute thresholds began to increase dramatically, and the threshold
shift at 2.86 kHz by the time injections were completed (10 days) was greater
than 60 dB. Immediately after KM treatment, the greatest shift occurred for
frequencies above 2.0 kHz (Dooling et al. 1997). Recovery of hearing began
immediately after cessation of injections. By 8 weeks postinjection, absolute
thresholds improved to within 5–15 dB of normal for frequencies below 2.0 kHz
and to within 20–30 dB of normal above 2.0 kHz. Recovery of threshold
eventually reached an asymptote with a permanent threshold shift on average of
23 dB.

In a more recent study on budgerigars, Dooling et al. (2006) measured
thresholds at six frequencies and found them to be differentially affected by the
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KM injections. Initial threshold shift was greater at high frequencies (50–60 dB
above 2 kHz) than it was at low frequencies (10–30 dB below 2 kHz). Thresholds
gradually recovered to within about 15–25 dB of preinjection thresholds by
8 weeks after injections, with the most rapid recovery occurring at the lowest
frequencies. Absolute thresholds for all frequencies reached asymptote by
8 weeks after cessation of KM injections with a return to within 5–15 dB of
normal for frequencies below 2 kHz and within 20–30 dB of normal above 2 kHz
(Dooling et al. 2006).

Marean and colleagues (1995) compared behavioral detection thresholds from
starlings before, during, and after 11 days of subcutaneous injections of KM.
The starlings were given 100 mg/kg injections for 2 days and then 200 mg/kg
injections for 9 days. The birds showed large threshold shifts initially at high
frequencies and then at progressively lower frequencies. These shifts were in
excess of 60 dB at 4–7 kHz but none of the birds showed any change in auditory
thresholds for frequencies below 3 kHz. The recovery of hearing began within
a few days of the end of the KM injections, and lasted for approximately 50
days. After a second course of KM injections, the starlings showed less of a
threshold shift than after the first injections. Subsequent studies showed that
the smaller threshold shift after the second course of injections was likely due
to metabolic changes sustained after the first course of antibiotics and not to a
resistance to antibiotic damage by regenerated hair cells (Marean et al. 1995).
The time course of recovery and the amount of permanent threshold shift in
starlings, compared to budgerigars, suggests that they may be less sensitive to
damage from aminoglycoside antibiotics, similar to Bengalese finches (Lonchura
domestica; Marean et al. 1993, 1998; Woolley et al. 2001).

As is the case with acoustic overexposure, there are a number of physio-
logical estimates of threshold recovery after ototoxic drug administration that
in general parallel behavioral findings. Tucci and Rubel (1990) used frequency-
specific auditory evoked potentials and tested 16- to 20-week-old chicks (Gallus
gallus domesticus) after gentamicin injections. EPs were increased immediately
after injections ceased, and continued to increase for up to 5 weeks afterward.
This is in contrast to behavioral thresholds that generally show a decrease in
thresholds following termination of injections. They suggested that the increase
in EP threshold during the early stage of recovery was due to a lack of neural
synchrony. Partial recovery of thresholds was seen by 16–20 weeks, predom-
inantly at low and mid frequencies. Residual hearing loss was greatest at the
highest frequencies. Interestingly, recovery of thresholds lagged hair cell regen-
eration by 14–18 weeks. Administration of KM also results in temporarily
increased CAP and EP thresholds, primarily at higher frequencies in chickens
and quail (Chen et al. 1993; Lou et al. 1994; Trautwein et al. 1998). Some
residual loss persists at the highest frequencies tested, however.

In a more recent study, Woolley et al. (2001) measured hair cell regener-
ation and the recovery of auditory thresholds in Bengalese finches using the
aminoglycoside amikacin (alternating doses of 150 mg/kg and 300 mg/kg daily
for 7 days). ABR thresholds were measured for frequencies ranging from 0.25
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to 6 kHz. Heavy hair cell losses on the basal end of the basilar papilla correlated
with hearing losses above 2 kHz. Recovery of auditory thresholds began at about
1 week after treatments and ceased approximately 4 weeks later. Thresholds
at high frequencies remained elevated at 8–12 weeks. One conclusion is that
the temporal course of hearing recovery is more similar among closely related
species because the pattern in finches is more similar to that of the starling
(Marean et al. 1993) than that of either the budgerigar (Dooling et al. 1997) or
the chick (Tucci and Rubel 1990).

In aggregate, these comparative results are similar in some respects to the
comparative results on recovery of hearing after noise exposures, where canaries
and zebra finches were similar to each other but different from budgerigars and
quail (Ryals et al. 1999b). It is also important to realize the difficulties inherent
in comparisons between behavioral and EP measures of hearing. Hearing is
a behavior whereas EPs are a measure of neural synchrony due to stimulus
onset, and usually correlate well with stimulus intensity. However, the minimum
stimulus intensity required to produce a measurable evoked potential is typically
10–30 dB higher than behavioral detection thresholds. Thus, behavioral measures
of hearing remain the gold standard for determining the effect of ototoxicity or
acoustic overstimulation on hearing.

Figure 4.2 shows behavioral audiograms from several species of birds
measured behaviorally (A-budgerigars and B-starlings) compared with ABR
(C-pigeons and D-Bengalese finches), and CAP (E-chickens) threshold curves.
These functions show the preinjection thresholds for each species, along with
data from several time periods after the ototoxic drug administration. In general,
the findings are quite similar across species. Hearing losses are greatest at the
high frequencies, minimal at the lowest frequencies, and recovery generally
proceeds from the lowest frequencies first to the higher frequencies at later time
periods.

These findings from several species of birds show that hair cell damage from
ototoxic drug administration proceeds from the base to the apex of the basilar
papilla, that hearing loss is greatest at high frequencies, and that functional
recovery of hearing follows the hair cell replacement that one might expect from
a place representation of frequency on the basilar membrane. The only exception
from this general pattern is an unusual report that budgerigars experienced a
low-frequency hearing loss to KM-induced hair cell destruction (Hashino and
Sokabe 1989). The exact reasons for the anomalous results are still unknown.

An unusual bird, the Belgian Waterslager (BW) canary, also shows an inter-
esting response to hair cell loss and regeneration. These birds have been bred
for a distinctive low-frequency song and have an inherited auditory pathology
resulting in, on average, 30% fewer hair cells on their basilar papilla, a 12%
reduction in the number of auditory nerve fibers, and abnormal cochlear nuclei
cell volumes compared to non-BW canaries (Gleich et al. 1994, 2001; Kubke
et al. 2002). Hair cells on the abneural edge of the papilla, which are primarily
innervated by efferent fibers, appear to be most affected, and this pathology
develops after hatching and extends the length of the papilla (Gleich et al. 1994;
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Figure 4.2. Behavioral data are shown for (A) budgerigars (Dooling et al. 2006) and
(B) European starlings (Marean et al. 1993). ABRs are shown for (C) pigeons (Muller
and Smolders 1998, 1999) and (D) Bengalese finches (Woolley et al. 2001), and (E)
CAPs are shown for chickens (Chen et al. 1993).
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Weisleder et al. 1996; Ryals et al. 2001; Ryals and Dooling 2002). Even
though the loss of hair cells is evident throughout the papilla, the hereditary
hearing loss in BW is clearly greatest at frequencies above 2.0 kHz (Okanoya
and Dooling 1985, 1987; Okanoya et al. 1990; Gleich et al. 1995; Wright
et al. 2004). Absolute thresholds are elevated by 20–40 dB and critical ratios are
larger than normal at high frequencies, while normal at low frequencies (Lauer
and Dooling 2002), indicating that auditory filters are broadened and frequency
selectivity is reduced in BW in the area of greatest hearing loss.

Despite an ongoing rate of spontaneous hair cell regeneration in the BW
canary, new hair cells never completely repair the basilar papilla, which would
potentially lead to more normal hearing. Interestingly, both noise overexposure
and aminoglycoside-induced damage cause a further increase in supporting cell
proliferation and differentiation (Dooling et al. 1997; Gleich et al. 1997). In
BW canaries, absolute thresholds for high frequencies increase after systemic
administration of KM in BW, but during recovery they return to slightly below
(better than) preinjection levels by 13 weeks after injections of the drug cease
(Dooling and Dent 2001; unpublished data). Figure 4.3 shows these results in
greater detail for 4.0 kHz. Although both BW and non-BW canaries show a
threshold shift following the KM injections, the amounts of both the threshold
shifts and the recovery patterns differ between the two groups. Interestingly, the
final thresholds for BW canaries at 4 kHz are about 5 dB lower than the prein-
jection thresholds, showing a permanent improvement rather than a permanent
loss as in normal canaries. There was no improvement in hair cell number and
morphology in these BW canaries with improved thresholds (Ryals et al. 1999a).
Thus, the cause of this threshold improvement in BW is still not clear.

Figure 4.3. Absolute thresholds at 4.0 kHz before, during, and after KM injections in
BW (black circles) and non-BW (white squares) canaries. Normal canaries show the
typical pattern of a small residual permanent threshold shift after KM treatment. BW
canaries also show a temporary threshold shift but then show a permanent improvement
in hearing sensitivity at 4 kHz as a result of KM treatment.
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3. Effects of Hair Cell Loss and Regeneration
on Auditory Discrimination

Not surprisingly, almost all of the work on the effect of hair cell loss and
regeneration on hearing has focused on the audiogram. However, a subject’s
ability to discriminate complex features of sounds after hair cell regeneration
may be equally or more important than simply assessing threshold. Several recent
studies have addressed this issue.

3.1 Discrimination Tests: Changes in Spectral, Intensity,
and Temporal Resolution

Behavioral studies of auditory masking and discrimination have now been
conducted on several species of birds including starlings, budgerigars, and
chickens (Saunders and Salvi 1995; Dooling et al. 1997; Marean et al. 1998).

3.1.1 Spectral and Intensive Measures

Saunders and Salvi (1995) examined pure tone masking patterns in chickens
using a tone-on-tone paradigm before and after exposure to a 525-Hz pure tone at
120 dB SPL for 48 hours. Two months after the exposure, masking patterns were
reassessed in these birds and the postexposure masking patterns were virtually
identical to the preexposure masking patterns. Frequency selectivity has also been
shown to decrease in birds immediately after aminoglycoside treatment. Critical
ratios, a crude estimate of auditory filter bandwidth, have been shown to increase
immediately after KM treatment in budgerigars (Hashino and Sokabe 1989),
indicating a broadening of the auditory filters. Marean et al. (1998) measured
auditory filter widths in starlings using notched noise maskers before, during, and
after KM injections. Auditory filters at 5 kHz were significantly wider after hair
cell regeneration while spectral resolution was virtually unchanged at the other
frequencies. In budgerigars, intensity (IDLs) and frequency difference limens
(FDLs) were measured before, during, and after 10 days of KM administration
for pure tones at 1.0 and 2.86 kHz. In spite of mild but permanently elevated
absolute thresholds 4 weeks after KM treatment, IDLs were not significantly
affected by the KM injections and FDLs were only slightly elevated at both
frequencies as shown in Figure 4.4 (Dooling et al. 2006).

3.1.2 Temporal Measures

Marean et al. (1998) also measured minimum temporal resolution in starlings
over the time course of hair cell loss and regeneration using temporal modulation
transfer functions (TMTFs). TMTFs were mostly unaffected after KM admin-
istration. Some decrease in temporal resolution was evident for band-limited
noise centered at 5.0 kHz, but these observed effects may have been due to poor
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Figure 4.4. (A) FDLs and (B) IDLs for 1.0- and 2.86-kHz pure tones before and at
three time periods after injections for three subjects. Error bars represent standard errors.
(Replotted from Dooling et al. 2006.)

audibility of the signal as a result of threshold shifts, rather than to disruption of
temporal resolution per se.

Maximum temporal integration (increasing threshold with decreasing stimulus
duration) in birds, as in most vertebrates, is typically around 200–300 ms
(Dooling et al. 2000). Saunders et al. (1995) showed that maximum temporal
integration decreases immediately after acoustic trauma in chickens; it then
returned to normal approximately 10–20 days after exposure. The slopes of
threshold-duration functions decreased immediately after exposure, but recovered
to near-normal levels after hair cell regeneration. Figure 4.5 shows the maximum
temporal integration functions for the chicken at 1 kHz after acoustic overex-
posure to a 525-Hz pure tone (Saunders and Salvi, 1993; Saunders et al. 1995).

3.2 Discrimination Tests: Vocalizations

Hearing in humans and animals is typically assessed with simple sounds. But
we know from work with both normal hearing and hearing impaired listeners
that auditory tests with pure tones are less than perfect predictors of how well
a human listener can detect, discriminate, or understand speech. Recent tests
on budgerigars recovering from KM treatment were designed with parallels to
human speech perception in mind. Budgerigars have been particularly useful
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Figure 4.5. (A) Maximum temporal integration functions at 1 kHz for chickens from
Saunders et al. (1995) and Saunders and Salvi (1993) for two subjects. Thresholds are
shown relative to the subjects’ thresholds for the 512-ms stimulus condition.

avian models for behavioral studies of auditory perception as well as complex
vocal production. These birds learn new vocalizations throughout life, especially
in response to changes in their social milieu (Dooling 1986; Dooling et al. 1987;
Farabaugh et al. 1994; Hile et al. 2000) and they require hearing and auditory
feedback for the maintenance of their adult vocal repertoire. Deafening, by
cochlear removal during development or in adulthood, results in an impoverished
vocal repertoire (Dooling et al. 1987; Heaton et al. 1999). Moreover, budgerigars
trained to produce particular vocalizations under controlled experimental condi-
tions show strong evidence of the Lombard effect (increases in vocal intensity
when placed in a noisy environment), suggesting a real time monitoring of vocal
output (Manabe et al. 1998).

In a series of tests on the abilities of budgerigars to discriminate among
complex vocal signals before and after KM treatment, birds were tested on their
ability to discriminate between pairs of calls in a test set of five different species-
specific budgerigar contact calls and their synthetic analogs for a total of 10
calls in the test set (see Fig. 4.6A). Each bird was tested on the entire 10-call
set both before and approximately every 4–6 weeks after injections up to about
24 weeks after cessation of KM injections. Discriminations between contact call
types were relatively easy while discrimination between a natural contact call
and its synthetic analog was difficult (Dooling et al. 2006).

The relatively easy discriminations between contact call types as measured by
percent correct response returned to pretreatment levels by only 4 weeks after
cessation of KM injections while the more difficult discriminations between a
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Figure 4.6. (A) Sonograms of contact calls from five different birds and their synthetic
analogs plotted as frequency by time (taken from Dooling and Okanoya 1995). (B) The
average percentage correct for three budgerigars discriminating among the five natural
contact calls and their synthetic analogs before treatment with KM and at 4, 12, 14,
and 23 weeks after injections. Asterisks represent significantly different results from the
preinjection condition (∗p = 0�05, ∗∗p < 0�05).
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natural call and its synthetic analog showed prolonged disruption (Fig. 4.6B).
Additional analyses of response latencies also show that the birds’ perceptual
space for contact calls was still somewhat distorted four weeks into recovery.
Some calls that were perceptually distinct before KM administration were being
perceived as similar many weeks into the recovery process (Dooling et al. 2006).
These data on the budgerigar suggest a more complicated picture of hearing
recovery in these birds when the task involves the discrimination of complex
vocalizations.

3.3 Identification Tests: Recognition of Contact Calls

The previous results focused on the recovery in the detection and discrimination
of simple and complex sounds after hair cell regeneration. However, a higher
order task that needs to be addressed after hair cell regeneration is the ability
to understand what is being said. This reminds us that it is one thing to hear
speech, and even to discriminate among speech sounds but it is quite another
thing to understand what is being said. A recent experiment addressed the effect
of hair cell loss and regeneration on this broader question by testing whether
budgerigars recognized contact calls that were previously familiar. This task is
inherently more difficult than the discrimination task described in the preceding
text in that the birds had to remember from trial to trial which call was the “go”
call and which call was the “no go” call.

Figure 4.7A shows the average percent correct for the six budgerigars on the
classification task before, during, and after 10 days of KM injections. Before
injections of KM, the birds’ performance was well above the 85% criterion level.
However, performance fell to chance levels (50%) after several days of KM
injections and remained there when assessed in a single 100-trial test session 24
and 38 days later. At 38 days (4 weeks after cessation of KM injections), the
birds were retrained and tested daily on the same task in 100-trial daily sessions.
The birds returned to preinjection performance levels in 4 days.

Response latencies for “go” stimuli remained below 1 s and relatively
unchanged throughout the experiment, attesting to the birds’ excellent health
and behavioral responsiveness (Fig. 4.7B). Response latencies to the “no-go”
stimuli averaged near 5 s before and during the first few days of treatment with
KM. But, as testing continued and the birds began to respond by pecking the
report key to both “go” and “no-go” stimuli, response latencies to the “no-go”
approached the levels recorded to the “go” stimuli.

The six KM-treated birds tested after 4 weeks of recovery required an average
of more than four 100-trial sessions to reach criterion instead of the average
of less than two 100-trial sessions to reach criterion after a 4-week pause in
testing but with no KM treatment. The results of important control experiments
necessary for interpretation are summarized in Figure 4.7C. The first two control
conditions are for four birds that were not injected with KM but were nonetheless
given either a 2-week or a 4-week pause in testing. When testing resumed, the
number of trials to reach criterion was much less than the time required to learn a
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Figure 4.7. (A) Average percentage correct responses of six budgerigars on a Go/No-
Go recognition task involving two contact calls before, during, and after treatment with
KM. Twenty-four days after the end of treatment, classification performance had not yet
returned to preinjection levels. At retesting on day 38, however, performance improved
to preinjection levels within 4 days of testing. Error bars represent standard errors. (B)
The average response latencies to both “go” and “no-go” stimuli for the six budgerigars
before, during, and after KM treatment. Response latencies for the “go” stimuli remained
low throughout the experiment, attesting to the birds’ health and attentiveness.
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new classification because the calls were familiar to the birds. Birds performing
above criterion on one pair of contact calls (original calls) and switched to
another pair (new calls) also required slightly over four 100-trial sessions to
reach criterion. These results suggest that previously familiar contact calls do not
sound the same to budgerigars that have been treated with KM and subsequently
regenerated new hair cells. Instead, they sound like unfamiliar calls based on the
time required to relearn a classification task involving these calls.

4. Vocal Production

One of the most devastating consequences of severe hearing impairment in
humans is the loss of acoustic communication and the inevitable decline in
the precision of speech production (Binnie et al. 1982; Waldstein 1990). With
their dependence on hearing to develop and maintain a normal, species-specific
vocal repertoire, birds provide a model for testing the effects of hearing loss and
recovery on vocal production. To test this, operant conditioning with food reward
was used to train birds to reliably and consistently produce species-specific
contact calls with a high degree of precision (see, e.g., Manabe et al. 1998).
Contact calls produced by the bird in the operant test chamber were compared
online to a digitally stored template of the call. Contact calls that matched a
stored template resulted in food reinforcement, while calls that did not match
the template were not reinforced with food. These contingencies ensured that
the birds were highly motivated to produce contact calls matching the template
with the utmost precision. This precision with which birds produced contact calls
under these controlled conditions was assessed during and after treatment with
high doses of KM.

Figure 4.8A shows template matching performance for three budgerigars, each
producing two different call types under operant control before, during, and after
an 8-day course of KM. All three birds showed some loss in vocal precision
during KM treatment; however, the loss was variable across the three birds. All
three birds recovered to pretreatment levels, even those showing the greatest
loss, within 10–15 days after the injections. On average, the ability to produce a
precise vocal match to a stored contact call recovered to preinjection levels long
before auditory recovery reached asymptote at about 8 weeks.

�

Figure 4.7. (C) Summary of the number of trials to reach criterion in the KM experiment
and various control experiments indicating that KM treatment renders previously familiar
calls unrecognizable. Control animals (no drug condition) take less than two sessions after
2 (black bar) or 4 (white bar) weeks of not running in any experiments to again reach
criterion. Birds given a 4-week pause in running plus KM (striped bar) took an average
of four sessions to reach criterion, a similar number of sessions as no-drug animals given
a new set of calls to learn (gray bar). Error bars represent standard errors.
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Figure 4.8. (A) The relative similarity of contact calls produced by three different
budgerigars to their respective templates before, during, and up to 25 days after 8 days
of KM injections. Closed symbols (square, circle, and triangle) represent template 1 and
open symbols represent template 2 for each bird. The line represents the best fit to the
mean data from the three birds (two calls from each bird for a total of six calls). Individual
data from two of the birds were published previously (Dooling et al. 1997). (B) The mean
song note sequence stereotypy for eight birds that sang a degraded song before, during,
and after Amikacin injections. (Data are replotted from Woolley and Rubel 2002.)

In another set of experiments on vocal recovery, Woolley and Rubel (2002)
examined vocal memory and vocal learning in adult Bengalese finches after hair
cell loss and regeneration. They used a combination of noise and the ototoxic
drug amikacin to induce the extensive hair cell loss to maximize song degradation
(see Woolley and Rubel 1999). The results were interesting but complicated.
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Bengalese finches normally sing a multinote song with energy ranging from 1 to
10 kHz. After 1 week of this treatment, the stereotypy of syllable sequences was
reduced and syllable structure changed in 8 of the 15 birds tested. The remaining
birds maintained normal song despite treatment. Scanning electron microscopy
analysis of the auditory papillae and ABR responses in these birds revealed
that some had hair cells remaining in the apical region of the papillae and also
had normal low-frequency hearing. Over the course of hair cell regeneration,
song gradually recovered. By 4 weeks posttreatment, the stereotypy of syllable
sequences returned to normal. Figure 4.8B shows this degradation and then
recovery in syllable order of songs in Bengalese finches from Woolley and
Rubel (2002).

Though most syllables returned to their original structures by 8 weeks
posttreatment, some syllables showed changes in note placement and changes in
acoustic structure. The time courses of recovery are quite similar to those seen
in the budgerigars, despite differences in the situation where the birds produced
these songs. Three of the eight birds whose song was disrupted by hair cell loss
showed additional song modifications between 4 and 8 weeks posttreatment.
Approximately half of these birds’ syllables changed after the song had recovered
to near normal. Changes included breaking the notes of original syllables apart,
dropping some notes from the repertoire, modifying the acoustic structure of
remaining notes, recombining notes to form new syllables, and creating new
sequences of syllables. These changes were linked to changes in the song of the
birds’ cagemates and were not spontaneous.

5. Summary

These studies address recovery of hearing and auditory perception of vocaliza-
tions after hair cell damage and regeneration and the recovery in the ability to
produce precise vocalizations under experimental control. Results show that both
hearing and vocal production are affected when many hair cells are damaged or
lost, but both behaviors return to normal or near normal over time.

In humans, hearing loss as measured by pure tone detection or discrimination
tasks involving simple sounds often does not predict the effect of hearing loss
on the perception, understanding, or production of speech. Similarly, difficult
discriminations between contact calls in budgerigars were affected for up to
20 weeks after KM treatment. At 4 weeks of recovery, perceptual maps for
contact calls were distorted compared to pretreatment maps; however, the maps
recovered to normal after 6 months posttreatment. So, in budgerigars, at least,
results show a large recovery in vocal discrimination within a few weeks but
some residual perceptual problems persist for up to 5–6 months.

A common refrain of hearing impaired humans is that speech can be heard
as well as before but not understood (Newby 1964). This is an intriguing
phenomenon and one that is even more interesting in an organism that has
the capability of auditory hair cell regeneration. When trained to recognize or
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“label” two different contact calls, budgerigars completely lose the ability to
label correctly when their hair cells have been lost to KM ototoxicity. Four
weeks into recovery, these birds quickly relearn the classification of previously
familiar contact calls to a high level, but they do so with a time course that
suggests that the previously familiar calls now sound unfamiliar. In other words,
though the ability to detect, discriminate, and classify complex acoustic sounds
approaches pretreatment levels even as soon as 4 weeks into recovery, the
perceptual world of complex vocalizations does not sound the same as it did
before hair cells were lost. These results bear some similarity to the difficulties
postlingually deafened humans have with new cochlear implants or even repro-
grammed cochlear implants (e.g., Tyler et al. 1997; Hamzavi et al. 2003). If
recent studies on hair cell regeneration in mammals prove someday applicable
to humans, one can anticipate from these studies that a considerable period of
adjustment may be necessary before a human can successfully interpret a new
acoustic world.

Another consequence of profound hearing loss in humans is disruption of
normal auditory feedback that serves to guide the precision of vocal production
leading to degraded speech quality. The broad outlines of a similar phenomenon
have been known to exist in birds for some time. Budgerigars deafened as
young develop extremely abnormal contact calls and songs. Birds deafened in
adulthood also eventually come to produce extremely abnormal vocalizations.
These results, and those from many other species, establish the importance of
auditory feedback in vocal learning in birds.

Budgerigars trained to produce specific contact calls under operant control
show a loss of vocal precision and considerable variability at the peak of their
hearing loss from ototoxicity. The effect of hearing loss on the quality of speech
production in humans is also characterized by acute variability. In birds, this
effect is transient, lasting no more than 2 weeks, and recovers well before
absolute auditory sensitivity recovers substantially. These results suggest that
even a little hearing goes a long way in guiding vocal production in these birds
and that proprioceptive feedback may provide a temporary substitute for auditory
feedback in this case of hearing loss.

Interestingly, while the precision of vocal production is initially affected by
hearing loss from hair cell damage, this precision recovers long before the papilla
is repopulated with new, functional hair cells. This suggests that, even in the
absence of veridical auditory feedback, budgerigars, like humans, can also rely on
long-term memory combined perhaps with feedback from other sensory systems
to guide vocal production. Because both young and adult budgerigars deafened
by cochlear removal show permanent changes in vocal output, the questions
now should focus on how long the sensorimotor interfaces can do without
appropriate sensory feedback before functional recovery in vocal production is
no longer possible. The answer to this question, even in a bird, should have
immediate relevance for treatment of hearing loss in humans, the timing of
auditory prosthetic devices such as cochlear implants, and the ultimate hope for
restoration of human hearing with regenerated hair cells.
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5
Hair Cell Regeneration: Mechanisms
Guiding Cellular Proliferation
and Differentiation

Elizabeth C. Oesterle and Jennifer S. Stone

1. Introduction

Hair cells (HCs) are vertebrate sensory mechanoreceptors that detect signals
from the environment associated with hearing, balance, body orientation, and
external water movement. They are derived from special cranial placodes (e.g.,
otic placode, lateral line placodes) that are transformed into the membranous
labyrinth of the inner ear or the lateral line neuromasts during development. HCs
are located along with nonsensory supporting cells in specific sensory epithelia
in the inner ear of terrestrial vertebrates and also in neuromasts of the lateral
line in aquatic animals. Loss of HCs or HC function typically leads to severe
sensory deficits. In humans, many deafness-causing mutations that affect HC
structure and organization have been identified (Cryns and Van Camp 2004).
Epigenetic factors, such as intense or prolonged noise, ototoxic drugs, and certain
microbial infections, also lead to HC damage and loss. The effects of HC loss
are most pronounced in the elderly human population, of whom as many as 65%
experience sensorineural hearing loss and 30% experience vestibular problems
such as vertigo. Because HCs are not spontaneously replaced in humans once
they are lost, hearing and balance deficits caused by HC loss at any stage of life
are irreversible.

1.1 Nonmammals

Spontaneous HC production and replacement occur in many nonmammalian
vertebrates after embryogenesis has ceased. The number of HCs increases
for some time after birth in the otolithic organs of fish (Platt 1977;
Corwin 1981, 1983; Popper and Hoxter 1984), toads (Corwin 1985), turtles
(Severinsen et al. 2003), and birds (Goodyear et al. 1999). Further, HCs are added
after birth to lateral line organs in axolotls (Ambystoma mexicanuum; Jørgensen
and Flock 1976) and zebrafish (Danio rerio; Williams and Holder 2000; Higgs
et al. 2002). In fish and amphibia, this increase in HC production is mirrored
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by a concomitant growth of each otolithic organ over much of the lives of
these animals (Platt 1977; Corwin 1981, 1983; Popper and Hoxter 1984). In
contrast, the area of the utricular epithelium of birds ceases to expand shortly
after hatching (Jørgensen 1991; Goodyear et al. 1999), although new HCs
continue to be produced at a slow rate throughout this tissue and in other
vestibular epithelia postembryonically (Jørgensen and Mathiesen 1988; Roberson
et al. 1992). Because HCs in avian vestibular organs die spontaneously at a steady
rate (Jørgensen 1991; Kil et al. 1997), it is assumed that postembryonic HC
production serves to replace dead HCs and to maintain a relatively constant HC
number. In vestibular and lateral line sensory organs of mature nonmammalian
vertebrates, rates of HC production are upregulated in response to experimentally
induced HC loss (Weisleder and Rubel 1992; Baird et al. 1993; Kil et al. 1997;
Williams and Holder 2000; Avallone et al. 2003; Harris et al. 2003).

In the auditory sensory epithelium (SE) of nonmammals, normal HC and
SC production appears to be largely confined to embryogenesis (Katayama and
Corwin 1989, 1993). In the auditory SE (basilar papilla) of mature birds, only
negligible cell division is detectable, and no new HCs are added (Corwin and
Cotanche 1988; Ryals and Rubel 1988; Oesterle and Rubel 1993). However,
experimental induction of HC loss leads to a significant upregulation in cell
division and to the production of a full set of replacement HCs (Cotanche 1987a;
Cruz et al. 1987; Corwin and Cotanche 1988; Ryals and Rubel 1988), assuming
epithelial trauma is not too severe (see Cotanche et al. 1995; Ding-Pfennigdorff
et al. 1998).

1.2 Mammals

In contrast to nonmammalian species, in mammals HC production ceases
during the late embryonic period (Ruben 1967). Cell division does not occur
spontaneously in mature mammalian auditory or vestibular SE (Roberson and
Rubel 1994; Kuntz and Oesterle 1998a). No new auditory (organ of Corti) HCs
are produced, either under normal conditions or after experimentally induced
HC lesions (Sobkowicz et al. 1992; Roberson and Rubel 1994; Chardin and
Romand 1995). However, rare mitotic activity is triggered in vestibular SE
(Warchol et al. 1993; Lambert 1994; Rubel et al. 1995; Li and Forge 1997; Kuntz
and Oesterle 1998a). Recent investigations have begun to explore the potential
for inducing mitotic HC replacement in mammalian species via the addition
of mitogenic growth factors to cultured mammalian tissue (Lambert 1994;
Yamashita and Oesterle 1995) and to intact animals (Kuntz and Oesterle 1998a;
Kopke et al. 2001) and by disrupting normal gene function (Chen and Segil 1999;
Löwenheim et al. 1999; Mantela et al. 2005; Sage et al. 2005). Investigations
have also begun to explore HC production in mammals by a nonmitotic process,
through either repair or direct conversion of another cell type (e.g., supporting
cells) into HCs (Zheng et al. 2000; Kawamoto et al. 2003; Izumikawa et al. 2005).

At this point, the following critical questions related to mammalian HC regen-
eration must be explored further: (1) Are cells with the potential to form new
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HCs, either mitotically or nonmitotically, retained in the mature mammalian
SE? (2) If so, how are these cells prevented from dividing after HC damage?
(3) Can such cells be triggered to generate new HCs using a noninvasive,
harmless method? In this chapter, mechanisms used by nonmammalian species
to regenerate HCs after birth are discussed, with a focus on factors regulating SE
proliferation and differentiation. Then, the mammalian response to HC trauma
is discussed, and currently promising approaches toward triggering replacement
of mammalian HCs are considered.

2. Hair Cell Regeneration in Nonmammalian Species

Because most of the research on regeneration of auditory HCs in nonmammalian
species has been conducted in birds, most of the discussion in this section focuses
on studies in birds. Research on other animals is discussed as appropriate.

2.1 Cellular Proliferation

As discussed in the preceding text, mitotic activity in the SE gives rise to new
HCs in many mature nonmammalian animals. Several studies have addressed
the identity of progenitor cells in this regenerative process and have examined
the timing, magnitude, and cellular/molecular events associated with progenitor
cell division to gain insight into potential regulatory mechanisms used by species
capable of mitotic HC regeneration. These studies are the focus of the next
section.

2.1.1 Progenitor Cells: Identity, Location, and Behavior

All HC epithelia have two primary cell types: sensory HCs and nonsensory
supporting cells (SCs) (Fig. 5.1). Supporting cells are interposed between HCs.
While the cell bodies of HCs are confined to the lumenal surface of the SE, the
somata of all SCs appear to extend from the lumen to the basal lamina. The
nucleus of most SCs is located in the basal (adlumenal) half of the epithelium.
For many years, SCs were suspected to serve as progenitors to new HCs during
postembryonic HC production in mature nonmammalian vertebrates. The earliest
evidence to support this hypothesis emerged from studies that demonstrated
new SCs are also formed by mitosis, under normal and damaged conditions
(Corwin 1981; Cotanche 1987a; Cruz et al. 1987; Corwin and Cotanche 1988;
Ryals and Rubel 1988; Girod et al. 1989; Presson and Popper 1990). However, it
was not until a decade ago that SCs were “caught in the act” of dividing, and their
progeny were shown to go on to form new HCs and SCs. These observations were
first made directly, after laser ablation of HCs in the lateral line end organs in
live salamanders (Balak et al. 1990; Jones and Corwin 1993). Microscopic time-
lapse imaging allowed investigators to determine that SC nuclei migrate from the
basal compartment of the epithelium to the lumenal surface, where they undergo
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Figure 5.1. Cellular organization of hair cell epithelia in nonmammals. This figure
depicts the generalized organization of hair cells (HC) and supporting cells (SC) in the
inner ear sensory epithelium (A) and the lateral line neuromast (B). In both diagrams,
the cytoplasm of the HCs appears darker than that of the SCs. HCs are distributed along
the luminal (LU) surface of the epithelium; their cell bodies do not make contact with the
basal lamina (BL). Their bundle of hair-like stereocilia (STC), which are planted in the
cuticular plate (dark gray), protrudes apically into the lumen. In the lateral line neuromast
(B), a single long cilium called the kinocilium (KC) is present in the mature bundle. The
cell bodies of SCs extend the entire depth of the epithelium, from the lumen to the basal
lamina. SC nuclei reside primarily within the basal half of the epithelium.
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mitotic division. Analysis of SE from birds and fish also showed that SCs are the
first cells to undergo DNA synthesis after HC damage, with some of the resulting
progeny differentiating into HCs (Presson and Popper 1990; Raphael 1992;
Hashino and Salvi 1993; Stone and Cotanche 1994; Tsue et al. 1994a; Warchol
and Corwin 1996; Fig. 5.2A). Epithelial cells lining the SE called hyaline cells

Figure 5.2. Temporal progression of cellular events associated with hair cell regeneration
in the chicken auditory epithelium (basilar papilla). This schematic depicts the temporal
progression of cellular events involved in the two known modes of nonmammalian HC
regeneration in the chicken basilar papilla: mitotic regeneration (A) and direct trans-
differentiation (B). Mature and regenerating hair cells (HCs) are depicted with darker
cytoplasm than the supporting cells (SCs). In both diagrams, events progress temporally
from left to right, with the normal epithelium shown on the left, the damaged and regen-
erating epithelium in the middle, and the fully repaired epithelium on the right. Arrows
point to damaged HCs in the process of being extruded into the lumenal fluid. Asterisks
indicate regenerated HCs with elongated morphology. For mitotic regeneration (A), the
stages of the cell cycle are depicted as G1 (gap1), S (DNA synthesis), G2 (gap2), and
M (mitosis). BL, Basal lamina. (Reprinted from Bermingham-McDonogh O, Rubel EW.
Hair cell regeneration: winging our way towards a sound future. Curr Opin Neurobiol
13:119–126, Copyright 2003, with permission from Elsevier.)
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are induced by severe noise trauma to undergo cell division and to migrate into
the damaged SE. However, unlike SCs, hyaline cells do not appear to be capable
of giving rise to new HCs (Cotanche et al. 1995).

Over the nearly two decades after the identification of SCs as progenitor
cells, substantial work was done to characterize progenitor cell behavior after
HC damage, primarily in avian species (reviewed in Stone and Rubel 2000b).
Nonetheless, the following questions remain unanswered: (1) Are distinct subsets
of SCs specialized to serve as HC progenitors? (2) Do all dividing cells give
rise to HCs, or are there other cell lineages present in inner ear SE? (3) How are
HC progenitors renewed during regeneration; is there a tissue stem cell found in
inner ear SE?

Adult tissue stem cells are self-renewing progenitor cells that can generate one
or more specialized cell types. They are found in many adult tissues, including
epithelial tissues (e.g., olfactory epithelium, epidermis, crypts of the intestinal
mucosa), muscle, the hematotopoetic system, and brain (Weissman et al. 2001;
Wagers and Weissman 2004). Adult stem cell fate is controlled by intrinsic
factors and extrinsic factors, the latter of which are provided by the cell’s
specialized microenvironment (the stem cell niche; for review see Watt and
Hogan 2000).

In other sensory systems capable of regeneration, nonsensory cells are highly
divergent, and distinct cell lineages appear to be present (e.g., retina: Fischer
and Reh 2000, 2001; olfactory epithelium: reviewed in Schwob 2002). These
lineages include stem cells, intermediate progenitors, and terminally mitotic
cells. Stem cells are founder progenitor cells; they give rise to a range of cell
types within a tissue, and they renew themselves when they divide, thereby
ensuring the capability of future tissue repair. Intermediate progenitor cells are
generated by stem cell divisions, but unlike stem cells, they have a limited
potential. In a sensory tissue, intermediate progenitors typically give rise to
terminally mitotic cells, such as sensory receptors. An excellent example of a
neuroepithelial cell lineage is the mammalian olfactory epithelium. Olfactory
receptor neurons are regenerated in mature mammals in response to several
types of trauma (reviewed in Murray and Calof 1999; Schwob 2002). Careful
analysis has demonstrated that, in addition to olfactory neurons, at least five
types of nonsensory cells exist in the olfactory epithelium, each with distinct
morphological and molecular properties. Sustentacular cells, microvillar cells,
and Bowman’s gland/duct cells all span the width of the olfactory epithelium.
In contrast, the cell bodies of horizontal basal cells and globose basal cells
reside near the basal lamina. When olfactory neurons are selectively killed, only
globose basal cells show a large increase in mitotic activity (Schwartz Levey
et al. 1991). Transplantation of globose basal cells into an olfactory epithelium
where more than one cell type has been injured shows that these cells can give
rise to a large range of cell types, including sustentacular cells, globose basal
cells, and neurons (Goldstein et al. 1998). This finding demonstrates that some
globose basal cells have properties of multipotent stem cells. Analyses of cell
fate during regeneration show that several cell lineages exist in the olfactory
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epithelium, and some are more restricted than others. For example, progenitors
that give rise to Bowman’s gland/duct cells do not appear to generate neurons
(Huard et al. 1998). In the neuronal lineage, globose basal cells with stem
cell properties are few in number (approximately 1/3600; Mumm et al. 1996)
and appear to divide at a slow rate. In the process, they renew themselves
and form intermediate progenitors (Calof and Chikaraishi 1989), which are
more predominant and divide at a faster rate. The progeny of intermediate
progenitors eventually undergo terminal differentiation, as neurons or nonsensory
cells.

Knowledge of subsets of nonsensory cells in the olfactory epithelium has
enabled relatively rapid progress in identifying signals that regulate the behavior
of distinct cell types (reviewed in Beites et al. 2005). In contrast, little is
known about SC specialization or cell lineages in mature inner ear epithelia. The
presence of a self-renewing progenitor (stem) cell among the SC population in
the avian basilar papilla is supported by several studies (reviewed in Parker and
Cotanche 2004). The basilar papilla of the Belgian Waterslager canary undergoes
spontaneous HC death after birth and appears to continually regenerate new
HCs and SCs (Gleich et al. 1994, 1997). In starlings and quail, auditory HCs
are regenerated after two separate HC injuries, suggesting progenitor cells are
renewed following the first insult (Niemiec et al. 1994; Adler and Saunders 1995;
Marean et al. 1995). In the damaged chicken basilar papilla, between 1% and
4% of SCs divide twice during the course of recovery from drug-induced HC
loss (Stone et al. 1999), suggesting a capacity for self-renewal in at least some
SCs. Some progenitor recycling also appears to occur in the chick basilar papilla
after noise damage (Stone and Cotanche 1994). Further, some mitotic events in
the damaged basilar papilla are asymmetric in nature, producing a HC and a SC
(Stone and Rubel 2000a). Asymmetric division leading to the replenishment of
a cell with proliferative capacity is one hallmark of stem cells.

Data from nonmammalian vestibular epithelia support the presence of
specialized stem cells in that tissue as well. For example, while growth of the
chicken utricle slows considerably over time after hatching (Jørgensen 1991;
Goodyear et al. 1999), progenitor cell division proceeds at a substantial rate into
adulthood (Roberson et al. 1992; Kil et al. 1997). The presence of a stem cell is
assumed, as the progenitor population must be replenished in order to maintain
life-long mitotic activity. Interestingly, though, it has been difficult to document
progenitor cell recycling in the undamaged chicken utricle, perhaps due to a
slow cycling rate (Stone et al. 1999; Wilkins et al. 1999). In contrast, in the
undamaged fish saccule, as many as 70% of the progenitor cells reenter the cell
cycle within days of completing it (Wilkins et al. 1999). Removal of rapidly
dividing cells has been achieved by treatment of organs in vitro with cytosine
arabinoside (Ara-C), an antineoplastic drug that causes death in cells entering S
phase in many tissues, including the brain (Jung et al. 2004). Ara-C treatment in
the fish saccule causes the loss of dividing cells and the recruitment of another
group of SCs into the cell cycle (Presson et al. 1995). Based on studies of cell
lineages in other systems, this finding implies the presence of a rapidly dividing
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intermediate progenitor (susceptible to Ara-C) in the fish saccule along with a
slowly dividing or quiescent stem cell (resistant to Ara-C; reviewed in Hall and
Watt 1989).

While several features distinguish HCs from SCs in the nonmammalian SE
(e.g., Tanaka and Smith 1978; Ginzberg and Gilula 1979), very few morpho-
logical, molecular, or behavioral features clearly delineate subsets of SCs. This is
in contrast to the mammalian organ of Corti, which contains several subtypes of
SCs that are structurally and chemically distinct. In the late embryonic chicken
basilar papilla, two different SC morphologies have been documented: cells with
thick apical and basal processes and a centrally located nucleus, and cells with
thin, delicate processes and an adlumenally located nucleus (Fekete et al. 1998).
It is not known if these subtypes are functionally distinct or if they are retained in
mature chickens. Electron microscopic studies of SCs in fish and chickens have
revealed no marked systematic differences among SCs at the ultrastructural level
(Presson et al. 1996; L.G. Duckert, unpublished observations). However, small
morphological and ultrastructural differences have been reported for the several
rows of SCs that line the abneural (inferior) edge of the papilla in comparison
to SCs that are situated between HCs (Oesterle et al. 1992). Furthermore, nuclei
of S-phase SCs in the fish vestibular epithelium display a different shape and
position than quiescent SCs (Presson et al. 1996). While some molecular markers
of SCs have been characterized (e.g., cytokeratins: Stone et al. 1996; receptor-
like protein tyrosine phosphatase [RPTP]: Kruger et al. 1999; tectorins: Goodyear
and Richardson 2002), only a handful of markers show systematic variability
across the quiescent SC population. For example, mRNA for fibroblast growth
factor receptor-3 (Bermingham-McDonogh et al. 2001) is present in high levels
in most SCs, but it is absent from those located along the neural (superior)
edge of the basilar papilla. In addition, proliferating cell nuclear antigen (PCNA)
is immunologically detectable in 3% of SC nuclei, although no overt pattern
of spatial distribution is evident (Bhave et al. 1995). Further, expression of
the homeobox transcription factor, cProx1, reveals molecular diversity among
quiescent SCs and among dividing progenitor cells in the basilar papilla (Stone
et al. 2004). The relevance of this variation in expression of these different
genes among SCs has not been determined. However, all three genes have been
implicated in cell cycle regulation in other tissues/species (Wigle et al. 1999;
Li and Vaessin 2000; Dyer et al. 2003; Hong and Chakravarti 2003; Inglis-
Broadgate et al. 2005). Assuming these proteins play similar roles in the chicken
basilar papilla, these findings support the existence of progenitor populations
with different potentials for cell division. Alternatively, these differences may
reflect stochastic variability in gene expression across the SC population.

For the remainder of this chapter, HC progenitors are presumed to reside
among the SC population in nonmammals, so the terms SC and progenitor cell
are used interchangeably, with some distinctions made in context. As discussed in
Section 3.1.1, several lines of evidence suggest that tissue stem cells are intrinsic
to mammalian vestibular epithelia, albeit in limited numbers and in a quiescent
or restricted state. Further characterization of nonmammalian stem/progenitor
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cells would provide information for comparative studies across nonmammals
and mammals that may shed light on why mitotic activity and HC regeneration
are so highly attenuated in mammals.

2.1.2 Proliferation Signals

In nonmammals, mitotic activity in progenitor cells is robust in response to
damage. For example, in the chicken basilar papilla, hundreds of SCs incorporate
the nucleotide analog 5-bromo-2-deoxyuridine (BrdU) after a single bolus of
gentamicin is delivered intraperitoneally; over the course of recovery, thousands
of SCs appear to divide (Stone et al. 1999). The section that follows discusses
studies that have laid the groundwork for our current understanding of the cellular
processes leading to the entry of HC progenitors into the cell cycle and of the
molecules associated with these processes.

2.1.2.1 Mitotic Activity Is Dependent on Location, Timing, and Magnitude
of Hair Cell Death

Mitotic activity among HC progenitors is spatially, temporally, and quantita-
tively correlated with HC death. This is best illustrated by experimental studies
in which location, timing, and amount of HC death are known entities, such as
after noise-, ototoxic drug-, or laser-induced traumas to the auditory epithelium
(discussed in Forge and Van De Water, Chapter 6). Exposure to pure-tone or
narrow-band noise stimuli leads to HC lesions in the tonotopically corresponding
region of the auditory epithelium. The proportion of HCs (and SCs in extreme
cases) that are killed within this region depends on the intensity and duration
of acoustic overstimulation. Administration of ototoxic drugs, such as amino-
glycoside antibiotics (e.g., gentamicin, neomycin), causes substantial HC death
to the proximal, high-frequency portion of the auditory epithelium (reviewed in
Cotanche 1999; Forge and Schacht 2000). Prolonged drug exposure, or increased
drug dosages, leads to expansion of the damaged region toward the distal, low-
frequency end of the organ. Single-dose regimens lead to smaller lesions that
are generated in a shorter amount of time, and these have proven effective for
studying the timing of cellular events that are presumably interdependent, such as
HC death and cell division, discussed later (Bhave et al. 1995; Janas et al. 1995;
Roberson et al. 1996). Combinations of noise exposure and drug treatment have
profound effects on HCs, causing damage and/or death across nearly the entire
auditory organ (e.g., Bone and Ryan 1978; Woolley and Rubel 1999). Another
method of killing HCs, laser ablation, is directed at single HCs or groups of HCs
in vivo (Jones and Corwin 1993) or in vitro (Warchol and Corwin 1996).

After each method of HC injury, SC proliferation is limited to regions of severe
HC trauma and/or HC death (Corwin and Cotanche 1988; Ryals and Rubel 1988;
Hashino and Salvi 1993, Hashino et al. 1995; Stone and Cotanche 1994; Warchol
and Corwin 1996; Fig. 5.2A). Interestingly, two studies in the chicken basilar
papilla show that progenitors residing outside the area of overt HC damage
show a limited change in cell cycle status, even though HCs surrounding them
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do not display clear signs of damage (Bhave et al. 1995; Sliwinska-Kowalska
et al. 2000). As discussed in the preceding text, cell division is very rare in
the undamaged basilar papilla. This feature is reflected by the fact, that in the
undamaged papilla, most SCs (62%) express an antigen characteristic of growth
arrest (the G0 marker, statin), whereas 0–3% of SCs express proliferating cell
marker (PCNA), an antigen characteristic of G1 and later stages of the cell cycle
(Fig. 5.3). Short treatments with the ototoxin gentamicin led to complete HC
loss in the proximal (high-frequency) end of the basilar papilla. In response to
gentamicin treatment, statin and PCNA expression are significantly altered, with
statin expression decreasing and PCNA expression increasing. Remarkably, these
changes occur in SC nuclei throughout the basilar papilla, including the distal
undamaged area, demonstrating widespread SC transit from growth arrest (G0) to
the gap 1 phase of the cell cycle (G1). A similar response was seen in the basilar
papilla after exposure to wide-band noise; PCNA immunoreactivity increased
in both damaged and undamaged regions (Sliwinska-Kowalska et al. 2000).
Importantly, though, progression of SCs to DNA synthesis (S phase) and later
stages of the cell cycle only occurred in areas of complete HC loss. These
studies demonstrate that, like many other tissues including the central nervous
system (Galderisi et al. 2003), cell cycle progression in avian SCs depends on
multiple highly controlled signals. They suggest that, after HC damage, signals
that trigger SC transit from G0 to G1 are altered throughout the tissue, while
signals directing SCs to enter S phase are limited to areas of marked HC damage.
Future studies should strive to identify molecules that act regionally to promote
each step in cell cycle progression.

The time course of cell division after experimental HC injury has been
examined most extensively in chickens (Raphael 1992; Hashino and Salvi 1993;
Stone and Cotanche 1994; Bhave et al. 1995; Hashino et al. 1995; Warchol and
Corwin 1996; Stone et al. 1999; Roberson and Cotanche 2000). In the basilar
papilla, entry of progenitor cells into S phase is first seen between18 and 24 hours
after the onset of acoustic overstimulation, drug treatment, or laser ablation. The
reason for this delay is not known, but it is undoubtedly influenced by the timing
of the signaling cascades directing progenitor cells to transit from growth arrest,
their normal state (Oesterle and Rubel 1993), to S phase (discussed in more
detail in Section 2.1.2.3). The trigger for this cascade appears to be the onset of
HC damage because the latency period for SCs to reach S phase is similar in
all damaging paradigms, regardless of the nature and duration of the damaging
treatment (e.g., see Stone and Cotanche 1994; Warchol and Corwin 1996; Bhave
et al. 1998). Perhaps the most dramatic demonstration of the dependence of
progenitor cell cycle entry on the onset of HC damage is provided in a study by
Hashino et al. (1995). Chronic treatment of chickens with the aminoglycoside
kanamycin creates a HC lesion in the basilar papilla that spreads from proximal
to distal over time (Hashino et al. 1991). Labeling of dividing cells with BrdU
for short intervals at different periods relative to the start of drug exposure
demonstrates that SCs in the proximal region, which are damaged initially, are
the first to divide, and SC entry into the cell cycle progresses up the length of
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Figure 5.3. Cell cycle progression in the chicken basilar papilla after gentamicin
treatment. This figure depicts changes that occur with respect to cell cycle status among
SCs in different regions of the damaged basilar papilla after gentamicin treatment. Data
were derived from Bhave et al. (1995). Cell cycle status was assessed by immunolabeling
for different cell cycle-related markers: statin, PCNA, and bromodeoxyuridine (BrdU).
(A) Stage of the cell cycle where labeling for each marker is elevated. Stages of the
cell cycle are depicted as G1 (gap1), S (DNA synthesis), G2 (gap2), and M (mitosis);
G0 is growth arrest. Statin is elevated in cells in G0, but not in cycling cells. PCNA is
elevated in cells in G1, S, and M phase, but not in cells in G0. BrdU labels cells in S
phase and onward (G2, M, post-M). (B) Immunolabeling for hair cells and BrdU in the
basal half of the epithelium of normal and damaged (3 days post-gentamicin) birds. In
all panels, the basal tip of the epithelium is to the left, and the middle portion of the
epithelium is to the right. The lines in the right-hand panels delineate the border of the
HC lesion in the damaged basilar papilla. Note that no BrdU incorporation is seen in the
normal epithelium, and that after damage, BrdU incorporation is confined to the region
of complete hair cell loss. (C) Spatial patterns of hair cell loss and immunolabeling for
BrdU, statin, and PCNA are shown for the epithelium at 3–5 days post-gentamicin. Each
image is a full basilar papilla, with the proximal tip to the left and the distal tip to the
right. Relative levels of hair cell loss and immunolabeling are indicated by the intensity of
the gray label. Note the spatial correlation between hair cell loss and BrdU incorporation,
but the lack of correlation between hair cell loss and statin/PCNA labeling.
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the basilar papilla toward the distal end over time, mirroring with some latency
the timing of HC death (Hashino et al. 1995).

The magnitude of cell proliferation in regenerating epithelia appears to be
directly related to the amount of HC death that occurs. For example, in the
chicken auditory epithelium, longer noise exposure periods lead to larger HC
lesions and higher numbers of dividing SCs (Stone and Cotanche 1994). Studies
in the chicken vestibular epithelium and the fish lateral line neuromasts provide
evidence that there is a direct link between HC death and SC proliferation (Kil
et al. 1997; Williams and Holder 2000; Matsui et al. 2002). In both SE, HCs die
spontaneously via a presumed apoptotic mechanism at a relatively low rate. In the
chicken vestibular epithelium, the number of SCs that incorporate BrdU at any
given time appears to be on the same order of magnitude as the number of HCs
undergoing apoptosis, as determined by terminal deoxynucleotidyl transferase-
dUTP-nick-end-labeling (Kil et al. 1997). Experimental modulation of the rate of
cell death leads to attenuation of SC division. The rate of HC death in fish neuro-
masts is diminished by treatment with inhibitors of caspases, which are enzymes
central to the apoptotic process. Levels of SC division are decreased after caspase
inhibition relative to untreated controls (Williams and Holder 2000). A similar
relationship is seen in the chicken vestibular epithelia (Weisleder and Rubel 1995;
Matsui et al. 2002). These findings support the presence of a feedback system
in which SC division is directly regulated by HCs. Normal HCs may provide
signals that inhibit SC division and/or they may release signals that promote SC
division upon their death. It is important to note, however, that in some species,
the size of the sensory epithelium (SE) grows significantly throughout life, with
new cells being added to the organ’s periphery (e.g., the saccule of oscar fish,
Astronotus ocellatus; Popper and Hoxter 1984). While the location and degree of
HC death occurring in species with extensive postembryonic growth are unclear
(Jørgensen 1991), the degree and pattern of cell proliferation seen suggest that
mitotic activity is not primarily reliant on HC death as a stimulus, and therefore,
is not regenerative in nature.

2.1.2.2 Overshooting the Mark

The production of the correct number and types of new cells is not an exact
process during HC regeneration. In avian inner ear epithelia, new HCs and
SCs are overproduced shortly after damage, and their numbers are subse-
quently refined over time to more closely resemble those in controls (Girod
et al. 1991; Weisleder and Rubel 1993; Janas et al. 1995; Dye et al. 1999;
Kevetter et al. 2000). Hair cell overproduction after damage has been documented
in the avian basilar papilla, utricle, and crista, suggesting it may be a general
phenomenon in these tissues during regeneration. For example, in the chicken
basilar papilla after multiple gentamicin injections, examination of the epithelial
surface with SEM revealed that an extra 12–16% of HCs (relative to controls)
are detected in the distal third of the epithelium at 20 weeks after drug treatment
(Girod et al. 1991). A similar overproduction of HCs was observed by Janas
et al. (1995) in the basilar papilla 2 weeks after a single gentamicin injection,
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although HC numbers returned to control levels by 5 weeks post-gentamicin.
Analysis of the pigeon utricle after a single streptomycin injection demonstrated
a small, but significant, overproduction of HCs in the striolar region at 180 days
following drug treatment as compared to age-matched controls (Dye et al. 1999).
Further, a study of the pigeon crista after drug damage demonstrated that both
SCs and HCs are present in higher numbers at early phases of regeneration
than at later phases (Kevetter et al. 2000). Between 70 days and 5 months, the
number of type I and type II HCs increased above control levels by 150%, and
SC numbers were increased by120%. Numbers of both HCs and SCs returned
to control values after 1 year.

The mechanisms that ultimately lead to regeneration of the correct numbers of
HCs and SCs during regeneration have not been characterized. Overproduction
of a particular cell type (e.g., HCs) could be achieved via (1) higher rates of
cell fate determination of one type over another or (2) selective cell culling.
Regulation of cell fate decision-making is discussed in the next section. To date,
there have been few detailed analyses of cell death among regenerated cells in
the inner ear SE. Wilkins et al. (1999) showed that as many as 50% of mitotically
formed cells (type unknown) appear to be extruded from the chicken utricle as
early as 7 days post-S phase. Time-lapse studies after laser ablation in lateral line
neuromasts of axolotls demonstrate that some newly regenerated HCs and SCs
are phagocytosed by macrophages (Jones and Corwin 1993, 1996). However, it
is not clear in these studies if the function of apoptosis is to regulate cell numbers
and patterning, to remove poorly differentiated cells, or to remove cells that
are damaged by lingering effects of the damaging agent. During embryogenesis,
developmental cell death occurs in the primordial vestibular SE in frogs (Xenopus
laevis), zebrafish (Bever and Fekete 1999), and rats (Zheng and Gao 1997).
While cell death in the otocyst has been documented in chickens, there are
conflicting reports on whether it is instrumental in SE patterning (e.g., Lang
et al. 2000; Avallone et al. 2002).

2.1.2.3 Molecular Regulation

Cells in complex organisms constantly receive multiple signals from their
environment. Many such signals are derived from diffusible extracellular factors,
such as growth factors and hormones, which can act locally or distally. Additional
signals are provided by direct interactions with other cells or the extracellular
matrix. In both cases, signaling molecules bind to specific receptors and activate
intracellular signaling pathways leading to changes in cell behavior. With respect
to postembyronic HC growth in the inner ear, perhaps the most critical signals
are those controlling whether progenitor cells remain in a quiescent state or
are triggered to divide. As discussed in the preceding text, numerous obser-
vations provide clues regarding the origin and timing of positive and negative
regulators of progenitor cell division in hair-cell epithelia. However, relatively
little is known about the specific molecules that confer this regulation. Progress
in identifying signaling pathways associated with progenitor cell division during
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HC regeneration has relied heavily on the development of tissue culture condi-
tions that retain the SE’s ability to undergo HC regeneration while permitting
easy manipulation of cell signaling (Oesterle 1993; Warchol et al. 1993; Stone
et al. 1996; Warchol 1999).

2.1.2.3.1 Growth Factor Regulation of Proliferation. Early studies in cultured
inner ear tissues suggest diffusible molecules play a critical role in regulating
progenitor cell proliferation in mature inner ear SE (Tsue et al. 1994b; Warchol
and Corwin 1996). Some important signaling molecules appear to be present in
the SE itself because isolated vestibular SCs from mature chickens divide and
give rise to new HCs when cultured without serum or exogenous growth signals
(Oesterle 1993; Warchol et al. 1993; Warchol 1995). At the present time, the
best-studied factors regulating stem/progenitor cell behavior across tissue types
are growth factors. For example, epidermal growth factor (EGF), transforming
growth factor-alpha (TGF-�), insulin-like growth factor-1 (IGF-1), and fibroblast
growth factor-2 (FGF-2) are mitogenic for neural stem cells in vivo and in vitro
(Richards et al. 1992; Kilpatrick and Bartlett 1993; Gritti et al. 1996, 1999;
Aberg et al. 2003). Additional growth factors act to keep the mitotic activity of
stem cells in check and/or regulate stem cell differentiation. Dying HCs, VIIIth
nerve neurons, roving leukocytes that are attracted to sites of damage, and SCs
themselves are all potential sources of growth factors that could regulate inner
ear stem/progenitor cell proliferation.

To investigate the specific factors that promote regeneration, several
researchers have tested the effects of exogenous growth factors in chicken
auditory and vestibular SE in vitro. Two members of the insulin-like growth
factor superfamily of growth factors, IGF-1 and insulin, stimulate proliferation
in mature avian vestibular, but not auditory, SE in a dose-dependent manner
(Oesterle et al. 1997) (Fig. 5.4; Table 5.1). IGF-1 is also mitogenic for developing
chicken otic epithelium (León et al. 1995, 1998, 1999) and neonatal mammalian
vestibular SE (Zheng et al. 1997), but does not have mitogenic effects by itself
in mature mammalian vestibular SE (Yamashita and Oesterle 1995). IGF-1
and insulin (at high levels) both bind the IGF-1 receptor, IGF-1R (Rosenfeld
and Roberts 1999), which has been shown to be present in mature chicken
and mammalian inner ear SE by polymerase chain reaction (PCR) analysis
and immunocytochemical labeling (Lee and Cotanche 1996; Saffer et al. 1996;
Pickles and van Heumen 1997; Zheng et al. 1997). Sources of IGF-1 in the
ear remain to be delineated. IGF-1 is a secreted hormone that is able to reach
the inner ear via the general circulation. IGF-1 and insulin are also expressed
locally in the cochlear and vestibular ganglia of mice (Camarero et al. 2001;
Varela-Nieto et al. 2004).

The biological activity of IGF-1 is substantially modified by IGF-1 binding
proteins (IGFBPs) that typically attenuate IGF-1 action by binding IGF-1 and
preventing it from activating IGF-1R. Less often, IGFBPs can enhance the
effects of IGF-1 by providing a local source of bioavailable IGF-1 or by
preventing autocrine downregulation of IGF-1R. IGFBP expression patterns and
involvement in avian and other nonmammalian inner ear SE functioning remain
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Figure 5.4. IGF-1 stimulates proliferation in cultured utricular SE taken from posthatch
chickens. (A, B) Normal chicken utricles grown in culture for 2 days in control media (A)
and in media supplemented with IGF-1 at 100 ng/ml (B). The cell proliferation marker,
[3H] thymidine, was present in media for the entire culture period. Labeled cells are
present in control media (A, arrow) illustrating the ongoing proliferation seen in this
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Table 5.1. Growth factor effects on cell proliferation in early neonatal/posthatch and
mature inner ear sensory epithelia.

Species Vestibular SE Auditory SE References

Adult Neonatal Adult Neonatal

Mammal EGF and
insulin ⇑
TGF-� ⇑

EGF ⇑
FGF -2� 4� 6� 7 ⇑
GGF -2 ⇑ HRG ⇑
IGF -1� II ⇑
NDF -��� ⇑
TGF -� ⇑
TGF -�1� 2� 3� 5 ⇓

EGF ⇑ Lambert, 1994;
Yamashita and
Oesterle 1995; Zheng
et al. 1997, 1999; Gu
et al. 1998, 1999;
Montcouquiol and
Corwin 2001a,b;
Hume et al. 2003;
Doetzlhofer et al.
2004;

Bird FGF-2 ⇓
IGF-1 ⇑
Insulin ⇑
TGF -� ⇑
TGF -�1 ⇓
TNF� ⇑

FGF-2 ⇓ Oesterle et al. 1997,
2000; Warchol 1999

Italics indicate isolated sheet or dissociated cell cultures; regular text indicates organotypic cultures. ⇑ = mitogenic
effect; ⇓ = inhibitory effect.

to be determined. Several IGFBPs may be present (Cho et al. 2001; Klockars
et al. 2002) that could be important modifiers of the proliferative effects of IGF-1
on SE progenitors in nonmammalian and mammalian inner ear.

A member of the EGF superfamily, TGF-�, is also reported to stimulate
cell proliferation in isolated chicken vestibular epithelia grown in culture
(Warchol 1999), but it does not appear to have significant mitogenic effects in
organotypic cultures (Oesterle et al. 1997), in which the SE retains its normal
contact with the extracellular matrix. The discrepancies between organotypic
and isolated SE cultures may be due to altered receptor expression resulting
from the enzymatic and mechanical manipulation of the SE during its isolation
for tissue culture, or the loss of contact with the extracellular matrix. TGF-�

�
Figure 5.4. (Continued) tissue. However, the number of [3H] thymidine-labeled cells
is significantly elevated in the IGF-1–supplemented cultures (B) compared to control
cultures (A). (C) Effects of IGF-1, along with the effects of another member of the IGF
superfamily, insulin, on [3H] thymidine incorporation in cultured utricular SE are shown.
Each datum value represents the mean value ± SEM. Mean values are expressed as
a percentage of concordant control cultures, with 100% representing the control mean.
Single asterisks indicate a significant difference at the 0.05 confidence level; double
asterisks indicate a difference at the 0.01 confidence level. Scale bars are identical for
A and B; scale bar =20 �m. (Modified from Figs. 1 and 2 in Oesterle et al. 1997.)
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binds the EGF receptor (EGFR, also known as erbB1), and erbB1 is reported to
be expressed in chick inner ear SE via PCR analysis (Lee and Cotanche 1996;
Pickles and van Heumen 1997). However, it has been localized to the HCs by
immunocytochemical techniques (Lee and Cotanche 1996). As discussed later,
EGF family members are involved in regulating proliferation in mammalian
inner ear tissues.

In addition to triggering stem/progenitor cell proliferation in other tissues,
growth factors also serve to keep the mitotic activity of progenitor cells and stem
cells in check. Efforts are currently underway to delineate the growth factors that
negatively regulate adult stem cell proliferation in mature tissues and maintain
these cells in a quiescent state. Negative regulators (e.g., fibroblast growth
factor 18 and members of the transforming growth factor-beta (TGF-�) super-
family) are beginning to be identified in other regenerating tissues (e.g., skin,
muscle, olfactory epithelium: McCroskery et al. 2003; Wu et al. 2003; Blanpain
et al. 2004). It is likely that these growth factors and others also limit division
of stem/progenitor cells in adult inner ear SE. The observation that proliferation
is increased in cultures of isolated avian inner ear SE relative to that seen in
organotypic explants (Stone et al. 1996) supports the hypothesis that stromal
cells may be a source of inhibitory factors regulating inner ear stem/progenitor
cell proliferation. One negative growth regulator for nonmammalian inner ear SE
has been identified; basic FGF-2 inhibits proliferation of cultured auditory and
vestibular SE taken from posthatch chickens (Oesterle et al. 2000). This factor
is expressed in developing and posthatch chicken inner ear SE and is highly
expressed in SCs (Umemoto et al. 1995; Lee and Cotanche 1996; Carnicero
et al. 2001). In bullfrog and mammalian vestibular end organs, FGF-2 is reported
to be present in HCs (Zheng et al. 1997; Cristobal et al. 2002). Other sources of
inhibitory factors remain to be identified.

It is unclear whether levels of FGF-2 change in response to HC damage. One
study reported induction of FGF-2 protein expression in the SC layer after noise-
induced damage in chicken auditory SE (Umemoto et al. 1995). In contrast,
another study noted no differences in FGF-2 expression patterns after noise
insult (Lee and Cotanche 1996), and a related study utilizing semiquantitative
reverse transcriptase (RT)-PCR techniques demonstrated no quantitative changes
of FGF-2 mRNA expression in the chicken auditory SE after ototoxic insult
(Pickles and van Heumen 1997). The latter two studies also noted a redistri-
bution of fibroblast growth factor receptor 1 (FGFR1), a high-affinity receptor
for FGF-2, from HCs to SCs after damage. Hence, the binding of FGF-2 to
FGFR1 was postulated to lead to SC proliferation in regenerating avian auditory
epithelium (Lee and Cotanche 1996). Given the inhibitory effects of FGF-2 on
SC division, this growth factor may also be important in promoting differen-
tiation of HC and/or SC precursors (Oesterle et al. 2000). The latter idea is
supported by the finding that FGF-2 leads to proliferation-dependent increases
in the numbers of cells expressing HC markers in dissociated auditory epithelia
taken from developing avian inner ear (Carnicero et al. 2004).
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Fibroblast growth factor receptor 3 (FGFR3) also appears to play a role in
regulating SC proliferation in nonmammals. FGFR3 is highly expressed in SCs
of the mature avian auditory SE. It is rapidly downregulated after damage,
and it begins to be expressed again after progenitor cells exit the cell cycle
(Bermingham-McDonogh et al. 2001). Thus, a downregulation of signaling via
FGFR3 appears to allow a proliferative response to occur that is otherwise
suppressed in SCs under normal conditions. These results suggest FGFR3
signaling plays a role in maintaining avian auditory SCs in a state of growth
arrest. Interestingly, this same gene was found to be upregulated in mammalian
SCs after noise damage to the adult rat organ of Corti (Pirvola et al. 1995), a
tissue that has no capacity or limited capacity for regeneration. Thus, a system
that does not regenerate regulates this gene in the opposite direction than a
system capable of regeneration.

In summary, members of the IGF and FGF superfamilies of growth
factors appear to be important regulators of progenitor cell proliferation in
nonmammalian inner ear SE. IGFs and FGFs are also important regulators
of stem/progenitor cell proliferation in other tissues, including during inner
ear development (Richards et al. 1992; Kilpatrick and Bartlett 1993; Gritti
et al. 1996, 1999; Aberg et al. 2003, and reviewed in Varela-Nieto et al. 2004
and Barald and Kelley 2004). It should be emphasized that there is no direct
evidence (as yet) that IGFs and FGFs are involved in HC regeneration in
nonmammalian vertebrates in vivo. Nevertheless, that they appear to be capable
of altering SC proliferation in the mature epithelia is harmonious with the idea
that regeneration is likely to be regulated by the same factors normally involved
in embryonic development. While investigators have begun to identify growth
factors that are mitogenic for progenitor cells in nonmammalian vestibular SE,
growth factors that have mitogenic effects on the auditory SE remain to be
identified.

2.1.2.3.2 Regulation of Proliferation by Direct Cell–Cell Contact. Progression
through the cell cycle is regulated by changes in cell–cell contact mediated
through cell adhesion molecules (e.g., Levenberg et al. 1999). As discussed in
Section 2.1.2.1, the rate of progenitor cell division correlates positively with
the degree of HC death. Therefore, it is likely that direct signaling between
HCs and SCs is important in maintaining SCs in a mitotically quiescent state
(Cotanche 1987a; Corwin et al. 1991; Lewis 1991). Direct SC–HC interactions
become altered and then lost as HCs are extruded (e.g., Hirose et al. 2004).
To date, few potential candidate molecules for regulating SC division through
direct cell–cell contact have been identified. One study by Warchol (2002)
showed that disruption of the cell–cell adhesion molecule, N-cadherin, leads to
a significant decrease in SC division in cultured chicken utricular epithelia. This
finding suggests SC division is regulated by cell–cell contact via N-cadherin,
although it is not clear whether this signaling is between SCs or between HCs
and SCs.
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2.1.2.3.3 Leukocytes as Sources for Signaling. Leukocytes are recruited to sites
of tissue injury and play a role in tissue repair. They secrete cytokines and growth
factors that stimulate the proliferation of numerous cell types, including some
CNS glia (reviewed in Hamilton et al. 1993; Turpin and Lopez-Berestein 1993).
It has been hypothesized that leukocytes play a role in triggering HC regener-
ation, possibly by releasing mitogenic growth factors that initiate progenitor cell
proliferation (Corwin et al. 1991; Jones and Corwin 1993, 1996; Warchol 1997).
Leukocytes are present in undamaged avian inner ear SE (Warchol 1997; Bhave
et al. 1998; Oesterle et al. 2003). Their numbers increase at sites of HC loss
in the avian inner ear SE (Warchol 1997; Bhave et al. 1998) and in amphibian
lateral-line neuromasts (Jones and Corwin 1993). Leukocyte numbers increase
significantly at HC lesion sites prior to regenerative proliferation in some
nonmammalian SE (Jones and Corwin 1996; Warchol 1997; Bhave et al. 1998).
However, the recent report of an absence of leukocytes in lesioned areas of
the avian auditory SE suggests they many not be necessary for the initiation
of SC division (O’Halloran and Oesterle 2004). Two observations support the
idea that leukocytes release factors that alter progenitor cell proliferation in
inner ear SE: (1) tumor necrosis factor-alpha (TNF-�), a macrophage secretory
product, enhances proliferation of cultured vestibular SCs (Warchol 1999); and
(2) dexamethasone, an anti-inflammatory drug that inhibits cytokine production
by macrophages, reduces SC proliferation in cultured utricular macula after HC
injury (Warchol 1999).

Several sorts of leukocytes have been reported in inner ear SE of birds
(Warchol 1997; Bhave et al. 1998). The most common leukocytes are ramified
cells of the myeloid lineage. Many of these are major histocompatibility complex
(MHC) class II positive, and a small percentage are mature tissue macrophages
(O’Halloran and Oesterle 2004). Macrophages have also been reported in lateral
line organs of axolotls (Jones and Corwin 1993, 1996), damaged mammalian
organ of Corti (Bohne 1971; Fredelius and Rask-Andersen 1990; Roberson and
Rubel 1994; Vago et al. 1998), and normal and damaged mammalian vestibular
SE (Oesterle et al. 2003). Monocytes have been observed in the damaged organ
of Corti (Fredelius and Rask-Andersen 1990), and neutrophils and lymphocytes
have been detected in mammalian vestibular SE (Oesterle et al. 2003). Lympho-
cytes (B and T cells) were not identified in the normal avian SE or in the SE
at 1–3 days post aminoglycoside-insult; however, they do appear to reside in
blood vessels in the loose connective tissue underneath the SE and in nonsensory
tissues adjacent to the SE (O’Halloran and Oesterle 2004). In total, these findings
suggest that studies examining functional roles of leukocytes within the SE need
to take into account that there may be several leukocyte subtypes present, and
the different subtypes may release distinct mitogenic substances with potentially
variable effects.

Proliferating leukocytes have been detected in avian and mammalian inner
ear SE (Roberson and Rubel 1994; Vago et al. 1998; Warchol 1997; O’Halloran
and Oesterle 2004). Hence, studies of mitotic tracer incorporation in the SE
following experimental treatment need to take into account that the possibility
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some mitotically active cells in the SE may be immune cells or other migratory
cells derived from outside the SE. It is not known whether leukocytes are capable
of dividing within the SE or if they divide outside of the SE and then get recruited
to the SE after HC damage.

2.1.2.3.4 Intracellular Signaling Pathways. There is considerable interest in
determining the signal transduction pathways that underlie regenerative prolif-
eration. Experimental treatments that raise intracellular cyclic adenosine
monophosphate (cAMP) levels lead to increased SC proliferation in the inner
ear SE. In explanted auditory end organs, in vitro application of high levels of
forskolin, an activator of adenyl cyclase that catalyzes the production of cAMP,
results in increased SC proliferation (Navaratnam et al. 1996). Incubations with
inhibitors of the cAMP-dependent protein kinase, protein kinase A (PKA), block
this effect, suggesting that activation of PKA is required for the forskolin-induced
increase in SC division. Forskolin also stimulates proliferation in cultured pieces
of vestibular epithelium taken from neonatal mice, but under different conditions
than those for the chicken basilar papilla (Montcouquoil and Corwin 2001a).
The authors of the study in mice suggest that elevated cAMP induces S-phase
entry by increasing the number of growth factor receptors available at the plasma
membrane.

Additional signaling cascades are reported to underlie SC proliferation in
cultured inner ear SE of mature chickens (Witte et al. 2001) and neonatal mice
(Montcouquoil and Corwin 2001b). Cell proliferation is reduced by inhibitors of
several important signaling intermediates, including mitogen-activated protein
kinase (MAPK), protein kinase C, phosphatidylinositol 3-kinase (PI-3K), and
target of rapamycin (TOR). Comparisons between mammal and chick indicate
that activated PI-3K and TOR are required for S-phase entry in both avian and
mammalian vestibular epithelia, but activation of the MAPK pathway appears
to have a more significant role in avians than in mammals. Substantial work
remains to be done to characterize the extracellular molecules that directly
activate these intracellular pathways and to identify additional signaling pathways
of importance.

2.2 Cellular Differentiation

Viewed simplistically, cells derived from progenitor cell division in inner ear
SE and lateral line neuromasts acquire two fates: HC or SC. However, as
discussed in the preceding text, it is not clear whether distinct subtypes of SCs
are present in nonmammalian HC epithelia. Therefore, it is possible that dividing
progenitor cells have the capacity to give rise to HCs, terminally mitotic SCs,
and SCs with proliferative potential (stem/progenitor cells). Before establishing
their mature roles in the SE, postmitotic cells (1) become specified as one
cell type or another; (2) undergo molecular and morphologic differentiation,
acquiring specific features (structure and function) of a given cell type; and
(3) develop mechanisms to maintain their specific phenotype. These processes



5. Cell Proliferation and Differentiation in Regeneration 161

occur over a prolonged period. For example, in the avian vestibular epithelium,
complete differentiation of type I HCs, including elaboration of the calyceal
nerve ending surrounding the cell soma, takes as long as 60 days (Weisleder
and Rubel 1995). In the next section of the chapter, an overview is provided
of what is known about morphological, molecular, and functional changes that
occur within regenerated HCs and SCs as they become specified and acquire
mature properties.

2.2.1 General Features of Cellular Differentiation During Regeneration

2.2.1.1 Supporting Cells

Mature nonmammalian SCs are distinct from HCs with respect to morphology
and function. For example, SCs contact both the lumenal surface of the epithelium
and the basal lamina, and they provide structural support to the epithelium via a
unique microtubular array (Tanaka and Smith 1978; Ginzberg and Gilula 1979).
Unlike HCs, SCs in nonmammals generate the extracellular membranes that sit
atop and below the SE. For example, in the basilar papilla, there is steady-
state production of tectorial membrane in maturity (Goodyear et al. 1996), and
the tectorial membrane is partially regenerated after marked noise-induced HC
loss (Cotanche 1987b; Epstein and Cotanche 1995). Unlike HCs, SCs possess
connexons, the building blocks of gap junctions, which interconnect SCs and
allow rapid flow of ions, such as K+ and Ca2+. Transport of ions within SCs
is thought to be important for cellular signaling and for preventing intoxication
of the HCs by K+ ion buildup in the narrow extracellular spaces surrounding
the HCs.

SCs have been shown to express some selective markers that relate to their
functional specializations. For example, SCs in the otolithic organs make the
extracellular matrix molecule, Gm-2 (Goodyear et al. 1995), and SCs in the
basilar papilla make alpha and beta tectorins, components of the tectorial
membrane (Goodyear et al. 1996). Connexins and cytokeratins are abundant in
SCs, but they are not in HCs (Nickel et al. 2006; Stone et al. 1996). As referred
to earlier, very little evidence for specialization among nonmammalian SCs has
been collected to date. For instance, it is unclear if subsets of SCs are specialized
to continually form the tectorial membrane while others are poised to divide and
form new HCs, if necessary. All tolled, there is more evidence in the literature
pointing to functional and molecular homogeneity among SCs in nonmammalian
inner ears than to specialization.

While there have been analyses of mature and developing SCs (e.g., Tanaka
and Smith 1978; Ginzberg and Gilula 1979; Goodyear et al. 1995), studies of
regenerated SCs are very limited. This is due in part to the fact that molecular
markers distinguishing mature SCs from HCs have only recently begun to
emerge, and investigators have primarily been interested in characterizing newly
formed HCs. Further, because only a fraction of SCs in a given field are regen-
erated (Roberson et al. 1996), it is difficult to identify regenerated SCs without
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double-labeling them with a cell-selective marker and a nucleotide analog such
as BrdU.

2.2.1.2 Hair Cells

After HC loss, new HCs are regenerated by progenitor cell division at the
lumenal surface of the SE (Raphael 1992; Baird et al. 1993; Stone and
Cotanche 1994; Tsue et al. 1994a; Weisleder et al. 1995). Studies in chicken
show that newly formed HCs appear round and contact the lumenal surface
(Duckert and Rubel 1990; Stone and Rubel 2000a). This contact appears to
be maintained over the course of HC differentiation, despite dramatic changes
in the cell’s shape and relationship to the basal lamina. Studies combining the
use of HC markers with nucleotide birth-dating have shown that, by 48 hours
after cell division, HC precursors have elaborated a cytoplasmic process that
extends away from the lumen and makes contact with the basal lamina (Stone
and Rubel 2000a; see Figs. 5.2A, B). Regenerated HCs in adult bullfrogs (Rana
catesbeiana) show a similar intermediate phenotype (Steyger et al. 1997). This
shape is also seen in avian HCs as they develop (Whitehead and Morest 1985),
and it is also reminiscent of mature SCs. A few days later, during differenti-
ation in the chicken, the HC’s adlumenal process is retracted, and regenerated
HCs acquire their mature columnar or flask-like shape and luminal position in
the SE.

In the chicken basilar papilla, the largest number of new cells is created on
day 2 or day 3 after noise exposure or drug exposure, respectively (Stone and
Cotanche 1994; Bhave et al. 1995, 1998; Stone et al. 1999). By 5–7 days after
the onset of the damaging stimulus, mitotic activity among progenitor cells has
diminished significantly, and by 11 days, dividing cells are rare. By the time
this decline in cell division occurs, numerous newly formed HCs and SCs have
begun to differentiate in the lesioned area (Cotanche 1987a; Cotanche et al. 1991;
Marsh et al. 1990; Lippe et al. 1991; Janas et al. 1995; Stone and Rubel 2000a).
Some molecular markers have been used to label postmitotic HC precursors at
very early stages of differentiation. These include antibodies against class III
ß-tubulin, which label the cytoplasm of HC precursors 3 days after the onset of
the damaging stimulus, as early as 14 hours after progenitor cells undergo S phase
in the drug-damaged basilar papilla (Stone and Rubel 2000a) and approximately
2 days after S phase in the undamaged utricular macula (Matsui et al. 2000).
In addition, antibodies to the homeodomain transcription factor, Prox1, label
the nuclei of HC precursors around 3 hours after class III ß-tubulin is first
detected (Stone et al. 2004). Primitive stereocilia are first detectable on new
HCs between 4 and 6 days after the onset of damage (Cotanche 1987a; Stone
and Rubel 2000a). They resemble the short, immature stereocilia seen during
development of the SE (Cotanche and Sulik 1984). Several molecular markers of
stereocilia have been identified, and their expression during HC maturation has
been characterized, including the mushroom toxin, phalloidin, and a phosphatase
called HC antigen (Bartolami et al. 1991; Goodyear et al. 2003). Other HC
markers include unconventional myosins 1c, 6, and 7a (Hasson et al. 1997);
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the actin-binding protein fimbrin (Lee and Cotanche 1996); and the calcium
sensor, calmodulin (Stone and Rubel 2000a). The physiological maturation of
HCs, including the establishment of neural contacts, is discussed in detail in
Saunders and Salvi, Chapter 3).

2.2.2 Nonmitotic Hair Cell Regeneration: Transdifferentiation

Studies in a range of nonmammalian animal classes suggest that, after HC
damage, some SCs in auditory and vestibular SE convert directly into HCs
without an intervening cell division (Fig. 5.2B). This mechanism of forming new
HCs, also referred to as direct transdifferentiation, is particularly compelling
when one considers that, in most mammalian HC epithelia, progenitor cell
division is not robustly increased after damage (Warchol et al. 1993; Roberson
and Rubel 1994; Sobkowicz et al. 1997), and the few mitotic events that do
occur rarely appear to lead to the production of new HCs (Rubel et al. 1995;
Oesterle et al. 2003).

Early evidence for transdifferentiation was purely morphological. In the
bullfrog saccule after gentamicin treatment in vivo, Baird et al. (1993) noted
that SC nuclei appear to move from the SC layer into the HC layer without
a replacement of nuclei in the SC layer, and the number of cells with stere-
ocilia increased concurrently. In the bullfrog saccule (Baird et al. 1996; Steyger
et al. 1997) and the chicken basilar papilla (Adler and Raphael 1996), investi-
gators documented the emergence of cells with the morphological appearance
of SCs (long somata, direct contact with the basal lamina, and no stereociliary
bundles) and also with both molecular and morphological features of HCs
(e.g., immunoreactivity for HC-selective calcium binding proteins, electron-
dense cytoplasm). These cells were interpreted to be in the process of directly
converting from a SC into a HC.

Nucleotide labeling studies in chickens provide additional support for nonmi-
totic HC regeneration. Roberson et al. (1996, 2004) used an osmotic pump to
continually infuse either [3H]thymidine or BrdU into the perilymph of mature
chickens, thereby labeling all cells in the SE undergoing DNA synthesis.
Chickens were then administered gentamicin to trigger complete HC loss in
the proximal portion of the basilar papilla. Via the osmotic pump, nucleotides
were available for nearly 2 weeks as HC regeneration proceeded. Roberson
et al. (1996) found that 86% of SCs and 50% of regenerated HCs in the damaged
region failed to display nuclear nucleotide labeling. These data suggest that only
a small percentage of SCs in the damaged basilar papilla divided after complete
HC loss and that half of all regenerated HCs were formed by direct SC-to-HC
conversion.

Further evidence for direct transdifferentiation is provided by experiments
that blocked SC division after HC loss. In cultured bullfrog saccules, HC
regeneration is not significantly affected when SC mitoses are inhibited after
gentamicin treatment using the DNA polymerase inhibitor aphidicolin (Baird
et al. 1996). Numbers of stereociliary bundles (HCs) did not vary significantly
between control cultures, cultures in which SC division proceeded as normal,
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and cultures with highly curtailed cell division (i.e., aphidicolin treatment).
These findings suggest that nonmitotic processes lead to the restoration of
numerous HCs. A similar uncoupling of HC regeneration and SC proliferation
was documented in the chicken basilar papilla after acoustic overstimulation
(Adler and Raphael 1996) and in the newt (Notophthalmus viridescens) saccule
after gentamicin damage in vitro (Taylor and Forge 2005).

While the time course of mitotic activity has been carefully studied in several
tissues, data are only beginning to emerge with respect to when and where
transdifferentiation occurs during the HC regeneration period. Conversion of
SCs to HCs appears to be an early phase of HC regeneration. For example,
Roberson et al. (2004) showed, using continual BrdU infusion into the perilymph
of live chickens, that nonmitotically generated HCs appear 24–48 hours before
mitotically formed HCs. A recent study of the chicken basilar papilla suggests
that direct transdifferentiation is initiated in SCs before overt signs of HC damage
and is more likely to occur in the abneural half of the SE than in the neural half
(Cafaro et al. 2007).

The conversion of one differentiated cell type into another without an inter-
vening mitosis is a highly unusual process for sensorigenesis, and several
questions remain regarding this process in inner ear SE. The identity of the cell
type that undergoes transdifferentiation is not known. Because few markers for
SCs exist in each animal class, it is difficult to investigate whether a particular
subpopulation of SCs is specialized for transdifferentiation. The possibility also
exists that HC precursors (cells that are undifferentiated but committed to the
HC fate) exist in HC epithelia and are triggered to complete their differenti-
ation once nearby mature HCs are lost (Morest and Cotanche 2004). In the
undamaged basilar papilla, evidence for undifferentiated HC precursors has
not been presented. However, immature HCs are abundant in nonmammalian
vestibular epithelia (damaged and undamaged), because HCs are generated on
an ongoing basis. For this reason, studies of cellular transdifferentiation in
vestibular epithelia must be interpreted carefully. Future studies should strive to
identify molecular signals that regulate whether SCs undergo transdifferentiation
or mitotic activity. In addition, studies should be aimed at determining whether
mechanisms involved in HC specification, differentiation, and maintenance are
similar during nonmitotic and mitotic HC regeneration. It has been postulated
by Roberson et al. (2004) that, because immature HC precursors in each case
demonstrate an intermediate morphology (elongated cell shape, contact with the
basal lamina, expression of HC markers), signals regulating differentiation are
likely to be the same regardless of whether the HC is derived by SC mitosis or
transdifferentiation.

2.2.3 Molecular Regulation of Differentiation

For an undifferentiated cell to become integrated into a tissue and to adopt a
specific function, it must become committed to a particular cell fate and then
acquire the specific features of that cell type. These processes are regulated by
the collective events that take place in the cell’s environment (cell-extrinsic) and
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within the cell itself (cell-intrinsic). Much of what is known about molecular
regulation of HC and SC specification, differentiation, and maintenance has been
derived from developmental studies in mammals and nonmammals (reviewed in
Lewis 1991, 1996; Cantos et al. 2000; Raz and Kelley 1997; Bryant et al. 2002;
Fekete and Wu 2002; Barald and Kelley 2004). Because similar cell types are
generated in the SE during embryogenesis and regeneration, it is hypothesized
that similar molecules are enlisted to play specific roles during both events. In
some cases, analysis during regeneration of the expression of genes known to be
important for HC development supports this hypothesis (e.g., Delta1, Notch1;
Stone and Rubel 1999; Eddison et al. 2000; Daudet and Lewis 2005). However,
there are also examples of genes in which expression patterns are highly divergent
during embryogenesis and regeneration (e.g., BEN : Goodyear et al. 2001; Prox1:
Stone et al. 2003, 2004). The challenge for investigators is to piece together
genetic cascades that are necessary and/or sufficient for HC/SC production at
different ages. The next sections discuss how some molecules function during
sensorigenesis, and where possible, address evidence that supports or refutes
their role in HC or SC differentiation in mature epithelia, during nonmammalian
HC regeneration. (The function of these molecules in mammalian regeneration
is discussed in Section 3.2.)

2.2.3.1 Cell-Extrinsic Signals

Signaling through the extracellular receptor, Notch, is without doubt the best
studied extrinsic regulatory pathway in inner ear SE development (reviewed in
Eddison et al. 2000; Kelley 2003). Signaling through Notch plays critical roles
in several tissues in the body, including tissues that are formed throughout life
such as the intestine and the hematopoietic system (Yang et al. 2001; Radtke
et al. 2004). In the developing nervous system, selection of competent progenitor
cells, execution of lineage decisions, and maintenance of stem cell popula-
tions depend upon Notch activity (Hartenstein and Posakony 1990; reviewed
in Lewis 1996). Notch signaling is critical for tissue development and homeo-
statis in a wide range of species, including fruit flies (Drosophila melanogaster),
zebrafish, chickens, mice, and humans. An excellent and well characterized
example of Notch’s role in regulating cellular patterning is illustrated by the
developing fruit fly compound eye (Nagaraj and Banerjee 2004).

The Notch receptor is activated by ligands (Delta or Serrate/Jagged) that
are anchored in the membrane of adjacent cells (Fehon et al. 1990; Artavanis-
Tsakonas and Simpson 1991), and thus it mediates direct cell–cell interactions
(Fig. 5.5). When Notch is bound by ligand, a portion of the receptor (the
Notch intracellular domain) enters the nucleus and activates CSL transcription
factors, which in turn promote transcription of genes encoding repressor
transcription factors in the HES (Hairy and Enhancer of Split) and HRT (Hairy-
related Transcription Factor) families (reviewed in Iso et al. 2003; Kageyama
et al. 2005). HES inhibits transcription of proneural genes, which direct cells
to acquire the neural phenotype by driving expression of genes that promote
neural or sensory differentiation. Notch activation also inhibits transcription of
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Figure 5.5. Regulation of cell fate specification and differentiation via the Notch
signaling pathway. A model for the role of Notch signaling pathway in cellular specifi-
cation within hair-cell epithelia is illustrated here. Two adjacent cells are depicted before
specification (top) and during specification (bottom). The cells on top represent cells
shortly after mitosis; they have similar expression levels/activity of Notch ligands (Delta
is shown), HES, and Atoh1. Over time, levels of Notch ligand become altered in one cell
such that it becomes the “signaling cell” and adjacent cells become “receiving cells.”
Activation of the Notch receptor in a receiving cell triggers translocation of the receptor’s
intracellular domain (NICD) from the cytoplasm to the nucleus. NICD (through CSL)
causes HES to become a transcriptional repressor, and this leads to reduced transcription
of Atoh1 and Delta. The effect of decreased Delta transcription is that the receiving cell
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Notch ligands (Skeath and Carroll 1992; Bertrand et al. 2002). Based on this
lateral inhibition with feedback, adjacent cells with differing levels of proneural
transcription factor and Notch ligand expression will acquire distinct fates (Hoppe
and Greenspan 1986; Collier et al. 1996). Elevated levels of Notch ligands
and proneural transcription factors in a given cell correlate with acquisition
of the sensory/neural cell phenotype. Through Notch signaling, tissues become
patterned with alternating or more complex cellular arrangements. Further,
activation of Notch in fruit flies has been implicated in regulating mitotic activity
(Go et al. 1998; Johnston and Edgar 1998) and in maintaining a proliferative
pool of progenitor cells (Henrique et al. 1997). Notch may also directly promote
differentiation of non-neural phenotypes (reviewed in Wang and Barres 2000).

Notch function is critical during embryogenesis for specification of sensory
areas in the otic epithelium and for proper differentiation of cell types in the inner
ear SE. Three ligands are known to be expressed in the developing otocyst (e.g.,
Lindsell et al. 1996; Adam et al. 1998; Lewis et al. 1998; Morrison et al. 1999;
Shailam et al. 1999; Cole et al. 2000; Eddison et al. 2000), with differing
distributions. Jagged1 (called Serrate1 in chickens) is the earliest expressed
ligand, appearing in the sensory primordium prior to HC differentiation (Adam
et al. 1998; Cole et al. 2000; Zine et al. 2000; Zine and de Ribaupierre 2002).
Alteration or absence of Jagged1 function in mice results in partial or total failure
of SE formation (Kiernan et al. 2001; Tsai et al. 2001; Kiernan et al. 2006).
Further, ectopic activation of Notch signaling in the early otic epithelium of
chicken embryos leads to the formation of ectopic sensory patches (Daudet and
Lewis 2005). These studies suggest that Notch activation by Jagged1 is required
for specification of the early otic epithelium as prosensory in nature.

Later during development, signaling through Notch antagonizes specifi-
cation and differentiation of cells within prosensory epithelial patches as HCs
(Eddison et al. 2000; Kelley 2003; Daudet and Lewis 2005). Both Jagged2
and Delta1/DLL1 are expressed in nascent HCs (Adam et al. 1998; Lanford
et al. 1999; Shailam et al. 1999; Zine and de Ribaupierre 2002). Deletion of
Jagged2 leads to overproduction of HCs (Lanford et al. 1999; Kiernan et al. 2005;
Brooker et al. 2006), as does inhibition of Notch1 function (Zine et al. 2000).
Signaling through Delta ligands is required for lateral inhibition of HC speci-
fication in the inner ears of zebrafish and mice. Zebrafish with altered DeltaA
function show a 5- to 6-fold overproduction of HCs and a deficiency of SCs
(Riley et al. 1999). A similar but more dramatic finding is seen in the zebrafish
mutant, mind bomb (mib) (Jiang et al. 1996). Hair cells are overproduced, appar-
ently at the expense of SCs, in inner ear organs (Haddon et al. 1998) and lateral
line neuromasts (Itoh and Chitnis 2001). Mib encodes an ubiquitin ligase that

�
Figure 5.5. cannot activate Notch in the sending cell, and as a result, the adjacent cells
acquire a strong asymmetry with respect to their expression levels of Delta and Atoh1.
As a result, the signaling cell acquires the hair cell fate, and the receiving cell becomes
a supporting cell.
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acts in the signaling cell to facilitate endocytosis of the Delta ligand, along with
part of the Notch receptor from the nearby receiving cell (Itoh et al. 2003).
This process assists in the propagation of the Notch signal in the receiving cell.
Thus, precursor cells in mib mutants have reduced Notch activation, and as a
result, more cells differentiate as HCs. In mice, DLL1 is required to prevent
precocious differentiation of HCs (Kiernan et al. 2005; Brooker et al. 2006),
although studies in chickens do not support a critical role for Delta1 in chicken
HC development (Eddison et al. 2000).

These studies support a critical role for cell–cell signaling through the Notch
receptor in cell fate acquisition during SE development in the inner ear. However,
little is known about Notch function in postembryonic replacement of HCs in
normal or injured states. In mature chickens, Notch and its ligands, Delta1 and
Serrate1, are expressed in a manner that supports their function in HC regener-
ation (Stone and Rubel 1999). In mitotically quiescent organs (basilar papillae),
Notch1 is expressed in all SCs and Serrate1 is expressed in both HCs and SCs, but
no Delta1 expression is seen. In contrast, Notch1, Delta1, and Serrate1 are highly
expressed in normal vestibular epithelia, which undergo continual HC regener-
ation. When HC damage is induced in the basilar papilla, Delta1 transcription
is increased at low levels in dividing progenitors. After mitosis, Delta1 mRNA
is weakly and symmetrically expressed in sibling cells that ultimately acquire
distinct fates (HC versus SC), but by 3 days after mitosis, it becomes highly
expressed in HC precursors and downregulated in SC precursors. These findings
show that Delta1 expression distinguishes HC precursors from SC precursors
shortly after the cells are born, and they suggest that, during regeneration, Delta1
in nascent HCs laterally inhibits adjacent cells from differentiating as HCs. It
is important to restate, however, that while Delta1 is expressed in developing
SE in chickens, experimental augmentation of Delta1 activity is not sufficient
to inhibit HC differentiation during this period (Eddison et al. 2000). A role for
Delta1 in postembryonic HC production remains to be demonstrated.

Additional extrinsic factors believed to regulate HC differentiation during
development include steroid hormones (Raz and Kelley 1999), cadherins
(Hackett et al. 2002), and Wnts (Dabdoub et al. 2003; Montcouquiol et al. 2003;
Stevens et al. 2003). However, a function for these factors in regulating the
differentiation of HCs born postembryonically has not been explored.

2.2.3.2 Cell-Intrinsic Signals

Cell fate is also controlled at the intracellular level, by nuclear and cytoplasmic
proteins. Several transcription factors, which regulate gene expression within the
nucleus, have been shown to be critical for SE differentiation and patterning
during inner ear development (reviewed in Fekete and Wu 2002). Some of these
factors (e.g., Atoh1, HES1, HES5 and Ngn1) are regulated by Notch signaling
(Fritzsch et al. 2000; Hassan and Bellen 2000) and, like Notch, they were originally
described in fruit flies. Atonal is a basic helix–loop–helix transcription (bHLH)
factor that promotes neural specification and differentiation in fruit flies (Jarman
etal.1993;Ben-Arieetal.1996). Invertebrates,atonal’shomolog,Atoh1 (Ben-Arie
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et al. 2000), controls cellular specification in several tissues, including the nervous
system (Ben-Arie et al. 1996) and the intestine (Yang et al. 2001). In the devel-
oping inner ear of mice and chicks, Atoh1 is expressed exclusively in developing
sensory patches (Bermingham et al. 1999; Shailam et al. 1999; Ben-Arie et al. 2000;
Lanford et al. 2000; Chen et al. 2002; Stone et al. 2003). Atoh1 expression is also
seen in developing lateral line neuromasts of zebrafish (Itoh and Chitnis 2001).
Atoh1 expression first emerges in sensory progenitor cells, as in fruit flies, and later
becomeselevated inpostmitoticHCprecursors (Chenetal.2002;Woodsetal.2004;
Matei et al. 2005). Mice with a targeted deletion of Atoh1 (also called Math1) fail
to form HCs in any inner ear SE (Bermingham et al. 1999). Thus, Atoh1 function is
necessary for HC specification and/or differentiation during development.

Studies in rodents suggest that this transcription factor triggers nonmitotic
HC regeneration in the neonatal and adult rat utricle (Zheng et al. 2000; Shou
et al. 2003) and in the adult guinea pig organ of Corti (Kawamoto et al. 2003;
Izumikawa et al. 2005; discussed in detail in Section 3.2). A recent study in
mature chickens supports a role for Atoh1 in both mitotic and nonmitotic regen-
eration in the basilar papilla (Cafaro et al. 2007). While no Atoh1 expression is
seen in the normal basilar papilla, it becomes upregulated after damage, initially
in transdifferentiating SCs, then in dividing SCs, and later, at a very high level,
in regenerated HCs. Remarkably, Atoh1 upregulation in transdifferentiating SCs
occurs as early as 15 hours after ototoxin treatment in areas underlying HCs that
do not yet show signs of damage but will eventually be lost. This observation
demonstrates that SC conversion into HCs is triggered by changes associated
with HC damage, not loss, and therefore that critical signals for HC regeneration
are activated very shortly after damage is initiated.

In contrast to Atoh1, the bHLH transcription factor, HES1, appears in mice
to inhibit cells from differentiating as HCs, pushing them toward a SC fate.
HES1 is a homolog of Drosophila hairy/enhancer of split (h/espl), which is
activated by Notch signaling. In fruit flies, h/espl antagonizes neural specification
and differentiation by inhibiting transcription of proneural bHLH genes such as
atonal (Davis and Turner 2001). A similar function for HES family members
has been demonstrated in vertebrates (reviewed in Kageyama et al. 2005), and
studies in the inner ear suggest this family of transcription factors also inhibits
HC specification and differentiation. In mice, HES1 and HES5 are strongly
expressed in progenitors and then in SCs in developing inner ear SE (Shailam
et al. 1999; Lanford et al. 2000; Zheng et al. 2000; Zine et al. 2001). In the mouse
organ of Corti, loss of HES1 leads to overproduction of inner HCs and loss of
HES5 leads to overprduction of outer HCs (Zheng et al. 2000; Zine et al. 2001).
HCs are also formed in higher numbers than normal in the utricle and saccule.
To date, there has been no investigation of the expression or the role of either
HES-type transcription factors in HC regeneration.

Another transcription factor associated with inhibiting neurogenesis in verte-
brates, repressor element-1 silencing transcription factor (REST) shows altered
expression during HC regeneration. REST functions as a transcriptional silencer of
neural genes in non-neuronal cells, and its activity must be downregulated in order
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for some neurons to develop (Schoenherr and Anderson 1995; Paquette et al. 2000).
In the chicken basilar papilla, transcription of REST is increased in SCs after
ototoxin-induced HC damage (Roberson et al. 2002), suggesting REST helps to
establish the SC phenotype in regenerated cells. After ototoxin exposure, REST is
also increased in native HCs located outside the HC lesion. This finding suggests
that mildly damaged HCs may be triggered to regress to a “less developed” state.

There is emerging evidence that the homeodomain transcription factor, Prox1,
may also be involved in HC development and regeneration. Prox1 is a homolog
of Prospero in fruit flies, which is required for normal development of the
embryonic and adult nervous system (reviewed in Doe 1996; Jan and Jan 1998).
Prospero regulates production of correct cell types and numbers in the nervous
system (Doe et al. 1991; Vaessin et al. 1991) by (1) promoting progenitors
to exit the cell cycle (Li and Vaessin 2000) and (2) driving differentiation of
neural progenitor cells (Doe et al. 1991). It also regulates cell proliferation,
differentiation, and apoptosis in several vertebrate tissues, including the optic lens
(Wigle et al. 1999), the retina (Dyer et al. 2003), and the lymphatic vasculature
(Wigle et al. 2002). In the developing inner ear of chickens (Stone et al. 2003),
Prox1 is expressed in early sensory primordia, and it is downregulated in HCs
and SCs after they have differentiated. In maturity, Prox1 expresssion is weakly
expressed in a subpopulation of SCs in the quiescent basilar papilla. After
ototoxin-induced HC damage, Prox1 expression is upregulated in dividing SCs
and in regenerated HCs but not SCs (Stone et al. 2004). Since transcription of
Prospero in Drosophila is regulated by signaling through Notch (Reddy and
Rodrigues 1999), it is intriguing to speculate that Notch may play a role in
limiting Prox1 transcription to specified HCs during regeneration. Functions for
REST and Prox1 in HC development and regeneration remain to be demonstrated.

Numerous other transcription factors have been implicated in HC differenti-
ation and maintenance during inner ear development (reviewed in Torres and
Giraldez 1998; Fekete and Wu 2002; Barald and Kelley 2004). However, the
function of most of these factors in HC regeneration has not been explored. The
critical role of transcription factors and their regulators in directing HC fate specifi-
cationanddifferentiationhasgarnered increasedattention, ensuringa rapid increase
in knowledge over the next 5 years. This progress will be hastened by the application
of gene microarray technology to identify additional transcription factors that are
upregulated or downregulated during HC regeneration (Hawkins et al. 2003).

3. Hair Cell Regeneration in Mammals

Since the discovery of HC regeneration in the warm-blooded avians, several
investigations have explored the natural capacity for regeneration in the
mammalian SE, as well as the ability to augment the regenerative process
through experimental manipulation. The latter studies have been possible largely
because of the following advances: (1) development of culture methods for
mature mammalian vestibular organs (Warchol et al. 1993; Yamashita and
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Oesterle 1995) and neonatal auditory end organs (Sobkowicz et al. 1975;
Lefebvre et al. 1993), (2) isolation and maintenance of inner ear stem/progenitor
cells from neonatal and mature mammalian SE (Malgrange et al. 2002; Li
et al. 2003; Doetzlhofer et al. 2004; White et al. 2006), (3) development
of methods to infuse the in vivo inner ear directly with test agents (e.g.,
Brown et al. 1993; Kuntz and Oesterle 1998a,b; Kopke et al. 2001), (4) gene-
manipulation technologies using constitutive and conditional in vivo models,
and (5) delivery of exogenous genes into cultured SE or into the SE of intact
mature animals using viral and nonviral vectors (Zheng et al. 2000; Kawamoto
et al. 2003; Shou et al. 2003; Izumikawa et al. 2005). While some techniques
remain an obstacle for investigators in this area (e.g., cultures of the mature
organ of Corti), these advances have provided the means to test roles directly for
proposed regulators of cell proliferation and differentiation during HC regener-
ation, and as a result, significant knowledge about HC regeneration in mammals
has been gleaned.

3.1 Cell Proliferation

New HCs are not formed normally in postembryonic mammalian organ of Corti,
an organ that is mitotically quiescent (Ruben 1967; Roberson and Rubel 1994;
Sobkowicz et al. 1997). The picture is less clear in the mammalian vestibular
SE. Immature-appearing stereociliary bundles are seen in the normal undamaged
vestibular SE of mature guinea pig and bats (Forge et al. 1993, 1998; Rubel
et al. 1995; Lambert et al. 1997; Kirkegaard and Jørgensen 2000, 2001), suggesting
ongoing regeneration of vestibular HCs may occur in adult mammals. However,
the immature bundles may rather reflect the repair of native bundleless HCs (Zheng
et al. 1999), fluctuations in bundle structure (Sobkowicz et al. 1996, 1997; Zheng
et al. 1999; Baird et al. 2000; Gale et al. 2000), or the presence of an additional
HC subtype. Spontaneous cell division is rare or absent in the mature mammalian
vestibular SE. A small amount of cell proliferation was reported in the SE in organ-
otypic cultures of adult guinea pig (Warchol et al. 1993) and mice (Lambert 1994)
utricles,butvirtuallynocelldivisionwasseen insimilarcultures inmice(Yamashita
and Oesterle 1995). The limited proliferation reported by Warchol et al. (1993)
and Lambert (1994) may be attributable to surgical damage in the SE at the time
of explantation, or it may reflect mitotitc activity in leukocytes rather than in SCs
(Warchol 1997; Bhave et al. 1998; Oesterle et al. 2003). In vivo studies in mature
rodents support the idea that there is normally no ongoing proliferation in the adult
vestibular SE and that no new HCs are regenerated on an ongoing basis via a mitotic
pathway (Ruben 1967, 1969; Rubel et al. 1995; Li and Forge 1997; Kuntz and
Oesterle 1998a).

Regarding the traumatized ear, there is evidence to suggest that, despite
a limited proliferative response to HC damage in the mammalian vestibular
SE, some HCs may nonetheless spontaneously be replaced after damage/loss.
Immature stereociliary bundles were seen in the guinea pig vestibular SE after
ototoxic damage (Forge et al. 1993), suggesting the de novo formation of HCs
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in adult mammals. Further, initial decreases in stereocilia and HC density in
drug-damaged chinchilla and guinea pig vestibular organs were followed by
significant recovery (Lopez et al. 1997; Forge et al. 1998). The mechanisms of
this recovery remain to be determined. They could arise by direct transdifferen-
tiation of SCs (see Section 2.2.2; Li and Forge 1997; Steyger et al. 1997; Forge
et al. 1998), by HC dedifferentiation and recovery (Sobkowicz et al. 1996, 1997;
Baird et al. 2000), or by regenerative proliferation by progenitor cells. Regarding
the latter possibility, damaged mammalian vestibular SE show a small increase
in SC division over control levels after HC damage is induced in vitro (Warchol
et al. 1993; Lambert 1994; Zheng et al. 1997; Zheng and Gao 1997) and in
vivo (Rubel et al. 1995; Li and Forge 1997; Kuntz and Oesterle 1998a; Ogata
et al. 1999). More dramatic increases in SC division have been reported in
chinchilla ampullary organs (Tanyeri et al. 1995; Lopez et al. 1997, 1998), but
this finding remains to be replicated. It remains controversial whether SCs in
the mature mammalian vestibular SE possess the ability to produce new HCs
by renewed mitotic activity. The absence of labeled HCs in guinea pig or gerbil
utricles continuously infused with a cell proliferation marker raises concerns
whether any mitotically regenerated cells receive adequate signals to acquire the
HC fate (Rubel et al. 1995; Ogata et al. 1999). However, Warchol et al. (1993)
demonstrated the presence of postmitotic cells with HC features in cultured adult
mammalian utricles. Further, in vivo data in drug-damaged rats, gerbils, and
chinchilla showed that postmitotic cells reside in the lumenal compartment of the
vestibular SE (Tanyeri et al. 1995; Kuntz and Oesterle 1998a; Ogata et al. 1999),
a region typically occupied by HCs. The location of the nucleus, however, is
not a reliable phenotypic indicator for cell type in damaged epithelia owing to
the disorganization of the tissue, the migration of SC precursor cell nuclei to
lumenal portions of the epithelium (Raphael 1992; Tsue et al. 1994a), and the
potential presence of proliferating leukocytes in the SE (Warchol 1997; Bhave
et al. 1998; Vago et al. 1998). Ultrastrucutral analysis of postmitotic cells in
the utricles of adult rats implanted with osmotic pumps and infused with a cell
proliferation marker after HC damage suggest some regenerated cells begin to
differentiate as HCs, and more differentiate as SCs (Kuntz and Oesterle 1998b;
Oesterle et al. 2003). Further, rare cells that double-label for BrdU and a HC-
specific protein have been documented in adult gerbil utricles after HC damage
in vivo (Ogata et al. 1999).

Unlike the vestibular SE, HC loss in the mammalian auditory SE does
not normally lead to HC replacement. The organ of Corti appears unable to
repair itself normally via either mitotic or nonmitotic mechanisms (Sobkowicz
et al. 1992, 1996, 1997; Roberson and Rubel 1994; Chardin and Romand 1995;
Zine and de Ribaupierre 1998). Until recently, there was uncertainty as to whether
SCs in the mature organ of Corti retain any capacity to reenter the cell cycle and
generate new HCs. Several lines of evidence (discussed in Sections 3.1.1–3.1.2)
now demonstrate that postmitotic SCs in the organ of Corti can be experimen-
tally manipulated to reenter the cell cycle and to divide. Hence, organ of Corti
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SCs are potential targets for therapeutic manipulation to generate replacement
HCs, and this is an active area of research.

In sum, evidence suggests that limited numbers of new vestibular HCs may
be regenerated via a mitotic pathway in the adult rodent ear after HC damage,
but this remains to be demonstrated definitively. Although cells with features
of HC progenitors appear to be present in the adult mammalian vestibular
SE, the extremely low rate of cell division under normal conditions and after
HC damage underscores the high level of negative growth control exerted
upon the stem/progenitor cell population in this tissue. As further discussed in
Sections 3.1.1–3.1.2, mechanisms underlying this resistance to mitotic activity
are starting to be unraveled. Many critical questions related to mitotic HC
replacement in mature mammals must still be addressed, including: (1) Why
is mitotic regeneration absent (auditory SE) or limited (vestibular SE)? (2) Is
this absence due to the lack of regenerative signals, to the presence of strong
inhibitory signals, and/or to a paucity of tissue stem/progenitor cells? (3) How
long are regenerated HCs retained in the mammalian vestibular SE, and what
are their functional characteristics? (4) Can more significant levels of HC regen-
eration be stimulated in the inner ear SE of mature mammals? Some partial
answers to these questions are provided in the discussion that follows.

3.1.1 Progenitors: Identity, Location, and Behavior

Questions of progenitor cell identity, location, and behavior have been difficult
to address experimentally in mammalian inner ear SE because of the low rate,
or absence, of inducible proliferation in this tissue. Several lines of evidence do
suggest that inner ear stem/progenitor cells are present in the adult mammalian
vestibular SE, albeit in a quiescent or restricted state. First, as discussed
in the preceding text, limited levels of mitotic activity are seen in mature,
mammalian vestibular SC after aminoglycoside-induced HC damage (Warchol
et al. 1993; Lambert 1994; Rubel et al. 1995; Oesterle et al. 2003). Second,
and as will be discussed further in the text that follows, growth factors that are
mitogenic for stem/progenitor cells in other systems (e.g., EGF, TGF-�, IGF-1,
FGF-2) stimulate proliferation of mammalian vestibular SCs (Yamashita and
Oesterle 1995; Zheng et al. 1997). This proliferation leads to the production of a
small numbers of new SCs, and possibly new HCs, in adult mammalian vestibular
SE (Lambert 1994; Yamashita and Oesterle 1995; Kuntz and Oesterle 1998a;
Oesterle et al. 2003). Third, vestibular SCs of adult mice are positive for
nestin (Lopez et al. 2004), an intermediate filament protein that is a marker of
stem/progenitor cells in other tissues (Lendahl et al. 1990; Johansson et al. 2002).
Lastly, cells isolated from adult mouse utricular SE contain multipotent self-
renewing cells that can generate cells with HC characteristics (Li et al. 2003),
and this self-renewal is augmented by application of EGF and IGF-1. Taken
together, these data suggest the presence of inner ear stem/progenitor cells that
depend upon growth factors to survive and proliferate. In recent ultrastructural
studies in mature rat utricular SE, proliferating cells were identified with and
without SC characteristics (Oesterle et al. 2003). The proliferating cells without
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SC characteristics were located adjacent to the basal lamina and were termed
“active cells” because they were relatively nondescript but contained massive
numbers of polyribosomes in their cytoplasm, signifying active protein synthesis.
It is tempting to speculate that these active cells are stem/progenitor cells, but
further work is needed to determine their identity.

In contrast to the vestibular SE, a variety of morphologically distinct SC types
exist in the organ of Corti. Some of these SCs are highly differentiated (e.g.,
pillar and Deiters’ cells). This high level of differentiation has raised concerns
that many SCs in the mature organ of Corti may be too highly differentiated
to reenter the cell cycle in response to HC damage. However, several findings
suggest stem/progenitor cells may be present in the organ of Corti. Colony-
forming cells have been isolated from the auditory SE of newborn rodents, which
contains some nestin-positive cells (Malgrange et al. 2002; Lopez et al. 2004).
Early postnatal organ of Corti cells, when dissociated and cultured under certain
conditions, divide and generate new HCs in vitro (Doetzlhofer et al. 2004).
Further, White et al. (2006) showed that cultures of purified SCs from neonatal
and postnatal (P14) mouse organ of Corti, when grown in combination with
periotic mesenchyme, EGF, and FGF-2, undergo substantial proliferative activity,
and some postmitotic cells differentiate into HCs.

Targeted deletions of cell cycle-related genes further demonstrate the capacity
of postnatal organ of Corti SCs to reenter the cell cycle and to proliferate. For
example, deletion of the cyclin-dependent kinase inhibitor, p27Kip1, in mice leads
to production of supernumerary cells in the organ of Corti through excessive
mitoses that extend significantly past the normal developmental period (Chen
and Segil 1999; Löwenheim et al. 1999). Two other cell cycle regulatory genes,
p19Ink4d and retinoblastoma, are also necessary for normal developmental cell
cycle exit in the organ of Corti (Chen et al. 2003; Mantela et al. 2005; Sage
et al. 2005). Deletion of either gene leads to highly disregulated DNA synthesis,
including DNA synthesis in mature HCs. In sum, these studies demonstrate that
proliferative potential is retained among SCs in the postnatal organ of Corti.
Future work is needed to delineate the origins and nature of the signals that
normally restrict this proliferation and to identify ways to modulate inhibitory
signals in order to augment mammalian HC regeneration.

3.1.2 Proliferation Signals

Mitotic production of new HCs is a dominant regenerative strategy in birds
and in other species capable of robust HC regeneration. Therefore, there is
considerable interest in identifying factors that promote cell cycle reentry in
mature mammalian SCs. Further, in the event that direct transdifferentiation of
SCs into HCs is developed as a mechanism to induce HC regeneration, the
restoration of converted SCs may be critical for maintaining the proper function
of the SE. Therefore, effective therapies in humans are likely to require the
generation of new SCs, as well as the new HCs.

Several studies have addressed whether addition of classic growth factors
can stimulate proliferation of endogenous stem/progenitor cells in mature inner



5. Cell Proliferation and Differentiation in Regeneration 175

ear SE. Despite extensive testing of several candidates (e.g., Zine and de
Ribaupierre 1998; Zheng et al. 1999), growth factors capable of stimulating
proliferation in the organ of Corti have not yet been identified. A study by
Lefebvre et al. (1993) suggested that retinoic acid may act synergistically with
serum to stimulate proliferation in the developing organ of Corti of drug-damaged
rats, but this finding has not been replicated (Chardin and Romand 1995). Recent
data support a role for EGF (and factors derived from the periotic mesenchyme) in
promoting HC production and differentiation in dissociated cultures of embryonic
and early postnatal organ of Corti (Doetzlhofer et al. 2004).

In the mammalian vestibular SE, a few growth factors show promise for
increasing proliferation and promoting new HC formation (reviewed in Staecker
and Van de Water 1998; Oesterle and Hume 1999; see Table 5.1). Some factors
(FGF-2, IGF-1, glial growth factor 2 [GGF-2], and heregulin) are mitogenic
for developing (neonatal) mammalian vestibular SCs (Zheng et al. 1997, 1999;
Montcouquiol and Corwin 2001b; Hume et al. 2003), yet fail to stimulate prolif-
eration in mature SCs (Yamashita and Oesterle 1995; Kuntz and Oesterle 1998b;
Hume et al. 2003). Neonatal inner ear tissue may respond differently to mitogens
than adult tissue (Hume et al. 2003), or the differences may reflect the range
in culture preparations used (e.g., isolated sheets of vestibular SE versus organ-
otypic cultures). Increased expression of FGF and IGF-1 receptors has been
described in utricular SE sheet cultures relative to that seen in vivo (Zheng
et al. 1997). The expression of many other genes is altered by enzymatic treatment
and mechanical isolation of the SE, and this may affect growth factor respon-
siveness (Chen et al. 2002). In contrast, in organotypic cultures, the SE maintains
contact with the extracellular matrix and more closely resembles the in vivo ear
architecturally.

In the adult vestibular SE, the most effective mitogenic factors identified to
date are EGF (Yamashita and Oesterle 1995; Zheng et al. 1997, 1999) and
TGF-� (Lambert 1994; Yamashita and Oesterle 1995; Zheng et al. 1997, 1999;
Kuntz and Oesterle 1998a; Oesterle et al. 2000), two structurally related
members of the large EGF-ligand family. Both ligands bind the EGF receptor,
erbB1. TGF-� stimulates proliferation in cultured utricular SE taken from
neonatal rats and adult mice (Lambert 1994; Yamashita and Oesterle 1995;
Zheng et al. 1997, 1999). TGF-�’s mitogenic effects are potentiated by insulin
(Yamashita and Oesterle 1995; Kuntz and Oesterle 1998a), and infusion of
TGF-� plus insulin into the adult rat ear stimulates the production of new SCs,
and possibly new HCs, in the utricular SE in vivo (Kuntz and Oesterle 1998a;
Oesterle et al. 2003) (Fig. 5.6). EGF, when used in combination with insulin, also
stimulates SC proliferation in cultured utricles from adult mice (Yamashita and
Oesterle 1995) and in isolated sheets of utricular SE from neonatal rats (Zheng
et al. 1997, 1999). A cocktail of TGF-�, IGF-1, and retinoic acid was reported
to enhance vestibular HC renewal/repair and to improve vestibular function in
adult guinea pigs lesioned with an ototoxin (Kopke et al. 2001). Unfortunately,
proliferation markers were not used in this study, making it difficult to assess
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Figure 5.6. TGF-� with insulin stimulates the production of new cells in the mature
mammalian vestibular SE via a mitotic pathway. TGF-� with insulin was infused, along
with the cell-proliferation marker [3H]thymidine, into the inner ears of adult rats via mini-
osmotic pumps, and the effects were assessed on normal and gentamicin-damaged utricles.
Labeled cells were identified at the light microscope level. Cells were photographed
prior to reembedding the thick sections in plastic and processing them for transmission
electron microscopy (TEM). The light micrographs were used to precisely identify the
[3H]thymidine-labeled cells at the TEM level. Ultrastructural characteristics of newly
generated SE cells were examined. Five classes of [3H]thymidine-labeled cells were
identified on the basis of their ultrastructural characteristics: (1) cells with synaptic
specializations that appeared to be newly generated HCs (A–C), (2) SCs, (3) leukocytes,
(4) cells classified as “active cells” that are relatively nondescript but contain massive
numbers of polyribosomes, and (5) degenerating HCs. This figure shows a labeled cell
with synaptic specializations with afferent and efferent terminals. (A) Light photomicro-
graph taken from a gentamicin-damaged rat ear that was infused with [3H]thymidine and
TGF-� plus insulin for 3 days and fixed 4 days after pump implantation. A clearly labeled
cell (arrow) is located in the lumenal half of the sensory epithelium. The focus is on the
silver grains. (B) Same section shown in (A), processed for TEM. The arrow points to
the labeled cell in (A), a putative HC. The cytoplasm of the labeled cell is electronlucent
like that of nearby unlabeled HCs (arrowhead) and lighter than that of adjacent unlabeled
SCs. (C–E) Higher magnification of synaptic specializations on the labeled cell shown
in (A) and (B). (C) Numerous neural elements abut the labeled cell (LC). The arrowhead
and arrow point to regions of the labeled cell with synaptic specializations. (D) Higher
magnification of the region indicated by the arrowhead in (C). A membrane density
(arrow) can be seen on a presumed afferent neural element (AN) at a contact with the
labeled cell (LC). (E) Higher magnification of the region indicated by the arrow in (C).
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the nature of the repair process and whether a proliferation-mediated mechanism
was involved.

ErbB1 is expressed by the majority of SCs in the mature mammalian vestibular
SE (Matsunaga et al. 2001; Zhang et al. 2002; Hume et al. 2003). However,
mitogenic effects of TGF-� or EGF are limited to small numbers of SCs
(Yamashita and Oesterle 1995; Kuntz and Oesterle 1998a). These findings
suggest that the lack of responsiveness seen in most SCs is not due to the lack
of receptors for EGF/TGF-� but rather to the activities of additional regulators
of cell proliferation.

In mammalian inner ear SE, the gradual slowing and eventual cessation of
ongoing progenitor cell proliferation toward the end of embryonic development
demonstrates that HC genesis is under strong negative control (Ruben 1967). It
makes teleological sense that numbers of cells in the auditory SE in particular
must be tightly regulated, because of the importance of vibratory characteristics
in the SE for the encoding of sound information. One working hypothesis is that
differentiating and/or mature HCs produce signals that inhibit stem/progenitor
cell division. One family of growth factors known to inhibit stem/progenitor cell
division is transforming growth factor-beta (TGF-�) (e.g., Kawauchi et al. 2004).
Addition of TGF-ß1, 2, 3, or 5 has been shown to reduce proliferation in isolated
vestibular SCs from neonatal rats (Zheng et al. 1997). However, growth factors
that have modulatory effects in intact SE in vitro and in the SE in vivo remain
to be identified. The identification of negative growth signals will be very
important, not only for understanding HC development, but also for devising
strategies to deal with HC injury and loss, in which persistent growth-inhibitory
signals could thwart attempts to promote regeneration. Robust proliferation of
stem/progenitor cells in mature mammalian inner ear SE may require mitogenic
stimulation to be coupled with release from tonic inhibition.

In summary, while studies on mitogenic factors such as TGF-� provide encour-
aging evidence that stem/progenitor cell division in the mature mammalian SE
can be augmented, the number of cells that are triggered to reenter the cell
cycle is extremely small relative to that seen in the avian SE. It is possible
that additional growth factors can have more dramatic mitogenic effects. Many
growth factors remain to be tested individually, in combination, and in specific
sequences, and the mechanisms of growth factors with strong mitogenic effects
need to be further explored as a treatment to augment mammalian HC regen-
eration. However, before any growth factor can be seriously considered for
treatment of clinical problems related to HC loss, its effects in nearby tissues

�
Figure 5.6. Note the round synaptic body (arrow) in the labeled cell (LC) opposite an
afferent nerve (AN) terminal and the membrane thickenings (open arrow) of the synaptic
membranes. A presumed efferent terminal (EN) also apposes the labeled cell, adjacent
to subsurface cisternae (arrowhead) in the labeled cell. Scale bars =10 �m in A, 5 �m
in B, 2 �m in C; 250 nm in D; 200 nm in E. Modified from Figs. 4 and 5 in Oesterle
et al. 2003.)
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must also be fully explored. Kuntz and Oesterle (1998a) showed that TGF-�
plus insulin stimulates cell proliferation in many regions of the extrasensory
epithelium (e.g., transitional epithelium, stroma, and squamous cells lining the
portion of the stroma facing the perilymph), in addition to the vestibular SE.
Such effects could be deleterious to inner ear function.

3.2 Differentiation

Lost HCs are not replaced in the adult organ of Corti, and the SCs involved in
the repair process develop into a permanent epithelial scar that prevents further
damage to the epithelium (Hawkins 1976; Johnson et al. 1981; Forge 1985).
However, in the developing organ of Corti, undifferentiated cells can serve as
progenitors for new HCs. Hair cell ablation experiments in the embryonic organ
of Corti demonstrated that lost HCs can be replaced in vitro, possibly through
direct transformation of uncommitted nonsensory cells that change their normal
developmental fate (Kelley et al. 1995). Hair cell replacement might be possible
in the mature organ of Corti, as long as cells with the capacity to transdifferentiate
are retained in the epithelium. As development proceeds, nonsensory cells within
the organ of Corti specialize into a variety of morphologically distinct SC types
(Hensen’s cells, Deiters’ cells, pillar cells, inner phalangeal cells, and border
cells), possibly limiting any regenerative process. Nevertheless, some observa-
tions suggest that SCs in the mature organ of Corti may have conserved some
potential to differentiate into sensory cells. In the aminoglycoside-damaged rat
organ of Corti, some Deiters’ cells undergo atypical differentiation at their apical
poles, forming a distinct tuft of actin-rich microvilli reminiscent of immature
stereociliary bundles on nascent HCs (Lenoir and Vago 1996, 1997; Romand
et al. 1996; Daudet et al. 1998; Parietti et al. 1998). These cells have neither a
cuticular plate nor stereocilia, they do not express typical HC markers, and their
basal pole is not contacted by nerve fibers. However, the unique features of these
cells suggest that they could be SCs engaged in the process of direct transdiffer-
entiation into HCs (Lenoir and Vago 1996, 1997; Romand et al. 1996; Daudet
et al. 1998; Parietti et al. 1998). The atypical cells disappear from the scarring
epithelium after a few weeks in vivo (Daudet et al. 1998). Exogenous application
of EGF in vitro had no effects on their differentiation (Daudet et al. 2002),
though Lefebvre et al. (2000) report that EGF stimulates production of super-
numerary HCs in neonatal rat organ of Corti explants. Application of TGF-�
appears to promote reorganization of the actin cytoskeleton in the atypical cells,
but it does not coax them to progress further toward a definitive HC phenotype
(Daudet et al. 2002). It is conceivable that atypical cells could be stimulated
toward adapting a HC phenotype by other unidentified factors, but these factors
remain to be identified. As discussed earlier, histological studies of the vestibular
SE of adult guinea pigs provide evidence that SCs may undergo direct transdif-
ferentiation into HCs via a nonproliferative pathway (Li and Forge 1997; Forge
et al. 1998). Support for this interpretation is provided by the observation that
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the number of supporting cells shows a small but significant reduction during
the course of recovery (Forge et al. 1998).

Based on the potential capacity of mature SCs for phenotypic conversion,
several recent studies have begun to identify molecules that are able to activate or
suppress HC fate determination. As discussed in depth earlier (Sections 2.2.3.12),
recent experiments have implicated the basic helix–loop–helix (HLH) family of
transcription factors, including Atoh1 (also called Math1), HES1, and HES5, as
central controllers of cellular specification and differentiation in the SE (reviewed
in Gao 2003). HES1 and HES5 act as negative regulators of HC differentiation.
The deletion of HES1 or HES5 in mutant mice leads to an overproduction of
HCs in auditory and vestibular SE (Zine et al. 2001). Math1, the mouse homolog
of the Drosophila gene atonal, acts as a positive regulator of HC differentiation,
and is necessary and sufficient for HC generation (Bermingham et al. 1999;
Zheng et al. 2000; Zine et al. 2001; Woods et al. 2004). After maturation of
HCs, the expression of Math1 is downregulated (Zheng et al. 2000). Virally
delivered transgenes for Math1 or Hath1 (the human atonal homolog) have been
introduced into cultures of immature rat organ of Corti and adult rat utricular SE.
This misexpression leads to the production of ectopic HCs, as well as HCs in
the SE, presumably by triggering nonsensory cells to convert into HCs without
intervening mitoses (Zheng et al. 2000; Shou et al. 2003; Woods et al. 2004).
Even more striking is the finding that misexpression of Math1 in mature guinea
pig organ of Corti in vivo causes the appearance of new HCs in the organ of
Corti and in adjacent nonsensory epithelium (Kawamoto et al. 2003; Izumikawa
et al. 2005). In Math1-transfected animals, auditory nerve axons appear to regrow
to the new HCs (Kawamoto et al. 2003), and hearing thresholds in ototoxin-
damage ears appear to improve (Izumikawa et al. 2005). These exciting findings
suggest that the reactivation of developmental regulatory genes in mature tissues
is a potential strategy for HC replacement therapy in the adult mammalian
inner ear.

Another promising potential therapeutic strategy for HC replacement involves
the use of a small molecule, the gamma secretase inhibitor N -[N -(3,5-
difluorophenacetyl-l-alanyl)]-S-phenylglycine t-butyl ester (DAPT), to block
endogenous Notch signaling. Supporting cells in the mammalian inner ear SE
express the Notch receptor and Notch effector genes, which antagonize the ability
of the Atoh1 (Math1) transcription factor to induce HC differentiation (Landford
et al. 1999, 2000; Morrison et al. 1999; Zheng et al. 2000; Zine et al. 2001).
The reduction of Notch signaling in inner ear SE in a variety of mice mutants
results in the production of supernumerary HCs (Landford et al. 1999; Zhang
et al. 2000; Zheng et al. 2000; Kiernan et al. 2001; Zine 2003). Notch signaling
can be blocked by DAPT, which prevents gamma secretase-mediated cleavage
and activation of the Notch receptor. Several groups of investigators have shown
that DAPT treatment causes robust supernumerary HC production in cultured
organ of Corti from embryonic or neonatal mice (Woods et al. 2004; Tang
et al. 2006; Yamamoto et al. 2006). The new HCs are thought to arise via direct
transdifferentiation from SCs or cells outside the organ of Corti. The remarkable
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effectiveness of DAPT in stimulating transdifferentiation raises the possibility
that inhibition of Notch signaling in the mature damaged organ of Corti might
be an effective therapeutic treatment for hearing loss. For now, it remains to
be determined whether DAPT can trigger SC-to-HC conversion in adult SE,
whether HCs regenerated through this mechanism can fully differentiate and
survive to restore auditory function after damage, and if DAPT can be effectively
delivered to the inner ear in vivo to trigger HC regeneration.

4. Summary and Future Directions

In addition to the fundamental importance of unraveling cellular and molecular
processes leading to regeneration of HCs from stem/progenitor cells in the inner
ear SE, the ability to induce and control the proliferation and differentiation of
cells in the mature SE may have important practical applications for the treatment
of human hearing and balance disorders. It is impossible to predict when research
efforts to delineate these processes will lead to a therapy for these impairments.
However, great progress has been made in understanding HC regeneration since
its discovery in mature birds in the late 1980s. It is anticipated that future progress
will be hastened by technical advances, including improved methods for in vitro
and in vivo gene/drug delivery to the inner ear, development of SE cells lines
for easier in vitro studies (e.g., Rivolta et al. 1998; Kalinec et al. 1999), and
genomics analyses that reveal molecular profiles for stem/progenitors as well as
genes that regulate progenitor cell behavior and specification/differentiation of
cell progeny (Hawkins et al. 2003).
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6
Protection and Repair of Inner Ear
Sensory Cells

Andrew Forge and Thomas R. Van De Water

1. Introduction

Sensory hair cells of the inner ear detect mechanical stimuli produced by sound
(in the cochlea) or by motion and changes in head position (in the vestibular
system) and translate them into neural signals. The information is transferred
to the appropriate afferent neuronal complexes of the membranous labyrinth
and then to the auditory and vestibular tracts of the central nervous system.
This translation and transfer of external sensory and mechanical stimuli is the
essential function of the inner ear and its sensory ganglia. Loss of function of
the inner ear sensory receptor cells—the hair cells—and of their ganglia results
in disorders of hearing and balance. The development of effective therapies to
prevent the development of these sensory deficits requires a better understanding
of the molecular mechanisms that underlie loss of sensory hair cells and their
primary neurons, and of protection and repair mechanisms within the inner ear.
This chapter reviews the current understanding of how injury to hair cells and
neurons in the inner ear leads to their death and of how their survival after
exposures to traumatizing agents might be promoted. The efficacy of oto- and
neuro- protective strategies to prevent the loss of injured hair cells and neurons
from traumatized inner ears are presented and discussed.

1.1 Mechanisms of Cell Death

The concept of preventing the loss of sensory cells and ganglion neurons arises
from the recognition that there are several different ways in which the demise
of a cell can be brought about, and an increase in the understanding of funda-
mental biochemical mechanisms that underlie the initiation of these modes of cell
death. Such understanding has had widespread implications across biomedicine
in relation to cancer, neurodegenerative disease and ontogenetic development.
Broadly, three different routes of cell death are currently recognized— necrosis,
apoptosis, and autophagy (Debnath et al. 2005)—each of which can be distin-
guished by characteristic morphological features. Necrosis encompasses what is
generally regarded as acute “passive” cell death. It is characterized by loss of
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integrity of the plasma membrane; cellular swelling, as a consequence of osmotic
imbalance resulting from loss of membrane integrity; swelling of the nucleus and
other organelles; rupture of the plasma membrane; and spillage of the necrotic
cell’s contents into the local microenvironment. The exposure of the cell contents
to the extracellular environment provokes an inflammatory response. This in
itself may cause further localized tissue disruption as inflammatory cells are
recruited to the lesion site. Apoptosis (type 1 cell death) and autophagy (type 2)
are different manifestations of “programmed cell death,” active processes that
involve a cascade of biochemical events triggered within a cell such that the
affected cell essentially destroys itself (colloquially known as “cell suicide”).
During programmed cell death, the integrity of the plasma membrane is largely
retained so that, unlike in necrosis, an inflammatory response is not initiated.
However, it is becoming increasingly apparent that a clear distinction between
these active cell death processes and a passive one is somewhat blurred as a
necrotic-like morphology may be the end stage of a programmed cell death
pathway, and cells that initiate the program that normally leads to apoptosis may
become necrotic (Danial and Korsmeyer 2004).

Of the defined programmed cell death pathways, autophagy (“self-eating”)
has been recognized only relatively recently as a distinctive process that can lead
to cell death, rather than just a mechanism for turnover and recycling of cell
components which is meant to protect the cell rather than eliminate it (Debnath
et al. 2005; Meijer and Codogno 2006). It involves the enclosure of cellular
components within specialized vacuoles and their delivery to lysosomes where
they are destroyed (Reggiori and Klionsky 2005). Under normal circumstances,
this serves to recycle cellular material and provide energy sources alternative to
those obtained by normal nutrition. The double-membraned autophagic vacuoles
are the most characteristic morphological feature (Reggiori and Klionsky 2005).
There is no evidence as yet that autophagy is a significant contributing factor
in the loss of hair cells or neurons from the inner ear, and therefore it is not
considered further in this chapter. However, with the recent indications of the
contribution of autophagy to some neurodegenerative diseases and in aging
(Reggiori and Klionsky 2005; Rubinzstein et al. 2005; Bergamini 2006; Boland
and Nixon 2006) it may be that it does play a role in the removal of cells at a
site of damage within the inner ear.

Apoptosis is the end stage of a biochemical pathway that produces an orderly
destruction of the cell from within (Danial and Korsmeyer 2004; Green and
Kroemer 2004). Activation of the pathway either through external signals (the
extrinsic pathway) or by intracellular stress (the intrinsic pathway) leads to
distinctive morphological features that include condensation of nuclear chromatin
accompanied by shrinkage of the nucleus (“pyknotic” nuclei); nuclear fragmen-
tation; cell shrinkage; membrane blebbing; and breakdown of the cell into
fragments, so-called “apoptotic bodies.” The apoptotic bodies are phagocytosed
by “professional” phagocytic cells such as circulating macrophages and/or by
neighboring undamaged cells within the tissue (Thornberry and Lazebnik 1998;
Savill and Fadok 2000; Monks et al. 2005). In this way, a dying apoptotic cell is
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removed without compromising tissue integrity or stimulating an inflammatory
process. The biochemical cascade within an apoptotic cell involves the orderly
destruction of DNA by endonucleases that results in a distinct “ladder” pattern
of different size DNA fragments that are evident on an agarose gel (Fraser
et al. 1996). The fragmentation of DNA by those endonucleases activated during
apoptotic cell death also leads to the formation of single-strand ends at the sites
where the DNA double strand has been cleaved, i.e. the “nick ends.” These
offer multiple sites for binding a nucleotide that can be labeled during prepa-
ration of tissue for examination by microscopy, providing a means to mark
nuclei in which the orderly destruction of DNA has occurred. Such Terminal
deoxynucleotide–UTP-Nick-End Labeling (TUNEL) provides for the objective
identification of cells dying by apoptosis. In necrotic cells, although DNA is also
broken down, several different cleavage events may occur. Consequently, as the
destruction is more random than with apoptosis, the DNA gel pattern of a cell
dying by necrosis consists of a smear of DNA fragments without any definitive
size order. Further, although some nick ends may be randomly generated during
necrosis, they are usually relatively few so that TUNEL staining, if present at all,
is quite weak. Thus, shrunken condensed nuclei and positive TUNEL staining
distinguish apoptotic cells from cells undergoing necrosis, which are TUNEL
negative (or weakly positive) and which have swollen nuclei (see Fig. 6.1). One
link between autophagic cell death and apoptosis in that both of these types of
programmed cell death can be inhibited by the anti–cell-death action of Bcl-2
(Miller and Girgenrath 2006). In addition, there is now evidence that calpain-
mediated cleavage of the autophagy-related gene-5 product (Atg-5) in a cell
dying by the process of autophagy can switch the cell over to apoptosis (Yousefi
et al. 2006).

1.2 Apoptotic Pathways

Apoptosis occurs naturally in many tissues to control cell numbers and in the
processes that shape tissues and organs during their development. Extracellular
signaling molecules can induce cell death on binding to their cognate receptors,
thereby activating the extrinsic cell death pathway. Apoptosis may also be
triggered when cells are damaged to remove such cells without disrupting tissue
integrity. When cells are stressed or when DNA is damaged several biochemical
pathways that constitute the “intrinsic” cell death program are activated. These
cell death pathways are under tight regulation within each cell. Details of the
gene expression patterns and the complex series of interactions that promote or
act to inhibit the cell death pathways are described in several reviews (Danial
and Korsmeyer 2004; Green and Kroemer 2004), and only a brief description of
some features salient to the present discussion is presented here.

The “classical” apoptotic pathway is mediated by caspases (cysteine proteases
with aspartate specificity), a family of proteases that have a role specifi-
cally in programmed cell death. Caspases are normally present as inactive
procaspases within a cell. Triggers of cell death lead to activation of caspases
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Figure 6.1. Morphology of necrosis and apoptosis. (a, b) necrosis. (a) Toluidine blue–
stained section of plastic embedded mouse organ of Corti. Hair cell nucleus is enlarged
and less dense in comparison with normal nuclei in neighboring cells. Scale bar = 10 �m.
(b) Transmission electron microscopy (TEM) of thin section of mouse organ of Corti.
Outer hair cell with swollen nucleus, disrupted organelles, and loss of cytoplasmic density
suggesting ruptured plasma membrane. Scale bar = 5 �m. (c–f) apoptosis. (c) Propidium
iodide labeling of nuclei in whole-mount preparation of mouse organ of Corti affected by
aminoglycoside (kanamycin). The morphologies of nuclei during progression of apoptosis
are revealed: 1, margination and initial condensation of chromatin, with some shrinkage
of nucleus; 2, more advanced margination and condensation of chromatin; 3, shrunken
nucleus with condensed chromatin; 4, fragmented nuclei. Scale bar = 10 �m. (d) TUNEL
in whole-mount preparation of guinea pig utricular macula affected by aminoglycoside
(gentamicin). The labeled, TUNEL-positive, nuclei have a variety of morphologies similar
to those shown in (c), and most are shrunken and irregular in shape in comparison with
the TUNEL-negative nuclei (arrows) in undamaged, normal cells. Scale bar = 10 �m.
(e) Nucleus in apoptotic hair cell in gentamicin affected utricular macula exhibiting
condensation of chromatin. Scale bar = 5 �m. (f) Apoptotic body of hair cell taken up by
and enclosed within a supporting cell. Utricular macula damaged by gentamicin. Scale
bar = 5 �m.

through a series of regulated interactions that cleave off their pro-domains
(see Fig. 6.2a). Activated “initiator” caspases, which include caspases-8, -9
and -10, in combination with other regulators, activate the “effector” caspases.
The effector caspases, most notably caspases-3 and/or -7, lead to the activation
of proteases that destroy cell proteins and to enzymes that fragment DNA.
Different stimulators of apoptosis activate differing sets of caspases and/or
different pathways depending on the cellular environment and cell type
(Fig. 6.2a). For example, tumor necrosis factor, an extracellular death signaling
molecule, activates initiator caspase-8 to directly activate effector caspase-3 (the
“extrinsic” pathway). An excess of intracellular free radicals, meanwhile, activate
caspase-3 through the activation of initiator caspase-9 (the “intrinsic” pathway)
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Figure 6.2. Caspase-mediated programmed cell death. (a) Diagrammatic representation
of major caspase-dependent programmed cell death pathways. On binding of extrinsic
cell death factors to the “death receptors,” a death-inducing signaling complex” (DISC),
composed of several different proteins, is assembled. Different external cell death signals
cause the formation of DISCs of differing composition (and some signal/DISC combi-
nations may initiate survival, rather than death, pathways). The assembly of the DISC
leads to proteolysis of procaspase-8, releasing initiator capase-8, which catalyzes the pro-
teolysis of procaspase-3 to release activated effector caspase-3. Stress in the endoplasmic
reticulum (Er), e.g., from accumulation of damaged or misfolded proteins, leads to release
of Ca2+ and of procapase-12. Ca2+ participates in several cell-death–related events but
also in the activation of caspase-12. Caspase-12 activates caspase-3 but also other caspases
in the apoptotic cascade. Intracellular stress, in particular accumulation of excessive free
radicals, initiates release of cytochrome c (and other proteins) from the mitochondrion.
Cytochrome c binds to Apaf1 (apoptosis activating factor-1) to enable Apaf1 to recruit
inactive procaspase-9 in the presence of ATP to form the apoptosome complex in which
caspase-9 is activated by self-proteolysis and is then able to catalyze the breakdown of
procaspase-3 to activated caspase-3. Effector caspase-8 may also act upon cytoplasmic
Bid to release truncated (t)-Bid. The activity of t-Bid leads to the release of cytochrome c
from mitochondria, and thus the activation of caspase-9 and the ensuing steps in the cell
death cascade. Caspase-3, probably in conjunction with activated caspase-9, -7 are the
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(Katoh et al. 2004). Activation of caspase-9 itself requires the release of
cytochrome c from the mitochondria and then binding to the cytoplasmic
apoptotic protease activating factor-one (APAF-1) in the presence of dATP
to effect the cleavage of procaspase-9. Assembly of this apoptosome unit
in the cytoplasm leads to downstream activation of caspase-3. This intrinsic
pathway may also be activated by initiator caspase-8; activated caspase-8 can
cleave cytoplasmic Bid to form truncated (t) Bid that acts on mitochondria to
release cytochrome c (Fig. 6.2a). There is thus some “cross-talk” between the
extrinsic and intrinsic cell death pathways, and various proteins associated with
mitochondria play key roles in determining whether a cell will survive or die
under particular conditions.

However, a caspase-independent pathway of apoptotic DNA fragmentation
has also been identified (Danial and Korsmeyer 2004). This involves the translo-
cation of two proteins, apoptosis-inducing factor (AIF) and endonuclease-G
(endo-G), from mitochondria to the nucleus of an affected cell. AIF and endo-G
induce chromatin condensation and DNA fragmentation. Proteases other than
caspases have also been implicated as cell death effectors. These include cytosolic
calcium-dependent proteases termed calpains which, when activated on disso-
ciation from an inhibitor, translocate to the cell membrane (Wang 2000; Goll
et al. 2003). Calpains have recently been implicated in switching the process
of autophagy to apoptosis by cleaving autophagy-related gene product-5, i.e.,
atg-5, which is normally required for the formation of autophagosomes (Yousefi
et al. 2006). Certain cathepsins that are normally contained inside lysosomes can
be released when cells are stressed and act to mediate either apoptotic-like or
necrotic-like cell death (Roberg et al. 2002; Jaattela et al. 2003).

The identification of pathways (see Figs. 6.2 and 6.3 and Section 5.1) that
lead to cell death has provided potential targets for intervention to rescue cells
when one or more of these pathways has been triggered. The identification
of which proteins are activated or expressed during cell death allows for the
definition and testing of likely effective intervention strategies. Activation of
several procaspases has been found to occur during the programmed cell death
of hair cells (see Fig. 6.2b).

�
Figure 6.2. activates procaspase-7 to release effector caspase-7. Caspases-3 and major
effector caspases. They initiate the cascade of events (involving additional caspases) that
result in the controlled proteolysis and DNA fragmentation by which the cell self-destructs.
(b) A cartoon depicting the potential role that the different activated caspases play in the
apoptosis of an injured hair cell that has been traumatized by an injury (e.g., ototoxicity
or sound trauma) that has generated excessive levels of oxidative stress (i.e., production
of ROS and RNS) within the hair cells of the inner ear. (Reprinted from Eshraghi and
Van De Water. Cochlear implantation trauma and noise induced hearing loss: apoptosis
and therapeutic strategies. Anat Rec A Disc Mol Cell Evol Biol 288:473–481, 2006, with
permission from John Wiley & Sons, Inc.)
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Figure 6.3. The MAPK/JNK signaling pathway and the site of action of pharmacological
inhibitors. A typical MAPK pathway highlights the similarity in organization shared by
these pathways, where an oxidative stress generating insult interacts with a receptor(s)
and leads to the activation of small G-proteins (e.g., H-Ras) and GTP-ases (e.g., Cdc-42).
G-proteins can be inhibited with Ft-ases (e.g., B-581) and G-proteins with GTPase inhibitors
such as the toxin derived from Clostridium difficile. The protein kinase cascade that is
subsequently activated is composed of up to four tiers of kinase molecules, culminating in
activation of a specific MAPK (JNK molecule). In the specific example of the mammalian
MAPK/JNK pathway, diversity in signaling is seen with multiple different kinases at the
various levels of the pathway. JNKs are the products of three different genes, yielding
the protein products: JNK-1, JNK-2, and JNK-3. These protein kinases phosphorylate a
variety of target proteins, including nuclear substrates and mitochondrial substrates, and
substrates at other locations within the damaged cell. Two small molecule pharmaco-
logical inhibitors of this pathway are CEP-1347, which inhibits the signal cascade at the
level of MLK3 (i.e., MAPKKK) and D-JNKI-1 and SP 600125, which directly inhibit the
signal cascade at the level of the JNKs. The action of the c-Jun, a downstream target of
activated JNKs, can be partially blocked by using an antisense oligonucleotide (i.e., c-jun
AS) to block the amplification and therefore the downstream effects of this transcription
factor. (Reprinted from Eshraghi and Van De Water. Cochlear implantation trauma and
noise induced hearing loss: apoptosis and therapeutic strategies. Anat Rec A Disc Mol Cell
Evol Biol 288:473–481, 2006, with permission from John Wiley & Sons, Inc.)

1.3 Stress-Activated Pathways Leading to Apoptosis

Upstream of programmed cell death pathways are regulated signaling pathways
whose activation leads to the initiation of a cell death program. These may
be activated through the binding of extrinsic signals at the cell’s plasma
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membrane (e.g., a cell death receptor complex such as TNF-�̃TNF-� receptor)
that act through second messenger systems, or through intracellular signal trans-
duction pathways that are activated in response to cellular stress. Environmental
stresses can activate a number of mitogen-activated protein kinases (MAPKs)
(see Fig. 6.3; and Zine and Van De Water 2004), most notably the protein
kinase c-Jun-N -terminal kinase (JNK) also known as stress-activated protein
kinase (SAPK). This pathway leads to phosphorylation and activation of the
transcription factor c-Jun (Kyriakis et al. 1994). Activated JNK also activates
Elk-1 transcription factor, which upregulates the production of c-Fos (Wang
et al. 2003). Activated c-Jun alone as a homodimer or in combination with c-Fos
as a heterodimer can contribute to the formation of transcription complexes such
as AP-1 which regulate the expression of stress response genes that mediate
apoptosis. Another target for activated JNK can be to interfere with the protective
action of antiapoptotic members of the Bcl-2 family (e.g., Bcl-xl) which can
negatively impact upon the survival of cells damaged by oxidative stress.
Such stress-induced pathways provide further potential targets for interventional
therapies to prevent the death of stress-damaged cells.

2. Acquired Hearing Loss and Vestibular Dysfunction

Sensorineural deafness or balance dysfunctions are the consequences of hair
cell death and accompanying degeneration of afferent innervation. These
functional impairments may occur congenitally, as a result of certain deve-
lopmental defects or specific genetic conditions, but in the majority of cases
hearing loss or balance dysfunction are acquired postnatally. Aging, noise, and
certain ototoxic chemicals are the major causes of acquired hearing impairment
(Hawkins 1973). Aging and ototoxins also affect the vestibular system. Clini-
cally, the most significant ototoxins, and those most widely studied, are the
aminoglycoside antibiotics (Forge and Schacht 2000) and the antitumor drug
cis-platinum (Rybak and Kelly 2003; Eshraghi et al. 2006a), but several other
clinically useful drugs as well as certain organic solvents have been shown
to cause hair cell death and hearing loss (Forge and Harpur 2000). Acquired
hearing loss is estimated to affect about one in seven people in industri-
alized countries, with presbycusis (age-related hearing loss [AHL]) affecting
a significantly higher proportion of the elderly population; about 50% of
those older than 60 years of age (Royal National Institute for Deaf People
website; www.rnid.org.uk/information resources/fact sheets/deaf_awareness/fact
sheets_leaflets/deaf_and_hard_of_hearing_people.htm). Vestibular dysfunctions
also occur with age and are considered a major underlying factor in falls
in the elderly population. Excessive noise has been reported to be at least
partially the cause in more than one third of those with hearing impairment in
developed countries and represents the biggest occupational hazard for which
compensation can be obtained by affected individuals (World Health Organi-
zation {WHO} website; www.who.int/whr/2004/en/report04.pdf). The incidence
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of noise-induced hearing loss (NIHL) is increasing rapidly in developing nations.
Aminoglycoside antibiotics are effective antibacterial agents that are inexpensive
because they are no longer protected by patent, and although their use in industri-
alized countries is restricted because of their potential side effects, in developing
countries they are often the drugs of first choice for minor infections. Amino-
glycosides are also an effective therapy both for tuberculosis and for patients
suffering from cystic fibrosis. Consequently, aminoglycoside-induced deafness
and balance disorders remain a significant health care problem. Likewise,
cis-platinum is an effective antitumor agent, especially for a variety of tumors in
children. The potential ototoxic side effects are a major consideration for quality
of life of a patient following the use of these ototoxic drugs and can limit their
use (Eshraghi et al. 2006a).

In mammals, the functional deficits resulting from hair cell losses caused
by these agents are permanent, because unlike the sensory epithelia in the
inner ear in birds and other nonmammalian vertebrates (Staecker and Van De
Water 1998; Stone et al. 1998; Taylor and Forge 2005), the organ of Corti does
not spontaneously regenerate hair cells to replace those lost. In addition, the
mammalian vestibular organs possess only a limited capacity to regenerate hair
cells (Lopez et al. 1997; Forge et al. 1998; Kopke et al. 2001b). Alternative
potential strategies to reduce the incidence of acquired hearing and balance
dysfunction or ameliorate their effects on a patient’s quality of life are thus to
protect hair cells from death and/or to maintain the inner ear’s neuronal elements.
The latter strategy would enable the most effective use of cochlear implants,
especially if bimodal stimulation of hearing via a hybrid device combining both
acoustic and electrical stimulation is a desired outcome (Staecker et al. 1996;
Van De Water et al. 1996; Marzella and Clark 1999; Shinohara et al. 2002;
Gantz and Turner 2004; Eshraghi 2006).

2.1 Patterns of Sensory Cell Damage

In the cochlea, with aging, exposure to ototoxins, and noise, the extent of outer
hair cell (OHC) loss is much greater than that of inner hair cells (IHCs) and
studies following the progression of hair cell loss over time have shown that
after most insults the OHCs die before the IHCs. With aging and exposure to
ototoxins, it is generally found that IHCs are absent only in regions where all of
the OHCs are lost, and where IHCs are absent, afferent innervation is found to
have degenerated. This is manifested as a decrease in the number of neuronal
cell bodies within the spiral ganglion. Thus, although spiral ganglion cells as
well as hair cells have been reported to be primary targets of some ototoxins
such as cis-platinum (van Ruijven et al. 2004), and primary effects on IHCs are
seen with carboplatin in chinchillas (Ding et al. 1999), the general pattern of
damage within the cochlea is one in which OHCs, then IHCs, and then afferent
nerves are successively involved and depleted.

In addition, the effects of aminoglycosides and cis-platinum as well as those of
aging are first apparent in the cochlea’s basal turn, with damage spreading toward
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the apex with age and time postexposure (Wright et al. 1987; Hequembourg and
Liberman 2001). This pattern is also observed with time and/or increasing dose
post-drug exposure (Hawkins 1973; Laurell and Bagger-Sjöbäck 1991; Cardinaal
et al. 2000; Forge and Schacht 2000; Minami et al. 2004). This corresponds
functionally to hearing impairment that initially affects the high frequencies
and then spreads progressively to involve successively lower frequencies. After
acoustic overexposure, the loss of hair cells occurs at a location along the organ
of Corti that is related to the frequency(ies) of the damaging sound(s) (Saunders
et al. 1985; Slepecky 1986; Yoshida et al. 2000), but it also occurs in the basal
turn with the extent of this hair cell loss increasing and spreading toward the
apex of the cochlea with time postexposure and with increases in sound intensity
(Yoshida et al. 2000). These effects in the cochlea’s basal coil after acoustic
trauma are considered to reflect “metabolic” stresses, including oxidative stress,
on hair cells rather than the mechanical damage that occurs at the frequency
place (Saunders et al. 1985; Quaranta et al. 1998; Yoshida et al. 2000). Thus,
there is a differential vulnerability to metabolic challenges between the base and
apex of the cochlea; damage is initiated at the basal end of the cochlea and
spreads apically to produce a base to apex gradient of loss among the affected
sensory cells.

Differential patterns of damage are also evident in the vestibular sensory
epithelia. Type I vestibular hair cells are reported to be more susceptible to
aminoglycoside-induced injury than are the type II hair cells (Wersall 1995).
Also, damage is first apparent at the crest of the cristae and in the striolar
regions of the utricular and saccular maculae, then spreads down the skirts
of the cristae and toward the peripheries of the maculae both during aging
(Wright 1983; Nakayama et al. 1994), and with time and/or increasing dose
post-ototoxin exposure (Lindeman 1969; Forge et al. 1998). In addition, during
aging (Wright 1983; Nakayama et al. 1994) or in response to an ototoxic drug
(Lindeman 1969; Forge et al. 1998), a larger proportion of the hair cells are lost
in the cristae than in the utricular macula which shows proportionally greater hair
cell loss than has been observed in the saccular macula. The macula of the saccule
may in fact show no obvious hair cell loss when cristae show extensive hair cell
losses. As has been demonstrated in the organ of Corti (Staecker et al. 1996),
loss of hair cells is followed by loss of neuronal cell bodies from the vestibular
(Scarpa’s) ganglion (Wang W et al. 2004).

2.2 Repair of Sensory Epithelia by Supporting Cells
After Hair Cell Injury

With the exception of very high intensity noise that causes mechanical disruption
of the organ of Corti (Henderson and Hamernik 1986), agents that cause hair cell
death do not appear to damage the supporting cells. In both the organ of Corti
and the vestibular sensory epithelia hair cell loss is accompanied by a repair
of the sensory epithelium that is accomplished by expansion of the surrounding
supporting cells into the sites that were occupied by the dying hair cells to close
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the lesion (Forge 1985; Raphael and Altschuler 1991; Meiteles and Raphael 1994;
Li et al. 1995). This results in the formation of a characteristic “scar” at the apical
surface of the epithelium in the site of a lost hair cell. The scar’s morphology
is created by newly formed intercellular junctions between the supporting cells
within the lesion site. The initial lesion repair by the supporting cells appears to
proceed concomitantly with hair cell loss in such a way that there is no breach
of the permeability barriers at the apical surface of the epithelium (McDowell
et al. 1989; Raphael 2002). The maintenance of these barriers during “wound-
healing” prevents the entry of K+ ions from endolymph into the body of the
epithelium, thereby protecting the undamaged regions of the sensory epithelium
from the potentially toxic effects of high extracellular K+ levels and assist in the
maintenance of tissue integrity. This is of relevance not only to strategies aimed
at inducing hair cell regeneration but also to attempts to prevent hair cell death as
it means that if hair cell death is prevented after a challenge by damaging agents
it would be expected that the sensory epithelium will survive intact. In the organ
of Corti, when all hair cells are lost, further changes among supporting cells
and a cellular reorganization occurs such that ultimately the sensory epithelium
of the recognizable organ of Corti may be replaced by an unspecialized, simple
epithelium that covers the basilar membrane.

2.3 Differential Susceptibility of Cells Within
the Sensory Epithelia

The base to apex gradient of hair cell loss that is characteristic of the cochlea
exposed to a variety of damaging agents in vivo is retained in organotypic
explants of the neonatal organ of Corti from mice or rats exposed directly to
aminoglycosides (Richardson and Russell 1991; Kotecha and Richardson 1994)
or cis-platinum (Zheng and Gao 1996; Kopke et al. 1997). Only after exposure
to the highest concentrations of an ototoxin does hair cell death extend into the
most apical regions of the organ of Corti explants. Likewise, in organ cultures
of utricular and saccular maculae exposed to aminoglycosides hair cell loss is
initiated in the striolar regions, spreading over a wider area toward the peripheries
with increasing drug dosage. Moreover, utricular maculae show more hair cell
loss than saccular maculae under identical conditions of ototoxin exposure (Li
and Forge 1995). Also, in preparations of the isolated organ of Corti maintained
in short-term culture the OHCs in the basal coil die more quickly than do those
in the apical coil and IHCs survive longer than OHCs, which can remain viable
after all of the OHCs in their vicinity have died (Sha et al. 2001a). Supporting
cells in these ototoxin-exposed explants survive for prolonged periods. These in
vitro observations suggest that differential hair cell losses observed in vivo are
the result of inherent characteristics of different hair cells types and of a variation
in the resistance to damage by hair cells in different locations within the cochlea
and also within the vestibular receptors. This leads to the generalizations that
OHCs in the basal coil are inherently more sensitive to damage than are those
at the apical coil and IHCs are more resistant to damage than OHCs.
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One factor now recognized as underlying the differential vulnerability of
OHCs to damage and loss is their susceptibility to free-radical attack. Free
radicals, most commonly singlet oxygen (superoxide), nitrogen, and hydroxyl
radicals, are redox active molecules that contain an unpaired electron. They are
highly unstable and regain stability by losing the unpaired electron to other
molecules within a cell that become oxidized. This redox activity is potentially
highly disruptive to cellular components, leading to lethal damage, and excessive
free-radical production can trigger apoptosis (Evans and Halliwell 1999; Katoh
et al. 2004). Although free radicals are produced during normal cellular
metabolism, their effects are usually contained by the cell’s endogenous free-
radical scavenger systems that inactivate them. Glutathione is the most ubiquitous
free-radical scavenger in most cells along with the enzyme superoxide dismutase,
which catalyzes the inactivation of reactive oxygen species (ROS). Cell damage
occurs when free-radical production exceeds the capacity of these endogenous
scavenger systems to neutralize them (Evans and Halliwell 1999). In isolated
organ of Corti preparations maintained in short-term culture the differential
vulnerability of basal coil OHCs relative to those from the apical coil can
be overcome by incubating the preparations in the presence of free-radical
scavengers (Sha et al. 2001a). This suggests that OHCs are differentially
vulnerable to free-radical activity. There is evidence that aminoglycosides may be
toxic through a mechanism that generates free radicals (Forge and Schacht 2000),
and cis-platinum may inhibit endogenous free-radical scavenging systems and/or
cause generation of free radicals themselves (Ravi et al. 1995; Kopke et al. 1997;
Minami et al. 2004; Eshraghi et al. 2006a). Excessive noise may also cause free-
radical generation from the high levels of oxidative metabolism concomitant with
overstimulation of the hair cells (Henderson et al. 1999; Ohlemiller et al. 1999;
Yamashita et al. 2004). Accumulation of free radicals is also thought to be
associated with the cellular and tissue deterioration that is associated with aging
(Evans and Halliwell 1999). This has led to the possibility of preventing OHC
loss through preventing the formation of an excess of free radicals by using
antioxidants to scavenge them and/or enhancing endogenous scavenger systems.
These approaches are discussed in greater detail in Section 5 of this chapter.

The lesser vulnerability of IHCs that is commonly observed in vivo in response
to different damaging agents as well as in vitro in isolated organ of Corti
preparations suggests that IHCs possess protective mechanisms that render them
less susceptible to metabolic insults. There is currently no evidence for this,
but identification and characterization of an endogenous survival factor(s) could
potentially provide therapies to prevent hair cell loss. However, because the
death of IHCs appears to follow the loss of OHCs, the death of an IHC may be
a secondary event and the key to their survival would then be the preservation
of OHCs.

An alternative or possibly additional explanation proposed to account for
the differential vulnerability of hair cells is differences in their physiology, in
particular the probability of the open state of the transduction channels at the
tips of the stereocilia. OHCs in the basal coil of the cochlea have an open
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probability of 50% but the open-state probability decreases along the cochlear
spiral toward the apex (Russell and Kossl 1992). IHC transduction channels
have a 5% probability of being in the open state. It has been suggested that
aminoglycosides may enter hair cells through the transduction channels and thus
the basal coil OHCs would take up these drugs faster and to a greater extent
than do OHCs in the apical coil or than the IHCs (Gale et al. 2001). Further, the
resting intracellular potential of an OHC (−70 mV) is much greater than that of
an IHC (−40 mV). This fact, taken together with the difference in the probability
of transduction channels being open, means that the K+ current load through
basal coil OHCs is greater than that through apical coil OHCs and significantly
greater than that through the IHCs. These differences may make basal coil OHCs
more vulnerable to metabolic stresses and to disturbances of the homeostasis
that maintains fluid composition around the hair cell body. It is of note that
a number of different genetic mutations that affect proteins concerned with
maintenance of cochlear homeostasis and fluid composition cause progressive
hearing impairment and hair cell loss in patterns that resemble those described
to occur in acquired hearing loss (Steel and Kros 2001; Boettger et al. 2002;
Cohen-Salmon et al. 2002; Rozengurt et al. 2003; Teubner et al. 2003).

Loss of auditory neurons is usually delayed relative to hair cell loss and rarely
observed if the IHCs are healthy and intact. This neuronal loss may in many
cases be a secondary effect that is consequent to and dependent on the loss of the
auditory hair cells. During ontogenetic development, the afferent innervation to
the sensory epithelia of the inner ear is dependent on the expression of hair cell
(target)–derived growth factors (Van De Water 1988; Rubel and Fritzsch 2002).
Neurotrophin-3 (NT-3) and brain-derived neurotrophic factor (BDNF) have been
identified as being important to the homeostasis and survival of afferent neurons
and the innervation in the inner ear sensory receptors (Ernfors et al. 1995;
Fritzsch et al. 2004) (as discussed in Section 6.1). Transgenic animals bearing
deletions in genes for one or other or both of these neurotrophin proteins produce
hair cells, but neuronal survival is disrupted and afferent innervation of the
cochlea in double-knockout animals is completely lacking (Ernfors et al. 1995;
Rubel and Fritzsch 2002; Fritzsch et al. 2004). The relationship between NT-3
and BDNF expression patterns within the cochlea and neural innervation of the
cochlea is more complex than originally thought, with NT-3 thought to be most
important for the survival of basal turn neurons and BDNF for the support of the
cochlea’s more apical neurons (see Fritzsch et al. 2004). Therefore the absence
of neurotrophic factor support that is supplied from the auditory hair cells may
be one reason for the degeneration of innervation and spiral ganglion neurons
after a loss of auditory hair cells (Ernfors et al. 1996; Staecker et al. 1996;
Miller et al. 1997; Shinohara et al. 2002). The loss of an excitatory input to
the afferent neurons after the death of the hair cells can also be a cause of
neuronal degeneration within the spiral ganglion. Excitatory input is known to be
necessary for the maintenance of nerves throughout the nervous system. Thus,
the preservation of healthy IHCs would prevent neuronal degeneration within
the spiral ganglion and potentially treatment with neurotrophins (e.g., BDNF)
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and/or provision for the continued stimulation of these neurons after the loss
of the hair cells could both act to preserve these neurons (Ernfors et al. 1996;
Staecker et al. 1996; Shinohara et al. 2002; Fritzsch et al. 2004).

It has also been suggested that some neuronal losses may be the result of
localized excitotoxicity (Pujol and Puel 1999; Rebillard et al. 2003). Excessive
release onto afferent terminals of excitatory neurotransmitters, especially
glutamate, which is the neurotransmitter at the IHC synapse, can be toxic to
the auditory neurons. Binding of glutamate to ionotropic N -methyl-d-aspartate
(NMDA) receptors opens ion channels producing a depolarization of the afferent
terminal. Excessive glutamate release may therefore cause an excessive number
of ion channels to be open, the consequent sustained depolarization creating
ionic and osmotic disturbances that lead to swelling and degeneration of the
dendrites. Eventually, if neurotransmitter release is sustained at an excessive
level it can result in the death of the auditory neurons. Swelling of afferent
terminals synapsing with IHCs is seen with acoustic overstimulation and anoxia,
and glutamate may be released from damaged or dying hair cells (Pujol and
Puel 1999). Swelling of afferent nerve terminals has also been noted in the
vestibular system during aminoglycoside-induced hair cell death (Li et al. 1995).
There is now evidence that the initial swelling of the nerve terminals may be
reversible, and pharmaceutical therapies that will prevent such excitotoxicity
damage are being developed (Pujol and Puel 1999; Guitton et al. 2004). In
addition, glutamate binds to a cysteine/glutamate antiporter that couples removal
of glutamate from the cell to the uptake of cysteine. The maintenance of
glutathione in the cell requires the uptake of cysteine because this amino acid
is used in the synthesis of glutathione. High levels of extracellular glutamate
inhibit this antiporter and sustained inhibition results in a depletion of cellular
glutathione. Neurons depleted of glutathione then become sensitive to oxidative
stress, leading to cell death initiated by damage generated from an excessive
level of oxidative stress (Schubert and Piasecki 2001; Tan et al. 2001).

3. Genes Involved in Hair Cell Maintenance and Survival

The susceptibility of hair cells to damage from environmental factors is
influenced by an individual’s genetic background. More than 90 different
genes that affect inner ear development and/or function have been identified.
Mutations in many of these genes can lead to congenital deafness by affecting
hair cell differentiation and/or function. There is also the possibility that
particular alleles of these genes not directly linked to congenital deafness
may contribute to the susceptibility of the inner ear to a delayed onset
of hair cell death. It is beyond the scope and intention of this chapter to
detail all the genes that have been identified in human studies or in mouse
models to cause deafness. The reader can gain access to them elsewhere
in the literature (Steel and Kros 2001; Bitner-Glindzicz 2002; Goldfarb and
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Avraham 2002; Sabag and Avraham 2005; Petit 2006) and/or via the Internet
(e.g., http://webhost.ua.ac.be/hhh/ or www.hpcgg.org/lmm).

However, there are alleles of certain genes that may predispose an individual
to an acquired hearing loss or a balance dysfunction. Some genes that are
expressed in hair cells play a role in their maintenance. Hair cell survival may
also depend on cochlear homeostasis; loss of hair cells appears to be a corollary
of mutations in several different genes whose products have a primary role in
maintaining the ionic environment of the cochlea (Steel and Kros 2001; Bitner-
Glindzicz 2002; Boettger et al. 2002; Cohen-Salmon et al. 2002; Rozengurt
et al. 2003; Teubner et al. 2003). A genetic predisposition to hair cell loss will
influence the effectiveness of treatments to preserve hair cells, and therefore the
characterization of such genes and/or of other genes or gene products with which
they interact may provide insights needed for the development of therapeutic
intervention(s).

Certain inbred mouse strains show a predisposition to a progressive loss of
hearing that has characteristics resembling those of age-related hearing loss
(AHL) in humans. Initially AHL characteristics were identified in the C57BL/6J
strain of mice (Henry and Chole 1980; Li and Borg 1991; Johnson et al. 1997)
which begin to show hearing loss unusually early, i.e., at about 3 months of
age. Sensitivity to sounds of high frequency is affected first with progressive
involvement of lower frequencies as the mice advance in age. This corresponds
to a progressive base to apex loss of hair cells but with more extensive loss
of OHCs than IHCs (Spongr et al. 1997; Hequembourg and Liberman 2001).
Genetic analysis of strains of mice that exhibit AHL has revealed recessive alleles
of two different genes, Ahl1 and Ahl2, which are associated with predisposition to
an early onset, progressive type of deafness (Johnson et al. 1997, 2000; Johnson
and Zheng 2002). Some mouse strains carrying Ahl alleles have been reported
also to be more susceptible to noise-induced hearing loss (NIHL) than strains of
normal mice (Davis et al. 2001), but this does not seem to be a universal finding.
One example of this is the 129/SvEv strain of mice that carries an Ahl gene
but is particularly insensitive to NIHL (Yoshida et al. 2000). The expression
of an Ahl gene also does not predispose a strain of mouse to aminoglycoside-
induced hair cell loss (Wu et al. 2001). The gene products of Ahl genes are not
known, but a notable and consistent histological feature of the cochlea in mice
with Ahl-related hearing impairment is a loss of spiral ligament fibrocytes. In
particular, there is a loss type IV fibrocytes in the “basilar crest” region of the
spiral ligament where the basilar membrane is anchored to the lateral wall of
the cochlea (Hequembourg and Liberman 2001). The possibility is that this gene
affects cochlear homeostasis through its effects on the spiral ligament and that
the hair cell loss in the cochlea of these animals is a secondary consequence of
the damage to cells within the spiral ligament.

A predisposition to aminoglycoside-induced hearing loss has been linked
to mutations in a mitochondrial gene. Maternally inherited hypersensitivity to
aminoglycoside-induced deafness has been found to be associated with deve-
lopment of hearing loss after exposure to aminoglycoside at doses that do not
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normally produce ototoxic damage to hearing (Prezant et al. 1993). Affected
individuals carry a mutation in the mitochondrial gene for 12S ribosomal RNA, a
substitution of guanine for adenosine at position 1555 in the mitochondrial DNA
(i.e., the A1555G mutation) (Fischel-Ghodsian et al. 1993; Hutchin et al. 1993).
Although identified through its inheritance pattern, the mutation has also been
found in individuals with no familial history of deafness who have shown
hypersensitivity to aminoglycoside antibiotics and thus it may also account for
sporadic cases of unexpected aminoglycoside ototoxicity. It has been estimated
that between 17% and 33% of patients with aminoglycoside-induced hearing loss
may be carriers of this A1555G mutation (Fischel-Ghodsian 1999). A second
mutation in the same gene, a thymidine (T) deletion at nucleotide 961 with
insertion of a varying number of cytosines (T961Cn), has subsequently been
identified in a family with inherited susceptibility to aminoglycoside ototoxicity
(Casano et al. 1999). Some biochemical studies have suggested that the A1555G
mutation allows interaction of an aminoglycoside with ribosomal RNA, thereby
reducing the level of translation of the mitochondrial proteins (Guan et al. 2000).
However, the mutation is also associated with nonsyndromic deafness without
aminoglycoside intervention (Prezant et al. 1993; Bitner-Glindzicz 2002), and
although the mutation would be present in all mitochondria in all tissues, it
does not appear to enhance the sensitivity of the hair cells of the vestibular
system to aminoglycoside-induced damage. This suggests that this mutation
may have quite subtle effects on the auditory receptor that are not yet fully
understood.

Two transcription factors, Brn3c (Erkman et al. 1996; Xiang et al. 1997,
1998) and Barhl1 (Li G et al. 2002), have been implicated as necessary for
the maintenance of mature hair cells and their continued survival. Both these
proteins are expressed in the inner ear exclusively by the hair cells. Brn3c and
Barhl1 gene expression first appear after the terminal mitosis of as yet undiffer-
entiated hair cell precursors in the presumptive sensory patches and continues
throughout adulthood in both cochlear and vestibular hair cells. A mutation in
the human Brn3c gene (also known as POU4f3, formerly Brn3.1), i.e., an 8
base pair deletion, has been identified as the cause of an autosomal dominant,
nonsyndromic deafness in humans (Vahava et al. 1998). This deafness is late
in onset, beginning at about 18 years of age and subsequently progressing.
Mice homozygous for targeted deletion of the Brn3c gene are completely deaf
and also show balance dysfunction. In Brn3c knockout mice, hair cells are
initially generated, differentiate, and then die postnatally. Afferent neurons also
die in these Brn3c mutant mice but the loss of neurons and innervation is
delayed relative to hair cell death and thus neuronal loss is considered to be
secondary to the loss of hair cells, most probably due to a lack of trophic support
(Xiang et al. 1998). No human hearing impairment has yet been associated with
Barhl1, but targeted disruption of this gene in mice leads to progressive hair
cell death and corresponding hearing loss that is first apparent postnatally. The
OHCs in the apical coil of Barhl1−/− null animals are affected first, with the
death of these sensory cells spreading successively to more basal regions of
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the cochlea (Li S et al. 2002). IHC death in Barhl1−/− mice is initiated only
after all OHCs have died, and loss of IHCs begins in the basal coils and then
progresses to the apical turn. Whether this IHC death is a secondary effect after
loss of OHCs or a direct consequence of the absence of the Barhl1 protein is
not known. Exactly how these transcription factors are involved in hair cell
maintenance is also currently not known because the downstream genes that
they regulate have not yet been identified. Nevertheless, Brn3c and Barhl1
are prime candidates for genes that can predispose the cochlea to late-onset
deafness, and identification of the downstream genes they regulate could poten-
tially provide therapeutic targets for the treatment of some forms of progressive
deafness.

Progressive loss of hair cells has also been noted in association with mutations
in genes whose products are involved in maintaining the ionic environment in
the cochlea. The K–Cl cotransporter Kcc4 is localized in the cochlea to the
supporting cells of the organ of Corti (Boettger et al. 2002) and is thought to be
necessary for the uptake of K+ to maintain a low K+ ion concentration around
the cell bodies of the hair cells. Disruption of this gene in mice leads to a
rapidly progressive loss of hair cells, initiated first among the OHCs within the
basal coil (Boettger et al. 2002). Likewise a progressive degeneration of hair
cells accompanies disruption of the gene for the K+-channel protein KCNJ10
(Kir4.1), which is present in the cochlea within the intermediate cells of the
stria vascularis and is required for the generation of the endocochlear potential
(EP; Marcus et al. 2002; Rozengurt et al. 2003). Deafness is also associated
with mutations in the genes for at least three different connexins, the proteins
that form gap junction channels. Gap junctions are present between supporting
cells in the organ of Corti and vestibular sensory epithelia and between fibro-
cytes within the spiral ligament; they are also associated with basal cells of the
stria vascularis (Kikuchi et al. 1994, 2000; Forge et al. 2003). The pathways
of intercellular communication created by these gap junctions are thought to be
involved in recycling of K+ from the organ of Corti via supporting cells back
to endolymph and in maintaining the EP (Wangemann 2002). Connexin (cx)
26 and cx30 are localized in gap junctions in the organ of Corti and vestibular
sensory epithelia, the basal cell region of the stria vascularis, and the fibro-
cytes of the spiral ligament that are below the stria (Lautermann et al. 1998;
Kikuchi et al. 2000; Forge et al. 2003). Cx31 localizes to type 2 fibrocytes
below the spiral prominence and in the region of the ligament where Reissner’s
membrane joins this complex (Xia et al. 2000). Mutations in the gene that
encodes cx26 are the most common cause of hereditary deafness, and it is
estimated that approximately 4% of the general population are carriers of cx26
mutations (Bitner-Glindzicz 2002). Although the deafness associated with a cx26
mutation is often congenital and profound, late-onset progressive deafness has
also been observed in some cases with high-frequency hearing preferentially
affected (Bitner-Glindzicz 2002). In transgenic mice with a targeted knockout
of cx26 from the supporting cells of the cochlea, there is a progressive death
of the hair cells (Cohen-Salmon et al. 2002). Likewise, a knockout of the cx30
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gene causes a high–mid-frequency pattern of hearing loss (Grifa et al. 1999) and
progressive hair cell death as well as an inhibition of the EP (Teubner et al. 2003).
In humans, mutations in the gene that encodes cx31 cause a late-onset progressive
pattern of deafness that affects the high frequencies first (Xia et al. 1998). The
observation that hair cell death results from defects in genes whose products are
essential for maintenance of cochlear homeostasis indicates the high degree of
sensitivity of hair cells, particularly of OHCs, to their local ionic environment.
The fact that high frequencies are preferentially affected may be a reflection
of the previously discussed inherent differential sensitivity of auditory hair
cells along the length of the organ of Corti in a base to apex pattern of
sensitivity.

Hair cell survival may also be influenced by the levels of expression of
certain genes that encode proteins involved in the inactivation of free radicals.
Superoxide dismutases (SODs) are among the first lines of cellular defence
against free radical damage. They catalyze the conversion of the superoxide
radical to hydrogen peroxide, which is then broken down by peroxide-removing
enzymes. Two major forms of SOD are expressed by almost all animal cells:
one, Cu/Zn SOD (SOD1), is localized in the cytoplasm; the other, MnSOD
(SOD2), is localized specifically to mitochondria. In mice, manipulation of gene
expression has implicated the gene that encodes SOD1 in protecting cochlear
hair cells from the effects of noise trauma, aminoglycoside ototoxicity, and aging
(although whether it plays a role in survival of vestibular hair cells has not been
determined). Ablation of SOD1 in mice (SOD1-null mutants or SOD1-knockout
[KO] animals) results in increased susceptibility to noise-induced hearing loss
(Ohlemiller et al. 1999), and to both a faster and a greater extent of auditory
hair cell loss with aging in comparison with wild-type littermates (McFadden
et al. 1999a, b; Keithley et al. 2005). Conversely, in transgenic mice in which
SOD1 is overexpressed, hair cells are protected from aminoglycoside-induced
hair cell death (Sha et al. 2001). However, these transgenic mice that overex-
press SOD1 do not show any increases in the survival of auditory hair cells with
aging (Coling et al. 2003; Keithley et al. 2005). Nevertheless, the consequences
on the extent of hair cell survival under stress resulting from manipulation of
SOD1 expression provide further support for the hypothesis that excessive free
radical production is a major factor involved in initiating the hair cell loss and
hearing impairment that results from noise trauma, ototoxic drug challenges,
and aging. These results have also led to investigation of possible means for
therapeutic intervention to prevent hair cell loss, either through the use of drugs
that mimic the effects of SOD (McFadden et al. 2003), or by transfer of genes
that encode proteins involved in free radical scavenging (Kawamoto et al. 2004).
However, it should be noted that as yet there is no evidence that suscepti-
bility to acquired hearing loss in humans is linked to mutations or variations in
genes involved in protection from free radical damage. One analysis of genetic
variability within several different human “oxidative stress”–related genes failed
to identify any correlation with variability in susceptibility of individuals to
noise-induced hearing loss (Carlsson et al. 2005).
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4. Self-Repair of Hair Cells

Hair cells appear to possess a limited potential to repair themselves after a
sublethal injury. Explants of the immature mouse organ of Corti damaged by
scratching with a glass micropipette or with a laser microbeam (Sobkowicz
et al. 1992, 1996, 1997), and explants of early postnatal rat utricles (Zheng
et al. 1999) and bullfrog saccules (Baird et al. 2000; Gale et al. 2002) exposed
to an aminoglycoside have all shown that hair cells can respond to these injuries
by losing their apical structures (the cuticular plate and stereociliary bundle)
and can then repair and regrow these structures. In some cases, notably the
aminoglycoside-exposed rat utricles, only the stereociliary bundles were lost;
the hair cells retained their cuticular plates and were maintained at the apical
surface of the epithelium. Stereocilia then were observed to reform on these
injured hair cells within seven days after the initial trauma. In the bull frog
saccules (Gale et al. 2002) and in damaged, immature organ of Corti explants
(Sobkowicz et al. 1997), hair cells not only lost their stereociliary bundles and
often their cuticular plates but they also were observed to withdraw from contact
with the apical surface of the sensory epithelium and to become entirely enclosed
within this epithelium, surrounded completely by their adjacent supporting cells
which had closed the space at the apical surface of the sensory epithelium
previously occupied by the cuticular plate and hair bundle of the injured cell.
The bodies of these hair cells remained within the sensory epithelium for some
time in what appeared to be a partially dedifferentiated state (Baird et al. 2000;
Gale et al. 2002). These injured hair cells then reemerged at the apical surface
of the sensory epithelium and reformed cuticular plates and hair bundles by
4–7 days after the initial injury (Gale et al. 2002). Hair cells that are lethally
injured in the mammalian utricle and the mature organ of Corti die within
the sensory epithelium. The cell ruptures just below the cuticular plate and
the surrounding adjacent supporting cells enclose the fragments of the cell
body whose nucleus shows morphological signs of apoptosis (Forge 1985; Li
et al. 1995; Forge and Li 2000). Thus, the loss of the apical structures of an
injured hair cell and withdrawal of its cell body into the sensory epithelium may
be a common response of mammalian hair cells whether they are lethally or
sublethally damaged (although in birds injured hair cells are extruded in their
entirety from the apical surface of the sensory epithelium [Cotanche et al. 1987;
Cotanche and Dopyera 1990; Janas et al. 1995]). The cellular and biochemical
mechanisms underlying the self-repair of injured hair cells are at present not
fully understood. Further, it is not clear whether such self-repair of hair cells
after a sublethal injury in explant cultures occurs in the mammalian inner ear
in vivo. Immature hair bundles that indicate regrowth and repair have not been
observed in the mammalian organ of Corti in regions where sublethal damage
might be expected, such as at the leading edge of a progressive hair cell loss
between the area where hair cells are lost and where hair cells are still intact.
Some evidence does in fact suggest that after an aminoglycoside exposure, hair
cells in the mammalian inner ear either die or show no obvious signs of damage
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and remain intact (Forge and Li 2000). This observation of damage or no damage
does not exclude the possability that hair cells affected by aminoglycosides can
suffer nonlethal injuries that are not recognizable at the cellular level but that do
adversely affect function from which they recover and return to function after
internal repair.

Recovery of auditory sensitivity after a transiently induced sensorineural
hearing loss, i.e., temporary threshold shift (TTS), does occur spontaneously
especially after exposure to noise at moderate intensity levels. Immediately after
this noise exposure, the hair bundles become disarrayed and stereocilia appear
bent and irregular, suggesting a loss of stiffness, probably as a result of the
disorganization of the actin bundling within these affected stereocilia (Saunders
et al. 1985; Slepecky 1986). Some studies (reviewed in Saunders et al. 1985)
have suggested that such damage is repairable because an organ of Corti exposed
to conditions that induce a TTS and stereociliary damage immediately after
exposure does not show any anomalies when examined at later postexposure
times when hearing thresholds have recovered. There is evidence that actin within
the stereocilia is in a state of constant turnover. Transfection of organ of Corti
explants with a �-actin-GFP (Green F luorescent Protein) c-DNA construct that
when expressed allows visualization of the dynamics of actin filament assembly
has demonstrated constant delivery of GFP-tagged �-actin monomers to the distal
tips of the stereociliary actin filaments and passage of the tagged actin down
the stereocilia from tip to base with time (Schneider et al. 2002; Rzadzinska
et al. 2004). The continual renewal of actin in stereocilia implied by these �-actin
turnover experiments could provide a mechanism for the repair of damaged
stereocilia. The turnover time of stereociliary actin filaments was estimated to
be about 48 hours, purportedly approximating the time for functional recovery
of hair cells after a TTS in some studies (Schneider et al. 2002). However, there
is some dispute over whether the damage to stereocilia seen immediately after
noise exposure is actually recoverable. As discussed by Saunders and colleagues
(Saunders et al. 1985), it is difficult to know whether the normal stereocilia
seen after recovery of the hair cells from TTS were actually the ones that
were damaged in the first place or are replacements. Stereocilia appear to be
unaffected after exposures to noise conditions that consistently produce TTS
whereas they appear to be damaged only in conditions that produce permanent
hearing loss (Wang et al. 2002). Further, “floppy” bent, and disarrayed stereo-
cilia persist for prolonged periods in the organ of Corti in regions outside those
where there is hair cell loss when there is a permanent hearing deficit (Thorne
and Gavin 1985). Thus it is not clear that a potential for the repair of excessively
damaged stereocilia actually exists in animals exposed to sound trauma.

However, it may be possible that more subtle damage to a hair cell’s stereo-
cilia can be repaired. Moderate mechanical disarray of stereocilia might damage
the tip-links that gate the transduction channels resulting in loss of the ability
to transduce auditory signals. Sound conditions that produce TTS can break tip
links (Pickles et al. 1987) and inhibit transduction (Patuzzi et al. 1989). Tip-
links have been shown to regenerate spontaneously following their disruption
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(Zhao et al. 1996). Exposure of chick basilar papilla explants to the calcium
chelator BAPTA (1,2-bis(o-aminophenoxy)ethane-N ,N ,N ′,N ′-tetraacetic acid)
caused loss of the tip-links and inhibition of transduction but within 24 hours
these links reform and transduction recovers. Recovery during some forms of
TTS may therefore be related to reformation of broken tip-links, although the
mechanism by which this extracellular structure is repaired is currently not
known. It has been reported that proteins isolated from sea anemones (Watson
et al. 1998) that possess mechanosensitive cells with hair bundle-like structures
can enhance recovery of tip-links in the hair cells of fish neuromasts that have
been damaged by exposure to low-calcium conditions (Berg and Watson 2002).
Behavioral recovery from the effects of the calcium depletion occurred sponta-
neously over 9 days but in the presence of the “tip-link repair proteins” the
recovery was initiated within hours. It has been suggested that these “repair
proteins” may have a therapeutic potential for the treatment of noise damaged
inner ears.

5. Agents and Procedures that Protect Hair Cells
from Lethal Damage and Loss

The identification of putative triggers, most notably excess free-radical
production, and characterization of the cell death pathways subsequently
activated, offers potential opportunities for the development of therapeutic inter-
ventions to prevent hair cell death. Agents that inhibit the cell death pathway or
which suppress the generation of or enhance the scavenging of free radicals have
been demonstrated to protect hair cells from the lethal consequences of exposure
to ototoxins or noise and to preserve hearing and/or vestibular function (Cheng
et al. 2005; Lynch and Kil 2005; Rybak and Whitworth 2005). Protection against
noise-induced hair cell death and hearing loss has also been shown to be afforded
by preexposure to a controlled nondamaging sound, so-called “sound condi-
tioning” (Canlon et al. 1988; McFadden et al. 1997; Yoshida and Liberman 2000)
although there is some evidence that at the cellular level the effectiveness of this
sound conditioning may be due to enhancement of protection against free radical
attack (Wang and Liberman 2002). The receptors at afferent terminals beneath
IHCs have also been implicated as a means to suppress excitotoxicity responses
and preserve neurons (Puel et al. 1994; Pujol and Puel 1999).

5.1 Inhibition of Programmed Cell Death

Inhibition of caspases is one target for intervention in the prevention of caspase-
dependent programmed cell death (PCD) (Van De Water et al. 2004). Tri- and
tetrapeptides whose amino acid sequences correspond to the specific substrate
recognition sites of the caspases act as competitive inhibitors. Addition of fluoro-
or chloromethyl ketones (i.e., -cmk or -fmk, respectively) to the peptide structure
produces irreversible inhibition as the ketone groups interact with the active site to



220 A. Forge and T.R. Van De Water

inactivate the enzyme (Ekert et al. 1999). Further addition of a benzyloxycarbonyl
group (BOC- or a z-) enhances cell permeability so that these inhibitors potentially
can be used in vivo as well as in vitro. The amino acid sequence in the peptide,
usually a tetrapeptide, can be tailored to the unique active site of each particular
caspase to achieve nearly specific inhibition, or a shorter “consensus” sequence
can be used to broaden the scope of inhibitory action thereby, inhibiting almost all
caspases. For example, Boc-aspartate-fmk (BAF) and z-valine-alanine-aspartate-
fmk (z-VAD-fmk) are broad-spectrum, pan-caspase inhibitors while z-DEVD-fmk
(z-asp-glu-val- asp-fmk) inhibits mainly caspase-3 and z-LEHD-fmk (z-leu-glu-
his-asp-fmk) inhibits predominantly caspase-9. Animal experiments have shown
the potential of such caspase inhibitors as therapeutic agents for conditions arising
from inappropriate triggering of apoptosis, such as neurodegenerative diseases
(Onteniente 2004).

Caspase inhibitioncanrescuehaircells fromthe lethaleffectsofaminoglycosides
or cis-platinum. In organotypic cultures of mature mammalian utricular maculae
(Forge and Li 2000) and of the utricular maculae and basilar papillae of birds
(Cunningham et al. 2002; Matsui et al. 2002; Cheng et al. 2003), the presence of pan-
caspase inhibitors BAF and z-VAD-fmk or of a specific inhibitor of caspase-9 at a
concentration of approximately 100 �M for 2 hours before and during incubation
with an aminoglycoside almost completely prevented aminoglycoside-induced hair
cell loss. Caspase inhibitors preserved 80% of the auditory hair cells from the lethal
effects of cis-platinum in neonatal rat organ of Corti explants (Liu et al. 1998).
These studies confirmed apoptosis as a major and universal mechanism of hair cell
death following an ototoxin challenge. They also identify the specific pathways
activated and indicated possibilities for therapeutic intervention to prevent hair
cell death. Subsequent in vivo studies have established the potential of caspase
inhibition as a means to preserve hair cell function. In guinea pigs treated with cis-
platinum, continuous perfusion of the scala tympani with specific caspase inhibitors
via an implanted osmotic pump during the period of exposure resulted in sign-
ificant preservation of auditory CAP thresholds as well as hair cell integrity (Wang
et al. J 2004). Likewise, direct perfusion of the inner ear in birds with a pan-
caspase inhibitor delivered from an implanted osmotic pump protected vestibular
organs from aminoglycoside-induced hair cell loss (Matsui et al. 2003). It was
also observed in birds that effective protection of hair cells could be obtained by
systemic treatment with caspase inhibitors delivered at a daily dose of 1.5 mg/kg
(Matsui et al. 2003). The extent of hair cell survival in vestibular organs exposed
to streptomycin in animals receiving z-VAD-fmk systemically was less than when
the inhibitor was delivered via direct perfusion into the perilymphatic compartment
of the inner ear, which may reflect the difficulty of a relatively large inhibitor
molecule gaining entry to the inner ear fluids from the bloodstream. Nevertheless,
with the systemic dosing of caspase inhibitors given concomitantly with aminogly-
coside treatment, the vestibular–ocular reflexes of the treated animal were signifi-
cantly preserved, indicating preservation of vestibular function (Matsui et al. 2003).
Activation of caspases occurs downstream of the initial effects of aminoglycoside
and cis-platinum; therefore, the preservation of hearing and of vestibular function
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when caspases are inhibited indicates that the initial effects of these ototoxins may
not of themselves significantly affect hair cell function. However, the preservation
of hair cells in the long term after caspase inhibition requires further investigation.

Although there is little evidence for widespread side effects of systemic
application of caspase inhibitors (Onteniente 2004), one potential difficulty is
the possibility of inappropriate inhibition of apoptosis in tissues where it is
occurring normally as part of cell turnover and tissue maintenance. This side
effect of systemic treatment with caspase inhibitors could potentially have serious
consequences. Blocking of apoptosis may have a significant impact on the
body’s ability to prevent tumor development. Unwanted side effects are less
likely when inhibitors are perfused into inner ear fluids (i.e., local therapy),
but the requirement for a local delivery device and the necessity for a surgical
procedure to position it may restrict clinical application of caspase inhibition for
preservation of hearing after a physical trauma (e.g. acoustic overexposure) that
generates a high level of oxidative stress and the subsequent activation of initiator
and effector caspases (Nicotera et al. 2003; Do et al. 2004; Hu et al. 2006) .
An alternative means to inhibit a cell death pathway is to target the biochemical
pathway(s) upstream of the caspase cascade, such as the biochemical pathways
activated in response to the stress induced by a damaging agent that subsequently
triggers apoptosis. Inhibition of such stress-activated pathways has the advantage
that it should be relatively specific as it will target only cells which have suffered
stress through exposure to a damaging agent or trauma.

The c-Jun stress-activated pathway may be of special importance as a potential
target in this regard. Several small, cell-permeable molecules that interfere
with activation of the JNK cascade have been developed and can inhibit
programmed cell death (Bonny et al. 2005; Kuan and Burke 2005). Inhibition
of the MAPK/JNK cell death signal pathway has been shown to enhance
survival of hair cells after aminoglycoside- and noise-induced injury (Pirvola
et al. 2000; Ylikoski et al. 2002; Wang et al. 2003; Matsui et al. 2004). However,
blocking JNK signaling does not protect against cis-platinum ototoxicity (Wang
et al. 2004), suggesting that the pathways leading to programmed cell death in
hair cells after a cis-platinum challenge are different from those activated by
either aminoglycosides or noise. Hair cell death is almost completely prevented in
neonatal mouse organ of Corti explants exposed to an ototoxic level of neomycin
by treatment of the explants with CEP 1347 which is a synthetic inhibitor of
the MAPK/JNK signal pathway at the level of the mixed lineage kinases (i.e.,
MLK-3; see Fig. 6.3) (Pirvola et al. 2000). Hair cells in utricular macula explants
from chickens also survive after aminoglycoside-induced damage when cultured
in the presence of a similar MAPK/JNK pathway inhibitor, CEP 11004 (Matsui
et al. 2004). Continuous perfusion of a JNK-specific inhibitor, D-JNKI-1 peptide,
delivered from an osmotic pump into the cochlea, protected against the ototoxic
side effects of a course of a systemically administered aminoglycoside and
from the damaging effects of exposure to a traumatizing level of noise (Wang
et al. 2003) (see Figs. 6.4 and 6.5, respectively). A recent development with
the ability of D-JNKI-1 inhibitor to prevent sound induced hearing loss is that
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this inhibitor has now been demonstrated to be effective when delivered via the
round window membrane either as a liquid for 30 minutes or as a bioreleased
compound delivered in a hyaluronan gel (Wang et al. 2007). This is an important
advance because this mode of drug delivery can and has been used clinically

Figure 6.4. Local delivery of D-JNKI-1 into the cochlea strongly protected against
neomycin-induced hearing and hair cell losses. (A, B) A comparison of hearing threshold
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to deliver steroid therapy and therefore the therapeutic efficacy of D-JNKI-1
peptide for the treatment of inner ear disorders that involve the mitochondrial
cell death pathway and a stress-activated protein kinase (i.e., activated JNK)
can be performed. Similar to caspase inhibition, the maintenance of auditory
function when the stress-activated cell death pathway was inhibited indicates that
the initial stresses caused by the damaging agents may not of themselves affect
hair cell function permanently. This is also true in an animal model of cochlear
implantation trauma where there is both an immediate and a progressive loss of
hearing threshold after exposure of the guinea pig to electrode insertion trauma

�
Figure 6.4. shifts measured with the compound action potential (CAP) of contralateral
unperfused left cochleae (A) to those of the D-JNKI-1 perfused right cochleae (B) from
the same neomycin-treated animals (n = 7). Hearing loss was calculated as the difference
in decibels between auditory thresholds before neomycin treatment and after 1 day (black
circles), 3 days (white circles), and 6 days (white triangles). Changes in hearing thresholds
are expressed as mean values ± SEM. Note that the neomycin treatment (3 mg/kg day
during 5 days) induced dose-dependent cumulative hearing lossaes in the contralateral
unperfused cochleae (A) but there were no significant hearing losses in the neomycin-
exposed, D-JNKI-1–perfused inner ears (B). (C, D) Protective effect of a 10 �M solution
of D-JNKI-1 in AP against neomycin ototoxicity on amplitude-intensity function of the
CAP evoked by stimulation with 8-kHz tone bursts. Shown are the results obtained before
neomycin treatment (white circles) and at 6 days after neomycin (black circles). In the
contralateral, unperfused cochleae, neomycin treatment caused a reduction in the CAP
amplitudes, predominantly in the lower portion of the amplitude-intensity function (C).
In contrast, there was no reduction in the CAP amplitude seen in the cochleae perfused
with a 10 �M solution of D-JNKI-1 (D). (A–D) All points represent mean ± SEM values
calculated from seven animals. (E, F) Scanning electron micrographs of the same area of
the basal turns of cochleae from the same neomycin-exposed animal. Note the extensive
loss of OHCs from the organ of Corti of the basal turn of the contralateral unperfused,
neomycin-exposed left cochlea. Only four OHCs remain in the area viewed in e as apposed
to the 29 OHCs present in the image presented in (F), in which perfusion of a 10 �M
solution of D-JNKI-1 prevented loss of OHCs, O, Area of all three rows of OHCs; I, single
row of IHCs. Scale bar = 15 �m. (G, H) Cytocochleograms obtained from contralateral
unperfused left cochleae (G; n = 3) and D-JNKI-1–perfused right cochleae (H; n = 3)
of the same neomycin-treated animals 10 days after the start of neomycin injections.
Cytocochleograms show the percentage of surviving IHCs (white circles) and OHCs from
the first (black circles), second (dark gray circles), and third (light gray circles) rows
as a function of the distance from the cochlear apex (millimeters). Note the extensive
loss of OHCs in the basal turns of the contralateral unperfused cochleae. An average of
only 58.2% of the OHCs remained intact in the damaged area of the basal turns of the
contralateral unperfused cochleae (G). In contrast, the D-JNKI-1–perfused cochleae show
only minimal losses of OHCs (i.e., 4%), which occur predominantly in the basal turns (H).
(Reprinted from Wang,Van De Water, Bonny, de Ribaupierre, Puel and Zine. A peptide
inhibitor of c-Jun N-terminal kinase protects against both aminoglycoside and acoustic
trauma-induced auditory hair cell death and hearing loss. J Neurosci 23:8596-8607, 2003,
with permission.)
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Figure 6.5. Perfusion of D-JNKI-1 into the scala tympani protected against acoustic
trauma-induced hair cell loss and development of a permanent hearing loss. (A, B)
Hearing thresholds (mean values ± SEM) from contralateral noise exposed, unperfused
left cochleae (A; n = 7) and the noise exposed right cochleae perfused with a 10 �M
solution of D-JNKI-1 (B; n = 7) from the same animals. Hearing loss was calculated as
the difference in decibels between auditory thresholds before acoustic trauma, 20 minutes
(filled circles) and 30 days (empty circles) after noise exposure. Note that the maximum
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(Eshraghi et al. 2006b). There is apoptosis of auditory hair cells at sites within
the cochlea that are distal to the site of immediate trauma but if the animal is
treated via D-JNKI-1 peptide perfusion of the scala tympani immediately after
the insertional trauma and for the following 7 days then there is a significant level
of protection against electrode insertion-induced hearing loss for up to 2 months
after the initial trauma (Eshraghi et al. 2006b).

Significant in terms of therapeutic strategies is the finding that systemic
delivery of CEP 1347 via subcutaneous injections, although not providing
complete preservation, can afford some protection from hair cell death and
auditory threshold shifts (Pirvola et al. 2000; Ylikoski et al. 2002). Guinea pigs

�
Figure 6.5. hearing loss of 40–60 dB when measured 20 minutes after acoustic trauma
and the spontaneous, but incomplete recovery of thresholds in the contralateral, unperfused
cochleae (A). Protection against a permanent hearing loss was clearly observed for the
10 �M D-JNKI-1–treated cochleae, with an initial hearing loss that was similar to the
contralateral unperfused cochleae at 20 minutes but with a near complete recovery of
hearing function by 30 days postexposure (B). (C, D) Protective effect of 10 �M D-JNKI-1
against acoustic trauma on amplitude-intensity function of the CAP evoked by stimulation
with 8-kHz tone bursts. Shown are the results obtained before (white circles) and 6 days
after exposure to the acoustic trauma paradigm (black circles). Acoustic trauma induced
a drastic decrease in the CAP amplitude for all intensity levels of sound stimulation
(8 kHz) in the contralateral noise-exposed unperfused left cochleae by day 6 (C). Note
a near complete recovery of the amplitude-intensity function by 6 days after exposure
in cochleae perfused with 10 mM D-JNKI-1 (D). In (C) and (D) all points represent
mean ± SEM values calculated from six animals. (E, F) Scanning electron micrographs
of the area of acoustic trauma damage in cochleae from the same noise-exposed animal.
In the damaged area of the contralateral unperfused cochleae, the most severe damage
was observed in the row of IHCs (I) and the first row of OHCs (O) with a gradation
of damage in the second and the third rows of OHCs (E). Note that direct delivery of
10 �M of D-JNKI-1 into the scala tympani of the cochlea effectively prevented acoustic
trauma induced hair cell loss (F). Scale bar in F = 15 �m for (E, F). (G, H) Quantitative
analysis of hair cell damage consisted of counting all hair cells along the entire length of
the cochlear ducts. Cochleograms represent the mean survival of hair cells as the function
of the distance from the apex (in mm) in contralateral unperfused cochleae (G; n = 3)
and in the 10 �M D-JNKI-1–perfused cochleae (H; n = 3) of the same animals. Noise
exposure caused a narrow band of hair cell trauma in the cochlea located 14–16 mm
from the apex of the cochlea. Ninety one percent of the IHCs (thick black line) and
43% of the OHCs were lost from this area by 30 days after the initial acoustic trauma
in the unprotected cochleae. Note the typical gradient of loss from the first row (thin
black line) to the third row (thin gray line) of OHCs. In contrast, only 6% OHCs and
11.9% IHCs were lost as a consequence of acoustic trauma if cochleae that were treated
with local application of a 10 �M solution of D-JNKI1. (Modified from Wang,Van De
Water, Bonny, de Ribaupierre, Puel and Zine. A peptide inhibitor of c-Jun N-terminal
kinase protects against both aminoglycoside and acoustic trauma-induced auditory hair
cell death and hearing loss, J Neurosci, 23:8596-8607, 2003 with permission from Soc
for Neurosci.)
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injected systemically with 1 mg/kg of CEP 1347 daily for 2 days before exposure
to damaging noise and daily for 2 weeks thereafter showed significantly less hair
cell loss and reduced threshold shifts at 2 weeks postexposure than untreated
noise-exposed animals (Pirvola et al. 2000). Animals that were chronically treated
with gentamicin by daily subcutaneous injections for 2 weeks and with daily
injections of CEP 1347 beginning 1 day before and continuing concurrently
with and for 2 weeks after gentamicin treatment all showed enhanced auditory
and vestibular hair cell survival and protection of hearing in comparison with
animals that received only gentamicin (Ylikoski et al. 2002). However, systemic
CEP 1347 treatment prevented only about 30% of the auditory hair cell loss that
occurred with gentamicin only. Further, while the permanent threshold shifts at 4
and 8 kHz were reduced by about 50% there was still quite a significant elevation
of thresholds, and at 32 kHz, the CEP 1347 treatment did not provide any
protection against the gentamicin-induced functional impairment. These obser-
vations should be compared with effects in aminoglycoside-challenged organ of
Corti explants where CEP 1347 effectively prevented all hair cell loss in vitro.
This discrepancy between in vitro and in vivo protective action of this molecule
could result from a relatively poor uptake of the CEP 1347 inhibitor into the
cochlear fluids from the bloodstream after systemic injection although the degree
of hair cell survival in vestibular organs appeared to be greater than that in the
cochlea, suggesting this inhibitor gained reasonable access to the inner ear. Alter-
natively, there may be major differences in the effects of CEP 1347 (and caspase
inhibition) on the acute hair cell loss occurring in aminoglycoside-challenged
immature organ of Corti explants from those occurring during progressive hair
cell loss after chronic, systemic treatment of mature animals which is a more
clinically relevant condition. In mature animals, there may be multiple forms of
hair cell death induced by prolonged exposure to an aminoglycoside with only a
proportion of these programmed cell deaths involving MAPK/JNK activation of
caspase-mediated apoptosis (Jiang et al. 2006). Multiple forms of hair cell death
have also been described during the progression of hair cell loss after exposure
to damaging noise which includes both apoptosis and necrosis of affected hair
cells within the same lesion site (see Fig. 6.6; Yang et al. 2004). There may also
be differences in the patterns of cell death activated by the different aminogly-
coside antibiotics because D-JNKI-1 treatment of neomycin-exposed guinea pigs
afforded near complete protection of both hair cells and hearing from ototoxicity
(Wang et al. 2003; Eshraghi et al. 2006c). Consequently, targeting particular
components of stress activated pathways and/or the downstream caspase cascades
may in some cases only partially prevent hair cell death and protect hearing
against a stress-induced loss.

5.2 Inhibition of Free Radical Action

As discussed previously (see Section 2.3), a major stress-induced factor activating
the cell death programs within injured hair cells appears to be the generation of
an excess of free radicals. Procedures and agents that scavenge reactive oxygen
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Figure 6.6. (A) Comparison of the average numbers of apoptotic, necrotic, and missing
OHCs across the three time points after exposure to a 104-dB noise. The number of
apoptotic cells is significantly greater than the number of necrotic cells at 1 day after the
noise exposure. The number of missing OHCs gradually increases and the numbers of
necrotic and apoptotic OHCs decrease with time after the noise exposure. (B) Comparison
of the sum of the numbers of apoptotic, necrotic, and missing OHCs across the three time
points after the noise exposure. Notice that from day 1 to day 30 after the noise exposure,
there is no significant increase in the total number of damaged OHCs. (Reprinted from
Yang, Henderson, Hu and Nicotera. Quantitative analysis of apoptotic and necrotic outer
hair cells after exposure to different levels of continuous noise. Hear Res 196:69–76,
Copyright 2004, with permission from Elsevier.)

species (ROS) or reactive nitrogen species (RNS) or enhance the production
of natural free radical scavenger systems within a cell have been shown to
enhance hair cell survival after exposure to noise or ototoxins (Campbell
et al. 1996; Henderson et al. 1999; Reser et al. 1999; Sha and Schacht 1999;
Kopke et al. 2000). Many molecules with such antioxidant activity, as well as
being essentially nontoxic, are relatively small and able to gain access to the
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inner ear fluids readily either from the bloodstream or by crossing the round
window membrane, thereby avoiding complications that can result from systemic
administration (Li et al. 2001). These antioxidant agents have shown thera-
peutic potential for “otoprotection” in vivo (Lynch and Kil 2005; Rybak and
Whitworth 2005). Table 6.1 provides a list of many of these inner ear protective
molecules tested to date presented together with an indication of their chemical
nature and their range of activities along with the stressor agents against which
each has proved to be effective.

The information in Table 6.1 shows that different antioxidant molecules
have particular free radical activities. Salicylate for example is predominantly
a scavenger of ROS and hydroxyl radicals (OH�) whereas �-tocopherol and its
water-soluble derivative, trolox, interact mainly with RNS. Moreover, several
molecules that interact with free radicals also have activities that enhance
protection from free radical damage-activated cell death programs. Salicylate not
only interacts with ROS, but it also promotes activation of nuclear factor kappa
B (NF�B) (Jiang et al. 2006) leading to upregulation of genes whose products
are involved in antiapoptotic pathways thereby providing protection from stress.
l-N -acetylcysteine (l-NAC) is a source of sulfhydryl groups that have reducing
activity and also interacts with ROS, hydroxyl groups, and peroxides (e.g., H2O2)
but in addition is also a precursor of glutathione, the natural free radical scavenger
present in most cells and therefore can enhance a cell’s glutathione levels. In
addition, l-NAC may directly inhibit activation of the JNK cell death signal
pathway (Zafarullah et al. 2003). A variety of free radicals may be produced
from particular stress conditions and different stresses may lead to the production
of different types of free radical types, e.g., ROS and RNS. The variety of
activities that individual protective molecules may have and the diversity of
mechanisms that can activate and regulate cell death and cell survival pathways
means that particular antioxidants may be effective against a specific damaging
agents whereas for other stress-causing conditions significant survival of hair
cells may only be achieved with a combination of antioxidants that possess
differing specificities of action (see Table 6.1).

To appreciate the significance of this point consider that salicylate on its
own can protect against both aminoglycoside and cis-platinum ototoxicity when
coadministered with either of these ototoxins (Sha and Schacht 1999; Li G
et al. 2002) but is effective against noise-induced hearing loss only when used
in combination with another antioxidant, e.g., l-NAC. Treatment of animals
with salicylate and l-NAC, administered together systemically 1 hour before
noise exposure and then twice daily afterwards, reduced the degree of ABR
threshold shifts that occurred immediately after exposure (temporary threshold
shifts [TTS]) as well as permanent threshold shifts (PTS) and hair cell loss
(Kopke et al. 2000). However, if the first antioxidant treatment was delayed for
only 1 hour after noise exposure then there was little reduction in the extent of
hair cell loss in these noise-exposed animals. It has been found that after noise
exposure an initial production of ROS is followed by the generation of RNS
and the continuation of damage for several days after noise exposure may be
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Table 6.1. Agents that act to enhance detoxification of free radicals, their actions and the damaging agents against which they have been successfully
tested.

Relevant Free radicals
Protective agent chemistry scavenged Other activities Stresses effective againsta

Salicylateb

(2-hydroxybenzoate)
Hydroxyl radical (•OH) NF�B activation (antiapoptosis regulation) Aminoglycoside, cis-platinum noise

(in combination)
l-NAC (N -l-acetyl

cysteine)
Thiol •OH, H2O2 Cysteine donor; enhances glutathione Noise

Ebselen (2-phenyl-1,2-
benzisoselenazol-
3[2H]-one)

Selenium
derivative

Peroxynitrite (ONOO−)
Organic hydroperoxides
Nitric oxide (NO)

Glutathione peroxidase (GPx) mimetic and
inducer of GPx; catalyzes reduction of H2O2

(and other peroxides) by glutathione

Noise, aminoglycoside, cis-platinum

d,l-Methionine Thiol Precursor for glutathione Cis-platinum, noise
Trolox ONOO− Prevents nitrosylation of proteins and DNA Noise (in combination), cis-platinum
�-Tocopherol ONOO− Inhibits lipid peroxidation Noise, cis-platinum, aminoglycoside
Thiosulfate Thiol Precursor for glutathione Cis-platinum
Glutathione monoethyl

ester
Maintains glutathione levels by intracellular

conversion to active glutathione
Noise, cis-platinum,

4-hydroxy-2,3-nonenal
ALCAR

(acetyl-n-carnitine)
Protects mitochondria; ROS production

reduced
Noise (in combination)

R-PIA (R−N 6-
phenylisopropyl
adenosine)

Increases levels of antioxidant enzymes and
glutathione

Noise

Ginkgo biloba extract Antioxidant ? Aminoglycoside
Danshen Antioxidant ? Aminoglycoside
M40403 Superoxide dismutase mimetic

O2
−• → H2O2 +O2

Aminoglycoside but not cis-platinum
(in vitro only)

Except for M40403, all tests performed in vivo and show a greater or lesser degree of protection against hair cell loss, and preservation of auditory thresholds. (Compiled from Lynch and
Kil 2005; Rybak and Whitworth 2005, and articles cited in text.)
aThe degree of effectiveness, i.e., extent of hair cell protection, varies. Assessments of effectiveness included in Rybak and Whitworth (2005).
bOn interaction with •OH, salicylate (2-hydroxybenzoate) is coverted to 2,3- or 2,5-dihyroxybenzoate, which chelates iron, thereby suppressing continuing •OH production amplified by Fe2+,
as well as acting directly as a free radical scavenger. Dihydoxybenzoate has been shown to be effective in vivo in preventing aminoglycoside-induced hair cell loss and hearing impairment
(Song et al. 1997).
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because of this delayed secondary generation of RNS (Henderson et al. 1999;
Yamashita et al. 2004). Salicylate does not interact with RNS but used in
combination with trolox, a known scavenger of RNS, signifcant attenuation of
noise-induced threshold shifts and hair cell loss could be achieved even with
a delay in administration of the combination of up to 3 days after the noise
exposure (Yamashita et al. 2005).

It should also be noted that a number of the antioxidants shown in Table 6.1,
in particular l-NAC, d-methionine, and ebselen (2-phenyl-1,2-benzisoselenazol-
3[2H]-one), are involved in enhancing the intracellular level or metabolism
of glutathione. Glutathione (GSH, sometimes incorrectly called “reduced
glutathione”) is a tripepetide (�-l-glutamyl-l-cysteinyl-glycine) containing
cysteine that is the principal natural free radical scavenger in most cells of the body.
Oxidation of the sulfydryl group by ROS, in particular peroxides through the action
of glutathione peroxidase (GPX), generates glutathione disulfide (GSSG, “oxidized
glutathione”) through the formation of sulfur–sulfur bonds between the cysteines
of two GSH molecules. This acts to “scavenge” the free radicals. Both l-NAC and
d-methionine contain active thiol groups and can act as precursors of glutathione
through being a cysteine donor. Ebselen is a mimetic for glutathione peroxidase
(GPx) and also acts to induce the production of GPx when acting to protect against
noise-induced hearing loss (Kil et al. 2007). Ebselen when used in combination
with allopurinol has also been shown both to protect against cis-platinum–induced
hearing loss and to enhance the antitumor action of this chemotherapeutic agent
in models of breast and ovarian cancer (Lynch et al. 2005). Glutathione itself
enhances hair cell survival in vitro (Sha et al. 2001a; Feghali et al. 2001; Ruiz
et al. 2006) and increasing the cellular levels of glutathione in vivo with esterified
analogs provides protection against noise-induced hearing loss (Hight et al. 2003).
As glutathione is synthesized naturally from its constituent amino acids, the mainte-
nance of glutathione levels is dependent n an oorganism’s proper protein nutrition.
Animals maintained on a low-protein diet have greater susceptibility to aminogly-
coside and cis-platinum–induced hearing impairment and hair cell loss but dietary
supplementation with glutathione will reduce the extent of the ototoxic damage
(Garetz et al. 1994; Lautermann et al. 1995a, b). This emphasizes the need for proper
nutrition in maintaining auditory health and resistance to stress-induced hearing
loss and that a poor diet may be a contributing factor to susceptibility to acquired
hearing loss.

5.3 Sound Conditioning (Toughening)

The degree of hair cell loss and permanent threshold shifts (PTS) that normally
develop after exposure to a loud, traumatizing noise has been found to be signif-
icantly reduced in cochleae that have been exposed previously to a moderate
level of nondamaging sound. This phenomenon is known as sound conditioning
(Canlon 1996, 1997). This was initially observed in guinea pigs that had been
exposed first to a 1-kHz tone at 81 decibels (dB) sound pressure level (SPL)
continuously for 24 days, a condition that did not cause damage to the cochlea,
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then subsequently to the same tone at 105 dB SPL for 72 hours. This latter noise
condition produced a significant PTS measured at 8 weeks after exposure in
animals not previously exposed to the low-level noise, but in the “sound condi-
tioned” animals there was essentially no PTS (Canlon et al. 1988). Protection
from the damage normally caused by loud noise, usually in the order of a
30- to 40-dB reduction in thresholds, has subsequently been obtained with a
variety of different nondamaging preexposure sound conditions varying from
81 dB to 95 dB SPL for exposure periods of several days to 15 minutes
(Canlon 1997; McFadden et al. 1997; Kujawa and Liberman 1999; Yoshida and
Liberman 2000) and has been observed in several different species including
guinea pigs, chinchillas, gerbils, rabbits, and mice (Yoshida and Liberman 2000).
The effects have been found to last for up to at least 60 days after the end of
the conditioning period before exposure to the traumatizing noise (McFadden
et al. 1997). Such protection is not dependent on middle ear muscle reflexes
because paralyzing the muscles does not prevent it (Dagli and Canlon 1995), nor
is it dependent on the cochlea’s efferent neural innervation acting on the outer
hair cells (Yamasoba and Dolan 1998; Kujawa and Liberman 1999). Significant
protection occurs where the efferent effects on OHCs are minimal (Kujawa and
Liberman 1999) and when efferent activity has been inhibited with strychnine
(Yamasoba and Dolan 1998). Further, the sound conditioning appears to be
operating locally at the level of the cochlea; in animals unilaterally deafened by
an ear plug during the conditioning period only the unblocked ear was protected
when both ears were subsequently exposed to a traumatizing level of noise,
suggesting that systemic effects during conditioning do not play a major role in
this phenomenon (Yamasoba et al. 1999).

While the actual basis of the protective effect underlying sound conditioning
is not yet clear, it is likely that it results from the local enhancement of stress-
activated protective mechanisms such as NF�B and glucocorticoid receptors
(Tahera et al. 2006; Canlon et al. 2007 ; Tahera et al. 2007). Reduction in
PTS from a traumatizing noise exposure can also be achieved by prior appli-
cation of other physical stresses. Imposing a mild physical restraint on an
animal creates a stress condition and when applied up to 2 hours before the
period of noise exposure it reduces the PTS in comparison to animals that are
not physically prestressed prior to noise exposure (Wang and Liberman 2002).
Restraint stress induces a rise in an animal’s level of circulating glucocor-
ticoid (Wang and Liberman 2002). Increases in glucocorticoid levels have also
been observed in animals after exposure to noise of a moderate intensity level
(Rarey et al. 1995). The binding of glucocorticoids to their cognate receptors
regulates expression of genes that are involved in inflammatory responses, and
cell survival pathways including those that enhance free radical scavenging
(Wang and Liberman 2002) and glucocorticoid receptors have been localized
in the cochlea (Rarey et al. 1995; Rarey et al. 1995; Terunuma et al. 2003).
Thus, systemic stress may lead to tissue specific responses in the inner ear that
provide protection from the effects of noise-induced free radical generation. Daily
intraperitoneal injections of methyl prednisolone (a potent glucocorticoid) after
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moderate sound exposure can significantly reduce the noise-induced threshold
shifts in comparison with untreated animals (Takahashi et al. 1996).

Corticosteroids have also been shown to afford some protection against hearing
loss following local application via middle ear injection and absorption through
the round window membrane (Kopke et al. 2001a; Plontke et al. 2005). This
supports the concept of a local corticosteroid-mediated protective effect against
noise exposure in the cochlea and suggests that there is therapeutic potential in
the activation of this pathway (Tahera et al. 2006). Direct infusion of dexam-
ethasone into the cochlea of a guinea pig has also been shown to partially
protect hearing against loss induced by aminoglycoside ototoxicity (Himeno
et al. 2002; Takemura et al. 2004). Corticosteroid treatment may also be effective
in enhancing hair cell survival after implantation of a cochlear prosthesis. An
animal study using a guinea pig model of electrode insertion trauma-induced
hearing loss (Eshraghi et al. 2007b) has shown that local treatment of the
cochlea with high-dose dexamethasone immediately after electrode insertion
and continued for 1 week results in a significantly conservation of hearing
against trauma-induced hearing loss and that this protection of hearing is stable
at 1 month posttrauma (Eshraghi et al. 2007a). In human cochlear implant
patients, the corticosteroid triamcinolone acetonide was applied in conjunction
with electrode array insertion and resulted in improved impedances from the
cochlear implant electrode arrays (De Ceulaer et al. 2003). This same steroid
preparation has been used in conjunction with a soft surgery approach when
inserting the electrode array for the conservation of a patient’s low-frequency
hearing (Kiefer et al. 2004). Direct evidence that a corticosteroid may be otopro-
tective has also come from the result of an in vitro study. Triamcinolone acetonide
protected the hair cells of neonatal rat cochlear explants from the ototoxic effect
of 4-hydroxy-2,3-nonenal (HNE), which is an ototoxic by-product of peroxi-
dation of cell membrane lipids by free radicals (Guzman et al. 2006). The benefit
of using a corticosteroid as a protective molecule in the inner ear is that it has
already been demonstrated to be an effective treatment against sudden hearing
loss (Parnes et al. 1999; Kopke et al. 2001a; Plontke et al. 2005) and this class
of drugs have both anti-inflammatory (De Ceulaer et al. 2003) and otoprotective
qualities (Guzman et al. 2006).

5.4 Hyperthermia and Hypothermia

A second physical stress that can provide protection is moderate but extended
exposure to hyperthermia. Warming animals to about 41�C for 6–24 hours
before exposure to a traumatizing level of noise (Yoshida et al. 1999; Altschuler
et al. 2002) reduces the level of the PTS that develops post-noise exposure.
The cochlea expresses certain heat shock proteins (HSPs), which are proteins
that assist in survival of cells when they are stressed. They act as molecular
chaperones protecting damaged proteins from destruction and assisting in their
repair (Jakob and Buchner 1994; Winter and Jakob 2004). Heat shock proteins
may also exhibit free radical scavenging and antiapoptotic activities. The HSPs
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expressed in the cochlea include HSP 27, 32, and 70 (Lim et al. 1993; Yoshida
et al. 1999; Altschuler et al. 2002; Leonova et al. 2002; Fairfield et al. 2004).
The expression levels of HSP 70 (Yoshida et al. 1999) and HSP 32 (Fairfield
et al. 2004) are upregulated in the cochlea after an animal has been subjected to
hyperthermia and are subsequently downregulated over a time course that mirrors
the period during which heat stress “preconditioning” confers protection against
noise trauma. “Heat shock” conditioning also leads to upregulation of heat shock
factor-1 (HSF-1), which is a stress-activated transcription factor that regulates
the expression of HSP genes (Fairfield et al. 2004). HSP 70 is upregulated in
the cochlea after exposure to damaging sound (Lim et al. 1993) and transgenic
mice in which HSF-1 has been ablated suffer a much greater PTS and hair
cell loss after a noise exposure than their wild-type littermates. This suggests
a role for HSPs in the protection of the cochlea from noise-induced injury.
Upregulation of HSPs may be another factor underlying the protective effect
of sound conditioning (Fairfield et al. 2005). As some HSPs, including HSP32,
act as free radical scavengers (Winter and Jakob 2004), sound conditioning may
enhance the levels of free radical scavengers available in the cochlea at the time
of the traumatizing noise exposure, thereby conferring protection against this
noise exposure. The antiapoptotic activity of HSPs is also likely to be significant
in this context. These effects may also have wider significance. HSP 70 has been
shown to be upregulated following cis-platinum–induced injury to the cochlea
(Oh et al. 2000) and exposure of explants of vestibular sensory tissues to the
agent geranylgeranylacetone, which induces HSP 70 expression, can protect
against gentamicin-induced hair cell loss (Takumida and Anniko 2005). Thus,
manipulating intracellular levels of HSPs in the inner ear may potentially be a
future therapeutic strategy for preventing or ameliorating the extent of acquired
hearing loss.

Hypothermia may also be effective in protecting hair cells from damage.
Moderate hypothermia has been used clinically to lessen the effects of traumatic
brain injury (Marion et al. 1997) and the neurological damage that can occur as
a result of cardiac arrest (Bernard et al. 2002). Systemic hypothermia has been
demonstrated to cause a temperature-dependent loss of the cochlea’s sensitivity
to auditory stimuli (Drescher 1974) and to reduce noise-induced elevation of the
cochlear microphonic response (Drescher 1976). In human patients that were
undergoing cooling during cardiovascular-bypass surgery, the depth of a patient’s
hypothermia was observed to correlate with a reduction in a patient’s transient
evoked otoacoustic emissions (TEOAEs), suggesting that the motile activity of
the outer hair cells is temperature sensitive in humans (Veuillet et al. 1997). This
effect of hypothermia on TEOAEs in patients may be explained by the laboratory
finding that hypothermia decreases glutamate efflux in the perilymph of guinea
pigs after a transient ischemia of the cochlea (Hyodo et al. 2001). Moderate
hypothermia (i.e., 320C) has been reported to prevent hearing loss and the
progression of hair cell loss in gerbils that occurs after an ischemia–reperfusion
injury (Watanabe et al. 2001). In addition, induction of systemic hypothermia in
mice has been demonstrated to be protective against noise-induced hearing loss
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Table 6.2. Hypothermia protection against hearing loss
induced by electrode insertion trauma; total changes in
auditory brainstem response (ABR) thresholds and distortion
product ototacoustic emission (DPOAE) amplitudes.

37�C 34�C p Value

ABR threshold 15�9a 4.2 <0�0001
DPOAE amplitude 5.3 1.0 <0�001

a Mean, dB.
Modified from Laryngoscope 115:1543–1547, 2005, with permission.

(Henry and Chole 1984; Henry 2003). In contrast, induction of hyperthermia
during sound exposure, rather than before sound exposure, may exacerbate the
amount of hearing loss induced by a defined noise exposure (Henry 2003).
Systemic mild hypothermia of the laboratory rat (i.e., 340C) can also protect
against the hearing loss induced by the trauma of electrode insertion (Balkany
et al. 2005; see Table 6.2). Taken together these results strongly suggest that
mild hypothermia may have clinical application in the prevention of hearing loss
initiated by the vibration trauma of a surgical drill and by the physical trauma that
is created during the insertion of an electrode array into the cochlea of a cochlear
implant patient with residual hearing (Balkany et al. 2005; Eshraghi 2006;
Eshraghi and Van De Water 2006).

6. Sensory Neurons of the Inner Ear

The neurons of the inner ear’s VIIIth nerve complex are derived from the
otic placode, from which all of the hair cells of the inner ear also arise. The
support cells and ensheathing cells of the neuronal complex are all derived from
contributions by the migrating cephalic neural crest cells of the head region
(D’Amico-Martel and Noden 1983).

6.1 Genes Involved in Neuronal Survival and Homeostasis

The control of the neural fate of cells within these otic anlagen before the outward
migration of neuroblasts that form the Scarpas’ (vestibular) and spiral (auditory)
ganglia of the VIIIth nerve is determined by the activity of Tbx1 in suppressing
the proneural gene neurogenin-1 (ngn1). Tbx1−/− losses of function (knockout
[KO]) mutant mice have rudimentary sensory receptors and a partial duplication
of the VIIIth nerve ganglion complex (Raft et al. 2004). Normal expression of
the Tbx1 gene is critical to both normal ear development (i.e., specification of
sensory cell fate) and specification of neural cell fate for the formation of the
inner ear ganglia during the placode stage of mammalian inner ear development
(Raft et al. 2004). The proneural gene ngn1 is essential for the development of
all of the inner ear sensory neurons as shown by the analysis of the inner ears
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of ngn1−/− gene KO mice (Ma et al. 1998). The inner ears from these animals
had neither a Scarpa’s ganglion (no vestibular neurons) nor a spiral ganglion
(no auditory neurons) and yet they possessed morphologically normal hair cells
in the appropriate locations within the patches of inner ear sensory receptor
epithelia that are completely devoid of innervation (Ma et al. 2000). NeuroD,
another proneural gene, is a basic helix–loop–helix transcription factor that acts
downstream of ngn1, is also important in the early survival of all of the inner
ear sensory afferent neurons. NeuroD null (“knockout” [KO]) mutants do not
have auditory evoked potentials and histological examination of their inner ears
shows that their sensory ganglia have died during development. These devel-
oping neurons never express either TrkB or TrkC, which are the high-affinity
neurotrophin receptors for BDNF and NT-3, respectively (Kim et al. 2001). The
importance of TrkB and TrkC and their respective BDNF and NT-3 neurotrophin
ligands in the inner ear was suggested by in situ hybridization that localized
these receptors and their respective neurotrophin ligands in developing and
adult inner ears of mammals (Pirvola et al. 1992, 1994; Ylikoski et al. 1993).
Analysis of the inner ears of bdnf −/− and of nt3−/− null mutant mice and of the
bdnf −/− +nt3−/− double null mutant mouse (Ernfors et al. 1995) indicated that
a lack of neurotrophin gene expression within the inner ear has adverse effects
on the survival of both the auditory and vestibular ganglion neurons. The results
obtained from these mutants demonstrate that NT-3 and BDNF are in general
responsible for the support of, respectively, the auditory and vestibular ganglion
neurons with the inner ears of the double mutant devoid of inner ear afferent
sensory neurons. However, this relationship of inner ear neuronal cell type to
neurotrophic factor is not as simple as originally described (Ernfors et al. 1995).
A much more complex set of relationships has been defined through the analyses
of the inner ears of a series of gene knockout and gene knockout/knockin mice
(for comprehensive reviews see Pirvola and Ylikoski 2003; Fritzsch et al. 2004).
The effects of hair cells on neuron survival have been studied in mice that lack
expression of the atoh1 gene and that never develop differentiated hair cells
(Bermingham et al. 2001). Despite the absence of hair cells, afferent nerve fibers
grow into the areas where the hair cells would have differentiated. Moreover,
if there is local production of BDNF by support cells in these areas that are
devoid of hair cells then some of the neuronal processes survive and are retained
(Fritzsch et al. 2005). It appears therefore that the presence of hair cells is not
required for the initial stages of afferent innervation of the inner ear to take place
(Fritzsch et al. 2005). In mice deficient in the brn3c gene (brn3c−/−), where hair
cells initially differentiate but are then lost soon after birth, an almost normal
pattern of innervation is generated, and even long after the loss of their sensory
hair cells some innervation of both the auditory receptor (apical area) and the
vestibular epithelium persists (Xiang et al. 2003). This observation suggests that
there are several different factors necessary for neuronal homeostasis, in addition
to neurotrophins, that are involved in the initial pattern of neuritic in-growth, in
retention of nerve fibers and in support of the peripheral innervation of inner ear
sensory epithelium (Fritzsch et al. 2003).
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6.2 Protection and Rescue Therapies for the Support
and Homeostasis of Inner Ear Sensory Neurons

In an animal model of complete hair cell loss (i.e., treatment with an amino-
glycoside antibiotic immediately followed by intravenous administration of a
loop diuretic) the perfusion of either BDNF or NT-3 into the scala tympani
sustained the overall survival of the spiral ganglion neurons by replacing the
trophic support that had been supplied by an intact peripheral sensory epithelium
(Staecker et al. 1996). Similarly, after chronic aminoglycoside treatment that
induced hair cell loss the delivery of NT-3 into the perilymph of the scala tympani
also maintained auditory neurons that had lost their peripheral target supply
of neurotrophins (Ernfors et al. 1996). In addition, the treatment of deafened
guinea pigs with local neurotrophin therapy perfused into the scala tympani
after loss of all of the auditory hair cells has been shown to improve electrical
stimulus evoked auditory brainstem responses (eABR responses) (Shinohara
et al. 2002). However, as a cautionary note, the cessation of locally delivered
neurotrophin therapy in deafened animals has been demonstrated to result in an
accelerated loss of spiral ganglion neurons that are without a peripheral target
tissue to supply trophic support (Gillespie et al. 2003). However, in a clinical
setting neurotrophin therapy is likely to be used in conjunction with a cochlear
implant. It is therefore important to determine the combined effect of electrical
stimulation of auditory neurons with neurotrophin replacement therapy and
whether electrical stimulation could sustain neuronal survival after the cessation
of neurotrophin therapy. Addressing these questions via both in vitro (Hegarty
et al. 1997) and in vivo approaches (Kanzaki et al. 2002; Shepherd et al. 2005) has
suggested that electrical stimulation in combination with neurotrophin therapy
enhances neuronal survival above that obtained with either depolarization alone
or neurotrophin alone. However, a further consideration for clinical application
of neurotrophins is that specific neurotrophic factors (e.g., NT-3 and BDNF) can
have quite different effects on the firing patterns of spiral ganglion neurons in
a base to apex pattern. This then poses the problem of how to mimic to some
degree the gradients of NT-3 and BDNF present within the uninjured cochlea
if these trophic factors are to be used as an effective therapy to support both
neuronal survival and function within the spiral ganglion (Adamson et al. 2002;
Davis 2003; Zhou et al. 2005).

Viral vectors have also been used to deliver genes encoding neurotrophic
factors to cochleae in which hair cells have been lost after exposure to an ototoxin.
Both the herpes amplicon gene therapy vectors (i.e., HSVbdnf and HSVnt-3) and
an adenoviral gene therapy vector (i.e., Adgdnf ) proved to provide successful
maintenance of auditory neuron viability after total loss of the auditory hair
cells (Staecker et al. 1998; Yagi et al. 2000; Bowers et al. 2002). Neurotrophin
therapy can also be delivered into a damaged cochlea by encapsulation of NT-3
in biodegradable alginate beads via either direct injection of the beads into the
scala tympani or via placement of the beads on the round window membrane
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(Noushi et al. 2005). An important question to answer is whether delayed delivery
of neurotrophic factor therapy is of any use to prevent further degeneration
of spiral ganglion neurons once a pattern of trophic factor deprivation-induced
cell death has already begun in the auditory neurons of the spiral ganglion.
Studies addressing this question have demonstrated that delayed therapy with
neurotrophins can be effective in preventing the ongoing apoptosis of the auditory
neurons and in the prevention of any additional neuronal losses (Gillespie
et al. 2004; Yamagata et al. 2004). In addition, there is some evidence that
those auditory neurons rescued by the delayed neurotrophin therapy have an
enhanced responsiveness to electrical stimulation (i.e., lowered eABR thresholds;
Yamagata et al. 2004). A recent histological study that evaluated the survival of
human spiral ganglion neurons in temporal bone specimens has not established a
direct correlation between the number of surviving auditory neurons and (1) loss
of hair cells, (2) loss of supporting cells, and (3) duration of deafness (Teufert
et al. 2006) as has been well established in numerous animal studies (Staecker
et al. 1996; Shinohara et al. 2002).

In neomycin-deafened rats in vivo following the death of the hair cells there
is an upregulation of transcripts that encode for bdnf, TGF�1 and TGF�R1
(TGF�receptor-1 in the auditory nerve and a downregulation of trkB, which is
the high-affinity receptor for BDNF. The most dramatic up- and downregulation
occurs in the BDNF ligand high-affinity receptor system (Wissel et al. 2006).
Immunostaining also suggested an increased presence of both BDNF and
TGF�1/2 proteins in the auditory nerve (Wissel et al. 2006). TGF�1 has also
been found to be upregulated in auditory neurons after transection of the auditory
nerve. These results suggest that upregulation of TGF�1 gene expression and of
its receptor (TGF�R1) is an early autocrine signal in response to either injury
(Lefebvre et al. 1992) or loss of trophic support (Wissel et al. 2006). This concept
is consistent with the observation that TGF�1 does not in itself directly support
neuronal survival of adult rat auditory neurons in culture but does increase the
neuron’s responsiveness to the trophic action of other growth factors such as basic
fibroblast growth factor (bFGF; Lefebvre et al. 1991) and BDNF (Van De Water,
unpublished data). Neurotrophic factors alone and in combination with cytokines
(Staecker et al. 1995; Hartnick et al. 1996) are powerful inhibitors of programmed
cell death of auditory neurons that have been deprived of trophic support (Van
De Water et al. 1996; Gillespie and Shepherd 2005). However, there are other
factors such as substance P and activation of protein kinase C beta one (PKC�1)
signaling that can also act to prevent apoptosis of neurotrophin-deprived auditory
neurons in vitro. This type of approach may hold greater promise because of
their stability and the smaller size of these neurotrophic molecules (Lallemend
et al. 2003, 2005). This area of spiral ganglion therapy with small stimulatory
molecules (Scarpidis et al. 2003) is an important area of future therapy and needs
further exploration, as do other alternatives to neurotrophin therapy within in
vivo models of spiral ganglion cell death initiated by deprivation of hair cell
derived trophic factors.
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7. Summary and Conclusions

A factor common to the initiation of hair cell death caused by a variety of
conditions is the creation of oxidative stress within the injured sensory cell. Lethal
damage ensues when the level of ROS, RNS, and other free radicals that are
generated exceeds the capacity of natural cellular free radical scavenging systems
to neutralize them. Caspase-dependent, or caspase-independent programmed cell
death, or cell death via necrosis can then be triggered within the affected inner ear
sensory cell. The loss of neurons from inner ear ganglia is not as well defined as
the loss of hair cells, although it is now clear that apoptosis is a major contributing
factor in neuronal loss when auditory or vestibular ganglion neurons are deprived
of trophic factor support. At present, it is not known how well the animal studies
documenting neuronal degeneration in the inner ear ganglia following a loss
of hair cells translates to what occurs in humans after a similar loss of hair
cells. It is also apparent that mechanisms of hair cell death identified in vitro,
where immature tissues from neonatal animals are generally used to examine
cell death occurring acutely, may not always reflect those activated in vivo in
more mature animals in which hair cell loss may occur over a prolonged period
after the initial insult. This possible disparity between in vitro and in vivo results
does not negate the fact that in vitro studies are valuable for the identification
and evaluation of agents for their potential to protect hair cells from the lethal
effects of stress-induced injury. However, confirmation through experiments
performed with live laboratory animals is essential to validate agents for possible
clinical application. To date effective otoprotective therapies identified from in
vivo studies in animals involve (1) inhibiting caspases and, thus, apoptosis; or
(2) blocking a major cell death signaling pathway upstream of the apoptotic
cascade (e.g., D-JNKI-1 peptide binding of activated JNK molecules); or (3)
inhibiting the buildup of ROS or RNS within injured cells by administration of
“antioxidants,” e.g., salicylate and l-NAC. Because in some cases both ROS and
RNS are generated in response to an insult, often a combinatorial approach to
therapy (e.g., l-NAC+ salicylate) has proved to be more effective in preventing
auditory hair cell death than individual agents administered alone. The clinical
effectiveness of an antioxidant approach to maintaining auditory function under
conditions where hair cells are likely to be susceptible to damage has recently
been demonstrated. Salicylate, which protects laboratory animals against the
hearing losses induced both by aminoglycoside (Sha and Schacht 1999) and by
cis-platinum (Li G et al. 2002), has been tested in a clinical trial in China. It was
found that salicylate, when coadministered with gentamicin, afforded significant
protection against aminoglycoside-induced hearing loss in patients receiving this
antibiotic for common infections, without compromising the efficacy of the
antibiotic activity of gentamicin (Sha et al. 2006).

Future insights into the mechanisms of cell death and of the repair of
sublethally damaged hair cells, as well as of the long-term survival of hair cells
rescued by otoprotective agents are essential for the continued development
and improvement of therapeutic interventions that will aid restoration of normal
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function within a damaged but healing inner ear. For such therapies to be
effective, however, they must be present in the right place at the right time; that
is, the most appropriate protective agent must be available to injured hair cells
at the time when the cascade of events that leads to cell death is initiated in
individual, injured sensory cells. Currently it appears that effective protection can
be achieved when agents are administered before the initiation of a trauma, be it
an ototoxin challenge or noise exposure, but protection of hair cells posttrauma
has so far proved elusive. This may be because the cell death mechanisms
operating and/or the specific initiator of the cell death may change as hair cell
death progresses with time after the original damaging event. This could, for the
present, limit the use of therapies that prevent hair cell death to situations where
damage might be predicted—when drugs with potential ototoxic side effects are
to be used, or prior to exposure to known noisy environments—and to relatively
short time windows of opportunity postexposure when intervention is possible.
This emphasizes the importance of gaining further understanding of how and
why hair cell death in many situations continues for quite a prolonged period
after the initial damaging event(s) has passed in order to identify further targets
for posttrauma intervention. It would also seem likely that therapeutic dosing
may need to be continuous for some extended period. Certainly, if it is the case
that the major initiating factor in age-related hair cell loss is accumulation of free
radicals and subsequent apoptotic cell death, then presumably any preventative
therapy aimed at ameliorating presbyacusis that targets those events would need
to be administered over an extended period of time. This raises the question
of how such therapies are to be delivered. In the case of protecting hair cells
from trauma-induced damage during the insertion of cochlear implants, it may
be possible to administer the therapeutic agent directly into the scala tympani of
the cochlea during the procedure in which the electrode array is inserted into the
cochlea. This would appear to be one area in which hair cell protection strategies
may be successful. However, in many experimental studies in animals where
there is documented protection of hair cell against noise or ototoxins the thera-
peutic agents have been delivered either (1) through implanted osmotic pumps
directly into perilymph, or (2) from the middle space perhaps using hyaluronan
gel or a similar delivery preparation placed on the round window membrane,
or (3) by systemic treatment through repeated injections. It seems questionable
that physical interventional strategies such as implantable delivery systems or
even surgical opening of the middle ear cavity to locate a therapeutic agent or
delivery device with a therapetic agent close to the round window membrane
niche will be considered clinically acceptable from either a risk–benefit or a
cost–benefit analysis at the present time. The need for repeated injections of an
otoprotective drug may also not be acceptable to many patients. Ideally, thera-
peutic agents could be administered orally. This requires some knowledge of the
pharmacokinetics of the potential otoprotectant drug, i.e., how well it is taken
up into the blood stream and how easily it can gain entry to the fluid spaces and
then to the targeted tissues of the inner ear. There is thought to be a “blood–
perilymph barrier” that limits uptake of chemicals into the inner ear fluids from
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the blood (Wangemann and Schacht, 1996). It is well known that salicylate can
cross this barrier and gain rapid entry to perilymph, which is clearly one reason
why its ROS scavenging properties can be exploited for otoprotection. Other
antioxidants that show promise as hair cell protectant molecules—NAC, ebselen,
and d-methionine, for example—are also relatively small molecules that might
be expected to enter perilymph, although validation of this concept requires
further investigation. But it may be that larger bioactive molecules such as those
involved in inhibiting cell death pathways may not enter the inner ear so readily
after systemic application. Relatively little is known about the pharmacokinetics
of drug entry into and distribution within the fluids of the inner ear, and initial
studies have shown some of the complexities that need to be addressed (Salt and
Plontke 2005). Further understanding of these phenomena would aid identifi-
cation and design of candidate therapeutic agents able to gain access to the fluid
spaces and therby access to the tissues of the inner ear.

Nevertheless, in the light of the proof of principle derived from the clinical
trial cited (Sha et al. 2006) and the fact that a number of antioxidants are being
considered for or are entering clinical trails (Lynch and Kil 2005; Rybak and
Whitworth 2005), it seems reasonable to predict that pharmaceutics that can
prevent hair cell death may become available for routine clinical use in the not
too distant future. At present the prospect of hair cell regeneration in response
to gene therapy (Izumikawa et al. 2005) is very encouraging but not yet ready
for a clinical application, and acting on the precept that prevention is better than
cure, such a therapeutic approach could lead to a significant reduction in the
incidence of acquired hearing loss with major health care and economic impacts.
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7
Gene Arrays, Cell Lines, Stem Cells,
and Sensory Regeneration
in Mammalian Ears

Marcelo N. Rivolta and Matthew C. Holley

1. Introduction

Sensory regeneration in the mammalian inner ear involves replacement of lost
hair cells and spiral ganglion neurons (SGNs). The irreversible loss of these
cells is associated with most forms of hearing loss (Davis 1998), even if the
primary cause may frequently originate in other cell types within or around the
sensory epithelium (Hirose and Liberman 2003). Replacement of sensory hair
cells is a natural property of mechanosensory epithelia in nonmammals (Corwin
and Oberholtzer 1997; Stone and Rubel 2000). Although it is not naturally
observed in the mammalian organ of Corti (Forge et al. 1998), functional hair
cells can be derived from supporting cells in adult guinea pigs by transfection
with the basic helix–loop–helix (bHLH) transcription factor Atoh1 (Izumikawa
et al. 2005). Further, hair cell replacement does occur naturally in mammalian
vestibular epithelia, even if to a very limited extent (Forge et al. 1993). This
suggests that hair cells could be replaced therapeutically if we can uncover
the appropriate targets in terms of cells and signaling molecules. Supporting
cells within the sensory epithelia are the most realistic cellular targets because
they share a common precursor cell during development (Fekete et al. 1998;
Lawlor et al. 1999; Fekete and Wu 2002), they are the source of new hair cells
in nonmammals (Jones and Corwin 1996; Stone and Rubel 1999), and they
are located appropriately for functional integration. Studies on transgenic and
mutant mice (Fekete 1999; Anagnostopoulos 2002; Fekete and Wu 2002) have
revealed numerous mammalian genes that regulate hair cell proliferation (Chen
et al. 2003; Mantela et al. 2005; Sage et al. 2005), differentiation, and survival
(Wallis et al. 2003) during development. The same applies to SGNs (Alsina
et al. 2003; Fritzsch 2003). Thus the stage is set to explore the genetic programs
and signaling pathways that must be targeted to stimulate sensory regeneration.
Gene arrays, cell lines, and stem cells provide important opportunities toward
this goal.

257



258 M.N. Rivolta and M.C. Holley

There is a large potential market for treating hearing loss (Holley 2005). About
1 in 1000 newborn children suffer profound hearing loss (Morton 1991) and
more than one third of those older than 60 years of age suffer significant hearing
loss (Davis 1995). The World Health Organization estimates that 250 million
people worldwide suffer disabling hearing loss (www.who.int/pbd/deafness/en).
There is also a large market for treating balance disorders, which are related
to problems of mobility in elderly people. The potential biological therapies
broadly include drug therapy, gene therapy, and cell transplantation. Successful
drugs would provide the more attractive long-term solution because the technical
challenges of delivering genes or cells and the associated need for invasive
therapy are likely to be more expensive and labor intensive. Gene arrays, cell
lines, and stem cells are valuable tools in the search for drug-based, thera-
peutic solutions and they provide complementary experimental approaches for
existing technologies such as ex vivo organ cultures and genetically modified
animals.

Mammals do not present the most convenient experimental preparations. Most
hair cells and associated neurons are born during embryonic development, are
few in number, and become surrounded by several layers of bone. Much of
what we know about their development has been primed or guided by studies on
more accessible species of birds, amphibia, insects, and worms. These animal
models have been remarkably powerful in the search for the basic programs
underlying sensory development, which usually revolve around transcription
factors whose functions have been well conserved through evolution (Bertrand
et al. 2002). However, transcription factors do not make good drug targets.
From this viewpoint we are more interested in components of the signaling
mechanisms that activate them. These components may include membrane
receptors, ion channels, G-protein–coupled receptors, proteases, and protein
kinases (Vandenberg and Lummis 2000; Dahl et al. 2001; Cohen 2002; Neubig
and Siderovski 2002). At this level there are significant mechanistic differences,
not only between species but also between auditory and vestibular systems within
the same species. For example, growth factors produce different responses in
sensory epithelial cultures from chick and mouse (Kuntz and Oesterle 1998), and
the fibroblast growth factor receptor 1 (FGFR1) is essential for proliferation and
differentiation of auditory but not vestibular sensory cells in the mouse (Pirvola
et al. 2002). Thus we need effective experimental preparations to search for drug
targets in the relevant mammalian signaling pathways.

The process of drug discovery, screening, and development toward clinical
trials requires a “staircase” of experimental tests from cells to whole animals.
Although a great deal of fundamental knowledge will continue to emerge from
studies on nonmammals, this chapter focuses more on recent advances with
mammalian experimental systems. Analysis of natural and induced mutations in
the mouse has provided valuable insights into various aspects of development,
physiology, and disease (Steel and Kros 2001). At the next level down, organ-
otypic cultures (Sobkowicz et al. 1993; Saffer et al. 1996) provide equally
powerful in vitro tools, which have additional value for studies concerning



7. Gene Arrays, Cell Lines, and Stem Cells 259

ototoxicity and sensory regeneration (Warchol et al. 1993; Ding et al. 2002).
Although simplified, these preparations are still complex in terms of cell compo-
sition and they are quantitatively limited. Thus it is more difficult to use them
for studies on specific signaling pathways or for deeper analysis of the activation
and targets of specific regulatory genes. With more than one cell type, the larger
scale screening technologies such as gene arrays and proteomics are harder to
interpret, especially if different cells respond in a reciprocal manner to the same
stimulus. Cell lines have proved to be invaluable in other research fields but
they have only recently emerged in hearing research (Rivolta and Holley 2002b).
They are particularly useful in conjunction with gene arrays and proteomics. In
this chapter we explore this relationship in the context of sensory repair and
regeneration.

The application of new experimental approaches demands careful experimental
design, which should be guided by the functional context of the question. There
are relatively few studies of the inner ear based on cell lines, gene arrays, and
stem cells but numerous studies in other research fields illustrate the relative
power of different experimental designs. To make these comparisons we place
our discussions in the context of fundamental questions concerning cell prolif-
eration, differentiation, and cell death, processes that lie at the heart of normal
developmental biology (Fig. 7.1a) and regeneration (Fig. 7.1b). We also discuss
the biology and application of stem cells. Stem cells can be employed to effect
functional repair in the central nervous system (CNS; Lovell-Badge 2001). They
might be transplanted to damaged tissues or it may be possible to awaken
regenerative responses from endogenous, tissue-specific stem cells (Nakatomi
et al. 2002). We discuss questions of whether potential sensory cell precursors
exist in the adult inner ear, whether we can stimulate existing cells to become
precursors for sensory cells, and whether it is possible to replace sensory cells
or their precursors by cell transplantation.

2. Application of Gene Arrays

The discovery of specific genes involved in inner ear function has provided
fundamental knowledge to the field and is likely to continue at an increasing rate
(Van Camp and Smith 2007; Morton 2002; Atar and Avraham 2005). Further
understanding will demand functional studies and the ability to explore molecular
interactions, signaling pathways, and gene networks. Gene arrays allow us to
profile the expression of thousands of genes simultaneously. This opens up
the opportunity to study complex biological processes more comprehensively.
There are numerous levels at which gene arrays can be applied, corresponding
to different organizational levels in gene network models (Ruan et al. 2004;
Schlitt and Brazma 2005). The most elementary aim is simply to produce a list
of genes expressed in cells, organs, or tissues at a given time. In modeling terms
this would be equivalent to a parts list, possibly with information on absolute
expression levels. The value of this kind of study is highly dependent on the



260 M.N. Rivolta and M.C. Holley

Figure 7.1. (A) This diagram represents events during the development of the sensory
epithelia along a time line from E9 to E14, the 9–14th days of embryonic development
in the mouse. After E9, neuroblasts (NB) are selected from the ventral otic epithelium,
delaminate and form primary sensory neurons (N) in the cochlear or vestibular ganglia.
Cell selection (arrow) probably involves the membrane receptor notch1. At E12, a similar
selection process (arrow) leads to the differentiation of hair cells (HC) and supporting
cells (SC). Cell selection occurs within a field of equivalent cells. Differentiated hair
cells do not contact the basement membrane so that sensory epithelia can be classified as
stratified epithelia. (B) This diagram represents a regenerative response. Here the sensory
epithelium is differentiated and a lost hair cell (arrow) must be replaced by existing,
differentiated supporting cells (arrowheads) that contact the basement membrane. There
is currently no evidence for undifferentiated stem cells (S) in the epithelium. The lack
of regeneration in mammals could be due to the inability of epithelial cells to proliferate
and differentiate or to some inhibitory property of existing cells. The context for cell
differentiation is quite different from that experienced during development. SGNs (N)
occupy a completely different environment from that of the early neuroblasts. We know
little of their potential to proliferate or for any associated cells to differentiate into neurons
within the adult ganglion.
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characterization of the source tissue. At the next level is the topology model,
equivalent to a wiring diagram, which provides an indication of direct or indirect
functional links between different genes within the list. These models are most
effectively derived from gene deletion experiments and they have been exploited
extensively in model organisms such as yeast and Caenorhabitis elegans, in
which it is possible to delete many different genes individually in single cell
types. Control logic models incorporate specific information concerning the
effects of regulatory molecules. These include regulatory gene network models
that describe transcription factors and associated components of cell signaling
pathways (Levine and Davidson 2005). Developmental biologists commonly
construct small transcriptional networks from gene deletions in vertebrates to
describe the molecular regulation of tissue morphogenesis and cell differenti-
ation. While such networks contain information about transcriptional programs,
they often contain very little information about cell function, or how individual
transcription factors influence cell behavior. Discovery of the links between
individual transcription factors and specific signaling pathways is a crucial
challenge for our understanding of development and for the identification of drug
targets to stimulate regeneration. Dynamic network models aim to simulate and
predict gene network behavior in real time following activation by intrinsic or
extrinsic factors. The current experimental data available to build such models
are extremely limited.

Construction of these different types of gene network model is not always
the primary aim of a gene array experiment. For example, array experiments
may be designed to identify differences between sensory epithelia before and
after induced sensory damage. These kinds of experiment are highly complex
and consideration of the different types of information required for the network
models described in the preceding text provides a valuable insight into the kind
of information that might be obtained. In reality, many researchers have used
gene array data to identify and conduct further work on just a few genes linked
to their specific field of interest. In this section we review the different types of
gene array as they have been applied to research on the inner ear in the context
of development and regeneration.

Gene arrays are a technological achievement that evolved from the decades-
old dot blot technique. They are based on the same principle, hybridizing labeled
RNA or DNA in solution to target DNA fragments immobilized to a solid
support. The initial “macroarrays” consisted of DNA fragments spotted onto a
nitrocellulose or nylon membrane and then probed with a sample labeled with
a radioactive group. The spotted materials were often cDNA fragments derived
from libraries. The advantage of this method is that it involves conventional
isotopic hybridization techniques, without the need for expensive, sophisticated
equipment, thus putting it within reach of most molecular biology laboratories.
The approach is still applied today and has been used for several different studies
of inner ear tissues but it is applicable to parallel screening of a relatively limited
number of genes. The miniaturization introduced with microarrays now allows us
to scan many thousands of genes in a single experiment. In a typical microarray
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many thousands of genes can be arranged in an area as small as 1 cm2. There are
two main types, the spotted cDNA arrays and the high-density, oligonucleotide
arrays (Blackshaw and Livesey 2002; Ruan et al. 2004).

2.1 cDNA Arrays

cDNA arrays consist of a series of spots of cDNAs, normally obtained via
polymerase chain reaction (PCR) amplification from isolated cDNA clones and
arranged on a glass coverslip by a robot (Fig. 7.2). These arrays are hybridized
with a dual sample. A cDNA pool obtained from one experimental condition
and another obtained from a reference sample are labeled with two different
fluorochromes, Cy3 (green) and Cy5 (red), and hybridized simultaneously to the
array. After washing, the array is scanned at two different wavelengths, and the

Figure 7.2. Representation of a hypothetical gene array experiment using cDNA
microarrays. In this example, a preparation of sensory epithelia depleted of hair cells by
aminoglycoside treatment is compared to an intact tissue. Samples of RNA from each
preparation are reversed-transcribed into cDNA, incorporating two different fluorescent
labels (typically Cy3 and Cy5). These labeled cDNAs are cohybridized to the same chip.
The process is therefore competitive and ratiometric. In these arrays, each gene is repre-
sented by a single spot of cloned cDNA. Relative labels of expression are obtained by
scanning the array at the two different wavelengths and determining their ratios.
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ratio of the fluorescence intensities relates to the relative expression levels of
given genes in either sample.

This approach has strength in that it allows the representation of cDNAs
from tissue-specific libraries. Thus it is possible to screen experimental samples
against large numbers of genes from more directly relevant inner ear cDNA
libraries such as those produced for mouse and human ears (Heller 2002; Beisel
et al. 2004; Pompeia et al. 2004; Powles et al. 2004). Powles et al. prepared a
library, designed to identify genes expressed during early development of the
inner ear, by subtracting cDNA from 800 mouse otic vesicles at embryonic
day (E) 10.5 from cDNA derived from adult liver. Eighty genes from a total
of 280 derived from the screen were followed up via in situ hybridization,
providing a tailored resource for the production of cDNA arrays focused on this
developmental period. Pompeia et al. derived expressed sequence tags (ESTs)
from organs of Corti dissected from BALB/cJ 5- to 13-day-old mice, which
covers the later stages of structural and functional maturation of hair cells and
supporting cells. Beisel et al. generated a full-length, small-scale subtracted,
nonamplified cDNA library of adult C57BL/6J 5- to 7-week-old mice. It is
important to bear in mind that these two commonly used mouse strains (BALB/C
and C57) develop early-onset hair cell loss. C57 show signs of hair cell loss by
8 weeks of age in the base of the cochlea. CBA mice, in contrast, retain most of
their hair cells to 2 years of age.

2.1.1 Molecular Anatomy

In defining the molecular anatomy of tissues and cells the precision, characteri-
zation, and reproducibility of the tissue dissection and cell isolation are critical.
Inner ear tissues are complex and the organ of Corti contains many different
cell types. Some cell types, such as hair cells, exist in very low numbers and
many of the potentially interesting genes are expressed at low levels. Thus the
value of any gene array screen and an understanding of its limitations depend
heavily on knowledge of the relative proportions of different cell types in the
initial preparation. It is technically challenging to derive firm expression data
from microarrays and it is necessary to confirm results with methods such as
reverse transcriptase (RT)-PCR, in situ hybridization, or immunolabeling. These
techniques can provide confirmation of gene expression at cellular resolution,
but when using array data as a reference it is essential to check the exact nature
of the tissue that has been analyzed.

One relatively early descriptive study applied the AtlasTM cDNA expression
array from Clontech (Palo Alto, CA), which included 588 rat genes, each
represented by a 200- to 800-base-pair PCR product immobilized on a nylon
membrane (Cho et al. 2002). Gene expression profiles were obtained for the
cochlea, cochlear nucleus, and inferior colliculus in male 8- to 12-week-old
Sprague-Dawley rats. In each tissue some 20%–30% of the arrayed genes were
judged to be above background and there were clear differences between tissues.
The results provided a snapshot of the expression of a selection of genes, thus
offering elementary data to inform future studies. Similar arrays were used to
study gene expression in the inner ears of rats of the same age (Lin et al. 2003).
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The results excluded the vestibular part of the ear so the list of genes should be
related primarily to cochlear tissue. A much more focused screen was carried out
for the expression of connexin genes in CD-1 mice (Ahmad et al. 2003). Total
RNA was extracted from cochlear tissues at postnatal days P10, P12, and P18,
and from adults. Some 15 connexin genes were screened and the results were
supported by immunofluorescence and immunoprecipitation. Although only a
small number of genes were studied, the combination of immunolabeling and
the developmental trends observed added an important functional dimension to
the screen. In a slightly different study the relative expression of about 100
genes from cDNA libraries of kidney and ear were compared (Liu et al. 2004).
This interesting idea was based on the clinical similarities between the two
organs, possibly linked to common elements involved in fluid regulation and
ion transport. The screen was designed to identify possible common molecular
targets for some therapeutic drugs.

The inner ear cDNA library produced by Beisel et al. (2004) was used to
construct microarrays that included some 2000 cDNAs that were apparently
unique to the inner ear (Morris et al. 2005). The arrays were then used to obtain
gene expression profiles for dissected tissue including the stria vascularis, organ
of Corti, and spiral ganglion. The results provide an inventory of genes for the
complex combinations of different cell types within the dissected samples, many
of which are consistent with published data. Although the insight into gene
function is limited, the approach helps to identify novel genes in various parts
of the mammalian inner ear. Several important genes known to be expressed
in the organ of Corti, for example, prestin and the �9 subunit of the acetyl-
choline receptor, were not detected in the organ of Corti sample. Many such
genes are expressed at low levels, in relatively few cell types, which mean that
they are less likely to be found in complex tissues. False-negative results are
often more common than false positives in array studies due to the inability to
distinguish expression of rare transcripts from the background signal. Never-
theless, microarrays can be used to identify single genes that are relevant to
hearing loss. For example, total RNA isolated from inner ear tissue derived
from human patients undergoing labyrinthectomy was screened against 23,040
cDNAs selected from the UniGene database (Abe et al. 2003). This revealed the
relatively abundant expression of CRYM, which encodes �-crystallin, a protein
that may be associated with nonsyndromic deafness. In another study, DRASIC
was identified from analysis of cDNA from the Soares NMIE mouse inner ear
library as a candidate for the mechanoelectrical transducer channel in mammalian
hair cells (Hildebrand et al. 2004). DRASIC is an amiloride-sensitive ion channel
that shares characteristics of the degenerin subfamily from C. elegans and verte-
brate epithelial sodium channels. Subsequent studies on the DRASIC null mice
showed that it was unlikely to be the transduction channel, but it was interesting
to note that the mice suffered late-onset hearing loss after 6 months. Although
this study did not conclude with the expected result, it is worth noting that
careful consultation of good gene expression databases can provide clues for a
wide range of future studies.



7. Gene Arrays, Cell Lines, and Stem Cells 265

2.1.2 Development

Developmental studies based on cDNA arrays are relatively difficult to do
and they are consequently few in number (Livesey 2002). Some of the most
impressive applications of cDNA arrays have involved a marriage with comple-
mentary techniques designed to normalize samples and to eliminate redundant
genes, such as subtractive hybridization or representational difference analysis
(RDA), which are used to identify differential gene expression between tissues.
RDA is a PCR-based subtractive hybridization technique that allows the isolation
and cloning of differentially expressed transcripts between two complex cDNA
populations, without prior knowledge of their functional or biochemical charac-
teristics. In the classical cDNA–RDA method, two complex cDNA popula-
tions are restricted with DpnII (restrictase that leaves 4-bp protruding 5′ ends)
and ligated to suitable linkers, the sequence of which is specific for the
procedure. The amplicons, which represent the original RNA populations, are
therefore called “representations” and provide the starting material. Next, the
“tester” representation—from which isolation of specific messages is sought—is
mixed with a large excess of the “driver” representation. After this subtractive
hybridization, tester homoduplexes are enriched from the mixture by PCR (pre-
PCR). Single strands are degraded using mung bean nuclease and a second
PCR (final PCR) generates a complex population of amplicons that is named
difference product. This protocol yields fragments visible as discrete bands on
agarose gels that are cloned and sequenced for further analysis. As an example,
stem cells from the CNS were analyzed before and after they were stimulated
to differentiate with basic FGF (Geschwind et al. 2001). A preliminary list of
some 6000 cDNAs was established by using an abbreviated RDA and these were
subsequently represented on arrays. This approach provided a balance between
subtraction efficiency and the need to conserve representation of all potentially
relevant genes. In this case the resulting arrays represented relevant genes both
in terms of the cell type and the potential changes associated with differentiation.
Although the material is simpler than epithelial tissue, the strategy could be very
powerful in tracking changes during development or regeneration of sensory
epithelia. Now that greater representation of animal genomes is available on
microarrays, one can argue that the results from subtraction or cell purification
procedures can be correlated with whole genome screens without the need to
make new arrays. Nevertheless, array experiments commonly reveal expression
changes in many genes and it is essential to establish clear strategies for focusing
on those that are most relevant to the processes being studied.

2.1.3 Degeneration and Regeneration

The effects of noise exposure on the chick basilar papilla, which is equivalent
to the mammalian organ of Corti, and the rat cochlea have been analyzed by
differential display, subtractive hybridization, and low-density Clontech AtlasTM

arrays (Lomax et al. 2000, 2001; Cho et al. 2004). A group of control chicks not



266 M.N. Rivolta and M.C. Holley

exposed to noise was compared with groups that were sacrificed either immedi-
ately after noise exposure or after a recovery period of 2 days. This is a relatively
short period in terms of hair cell regeneration but it covers early events associated
with noise damage, including apoptosis of hair cells. Rats were exposed to
noise stimuli that would lead to either temporary or permanent threshold shifts.
The results, extending those from an earlier study (Gong et al. 1996), revealed
changes in numerous cDNAs after noise exposure. One of these was identified
as a novel ubiquitin ligase, a small polypeptide that identifies selected proteins
for degradation by proteasomes. The array data indicated upregulation of several
early response genes such as c-fos after noise exposure that would normally lead
to permanent threshold shifts (Lomax et al. 2001; Cho et al. 2004). The corre-
lation between the different methods of expression analysis is often weak but
can provide valuable, complementary data that helps to focus on the functionally
relevant molecular events. The comparison between the effects of noise damage
in birds and mammals is complex because there are many differences between
the two species, including those related to the inherently different structural and
functional properties of the sensory epithelia. However, because birds regenerate
their hair cells but mammals do not, there is a reasonable chance that some
applicable, practical insight into regenerative mechanisms might be obtained.

This idea has been addressed with a slightly different approach that removes
the problem of species differences (Hawkins et al. 2003). Avian cochlear epithelia
activate regenerative programs after damage whereas their vestibular epithelia
constantly undergo regeneration. Thus a comparison of gene expression profiles
between these tissues might reveal something of the nature of these programs.
Hawkins et al. prepared two human cDNA arrays, the first representing 426
genes known to be expressed primarily in the inner ear or associated with hearing
loss, and the second representing 1422 transcription factors. RNA was isolated
from cochlear and vestibular epithelia taken from 10- to 21-day posthatch chicks
and screened against the human cDNA sequences. The dissected epithelia were
treated with thermolysin to help isolate epithelial sheets composed only of hair
cells and supporting cells. A number of developmentally relevant genes were
identified through this comparison, and some of these are certainly worth further
study. In terms of transcription factors, the chick should provide highly relevant
information for potential regenerative mechanisms in the mammalian ear.

2.2 Oligonucleotide Arrays

One disadvantage of cDNA arrays is that they always include an internal
comparison to a reference sample, so hybridization results from different studies
cannot be compared easily. This problem can be addressed by hybridizing test
samples against a standard control. For example, “molecular portraits” have been
produced from the RNA of 42 different breast tumors, each compared with a
reference sample composed of RNA pooled from 11 different cell lines (Perou
et al. 2000). Oligonucleotide arrays are technically more difficult to produce but
they offer a simpler solution in terms of experimental design and a more powerful
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method of data analysis. As “whole-genome” arrays become more complete, the
need to manufacture cDNA arrays from tissue-specific libraries may decrease.

High-density oligonucleotide arrays, also known as GeneChips, were origi-
nally developed by Affymetrix. GeneChips are made by simultaneous synthesis,
base by base, of thousands of oligonucleotides on a glass support. This is achieved
by using light-directed synthesis, which introduces photochemically removable
protecting groups into the nucleotides and then deprotects them by selective
illumination through a photolithographic mask. This process allows synthesis of
approximately 107 copies of a single probe in a 24-�m square, although this is
predicted to become 2 �m square in the future (Lockhart et al. 1996; Kozian and
Kirschbaum 1999; Lipshutz et al. 1999), leaving space for representation of the
entire genome.

Genes are represented as a combination of known genes and ESTs, which are
partially sequenced regions of cDNAs representing unknown genes expressed
in the tissue of origin. Until recently, GeneChips included genes from a broad
range of different libraries and did not cover the entire genome. However, whole
genome microarrays are quickly becoming available for most of the main model
organisms, and custom-made microarrays can be made to order for most tissues
and organs.

On Affymetrix GeneChips, each gene is represented by a grid of up to 40
features (Fig. 7.3). Ideally, 20 features contain a series of 25-mer oligonu-
cleotides with a perfect match to nonoverlapping regions of the target sequence.
Each “perfect match” feature is paired to a “mismatch” feature representing the
same sequence but with a single base change at the 13th position. Thus each
gene is represented by about 20 pairs of perfectly matched and mismatched
oligonucleotides. Unlike the cDNA arrays, individual RNA samples are fluores-
cently labeled and hybridized to a single chip, so comparison between samples
is achieved by comparing different chips, which offers a more flexible database
for subsequent reference.

Analysis of GeneChips is quite different to that of cDNA arrays. Similar issues
exist in terms of standardizing the fluorescent tag, hybridization, and sampling of
the resultant fluorescence. However, the information content for each gene repre-
sented on the GeneChip is much greater. The difference in signal between each
of the 20 feature pairs is averaged to generate an “average difference” value. This
is combined with analysis of the variation between pairs to produce an estimate
of gene expression level and a “presence/absence” call. The results can be used
to determine whether or not a gene is expressed in a given tissue and to compare
the expression levels between different samples. Comparisons between samples
require that each chip be normalized to compensate for global differences in
hybridization. The most common analytical tools are the MAS5.0 algorithm from
Affymetrix (Affymetrix 2001) and the statistically more refined robust multi-
array analysis (RMA; Irizarry et al. 2003). (See http://www.bioconductor.org/ for
other useful software.) Additional probabilistic models can provide alternatives
that perform well for single arrays and for genes expressed at lower levels (Milo
et al. 2003).
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Figure 7.3. Representation of the same hypothetical experiment described in Fig. 7.2.
RNA is extracted from the samples and reverse-transcribed into cDNA. This is done using
oligodT primers including a T7 promoter extension. This cDNA is then used as a template
for cRNA synthesis incorporating a label, typically biotin, which is subsequently detected
with a fluorescent streptavidin conjugate. These samples are then hybridized in parallel
to independent gene chips. In the chip, each gene is represented by a series of 16–20
probe pairs, short oligonucleotides designed from different regions of the transcript. Each
pair includes a perfectly matching (PM) sequence and one including an internal mismatch
(MM). The intensity of the signal is compared between the PM and the MM and averaged
along the different probe pairs to provide an intensity value for a given gene. These values
are later compared, using different algorithms, between the two experimental samples.
Data from each hybridization can be used for many subsequent comparative studies.

2.2.1 Molecular Anatomy

The only published data for gene expression profiles at cellular resolution
comes from a study of cristae ampullaris in young adult Brown Norway rats
(Cristobal et al. 2005). More than 4000 hair cells, with a distinction between
type I and type II hair cells, and 4000 supporting cells were isolated via laser
capture microdissection from sectioned cristae. Total RNA was extracted and
amplified before screening with CodeLinkTM rat whole genome Bioarrays (GE
Healthcare, Amersham Biosciences); oligonucleotide arrays representing 29,842
unique UniGene identities. Genes encoding the hair cell markers myosin VIIa,
the �9 subunit of the acetylcholine receptor (�9AChR), and a calmodulin were
faithfully recorded in the hair cell sample. Interestingly, the �9AChR was found
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only in type II hair cells, as expected from the physiology. The cyclin-dependent
kinase inhibitor p27kip1 was found in the supporting cell sample. The data
from this study should provide a valuable resource. Another way of generating
purified cell types is to isolate cells from transgenic mice carrying a fluorescent
marker, such as green fluorescent protein (GFP), driven from a cell-specific
promoter, and then to purify them with a cell sorter. This can yield high levels
of cell purity, verified quantitatively by analysis of the sorted populations, and
can provide sufficient material to avoid the need for RNA amplification. Mice
carrying a Atoh1/GFP reporter have been used to isolate mammalian cochlear
hair cells during the earliest stages of differentiation (Doetzlhofer et al. 2004)
and a p27kip1/GFP mouse has been used in a similar way to isolate supporting
cells (Doetzlhofer et al. 2006).

2.2.2 Development

2.2.2.1 Temporal Profiles

Affymetrix GeneChips have been used to study developmental changes in tissue
from the cochlea and utricle (Chen and Corey 2002a, b). The mouse Mu30k
chip, representing 13,000 known genes and 21,000 ESTs, was used to screen two
pooled samples of 10 cochleae dissected at postnatal days 2 and 32 (P2 and P32).
At stage P2 the cochlea is still about 10 days from the onset of hearing function
(Kros et al. 1998). Although the full complement of hair cells and neurons has
been born (Ruben 1967), genes such as prestin (Belyantseva et al. 2000) and
TMC (Kurima et al. 2002) are not normally expressed until about P6. Thus
comparison of this sample with those from P32 should reveal expression of genes
associated with adult cochlear function. Chen and Corey (2002b) provided a list
of genes encoding ion channels, transporters, and calcium-binding proteins that
were upregulated over this period. The tissue samples were complex, including
most of the cellular content of the cochlea, and a maximum of only 33,000 hair
cells, which would have accounted for a fraction of 1% of the total cell number.
About 1�5 �g of total RNA was extracted from 10 ears. Despite these quantitative
limitations, a number of hair cell specific genes were detected, including myosins
1� and VI. Other markers such as myosin VIIa, Atoh1 and the calcium ATPase,
PCMA2, were barely detectable or absent.

The study provides a valuable baseline for cochlear gene expression and
the authors have served the community well by establishing a searchable
database that can be downloaded from their laboratory website. Nevertheless,
the complexity of the samples decreases the power of the comparison between
developmental stages. One can conclude that certain genes are up- or downregu-
lated but the lack of cellular resolution means that one only has an average output
across a large number of different cell types. It is possible to extract discrete
patterns of gene expression in complex tissue if one has some knowledge of
functionally related gene clusters (Perou et al. 2000), but it is important to define
the initial tissue preparations as tightly as possible. This can be done more easily
in the macular epithelia from the vestibular system.
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The mammalian utricular macula serves as a powerful model for development,
degeneration, and regeneration. It can be dissected from the mouse inner ear as a
sheet of supporting cells and hair cells by removing the surrounding connective
tissue and nonsensory epithelia (Saffer et al. 1996). Taken from different devel-
opmental stages, it can be used to construct a temporal profile of mechanosensory
epithelial development. Hair cells can be removed in organotypic cultures with
the time-honored application of ototoxic drugs such as gentamicin, allowing
the effects of such drugs to be explored in detail. It is possible to use this
approach to obtain a sheet of supporting cells whose expression profiles can be
subtracted from untreated epithelia to highlight those genes expressed specifi-
cally in hair cells. The problems of limited tissue remain, especially with the
need to provide replica samples (Novak et al. 2002), but more recent methods
for linear amplification of RNA can overcome this problem (Luzzi et al. 2005;
Schindler et al. 2005).

Chen and Corey (2002a) screened preparations of mouse utricular maculae at
E16, P2, and P6 and found some convincing temporal profiles for the expression
of the inner ear specific genes �- and �-tectorin. The utricular maculae in this
study were not removed from the surrounding connective tissue. However, the
period studied covered that during which many hair cells are born and proceed
to differentiate. Thus, with sufficient quantities of tissue, the preparation has the
potential to reveal the genetic programs underlying the differentiation process.
Unfortunately, the hair cells do not differentiate synchronously so the changes
are less easy to detect. Nevertheless, the data indicated a potential role for the
retinoblastoma gene Rb1 and subsequent studies revealed an extremely important
function for this gene in controlling the proliferation of mature hair cells (Sage
et al. 2005). This insight was not necessarily dependent on the application
of microarrays (Mantela et al. 2005) but the experimental design did permit
preliminary identification of genes that changed their expression during critical
periods of development.

These attempts to use microarrays to study developmental processes were
among the first to be published in any system. Given that mouse microarrays
have been available for some time, it may seem surprising that more has not
been published and that we have not already got good databases full of gene
expression patterns through development (Livesey 2002). However, as exper-
imental biologists explore this technology they have to take exceptional care
with the experimental design and the data analysis is a complex and rapidly
developing field. The experiment itself constitutes a very small investment of
time compared to that spent on analysis and exploitation of the data.

A highly focused study on integrin expression in rat cochlear tissues was
carried out across a developmental series with time points from E12, E14,
E16, E18, and postnatal day 1 (Toyama et al. 2005). The dissected material
was not closely characterized and the cellular composition would have changed
substantially across this time period. Total RNA was analyzed with Affymetrix
MG-U34 GeneChips, which did not represent all integrin subunits but revealed
positive signals for �1, �v, �7, �3, and �4 integrins. Neither the arrays nor the
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analysis by RT-PCR revealed �3 and �6 subunits, both of which are known to
be expressed in the cochlea, indicating the importance of defining the source
tissue and selecting the appropriate arrays for the task. Nevertheless, this devel-
opmental profile should contain useful information concerning the remaining
24,000 mRNA transcripts and ESTs represented on the arrays.

2.2.2.2 Analysis of Mutant Mice

The application of microarrays to the analysis of transgenic or mutant mice
is potentially powerful because gene expression can be compared between
similar tissues or cells that differ only in terms of modifications to single
genes. Nevertheless, the nature of the gene being studied has major implica-
tions for interpretation of the results. Complex tissues are still more difficult to
interpret than single cells. Modifications to regulatory genes expressed in several
tissues during early stages of development will cause complex indirect effects
on gene expression profiles. The most precise expression patterns are likely
to be obtained for genes expressed later and in relatively few cell types. One
very successful example involved the POU-domain transcription factor Pou4f3
(Hertzano et al. 2004), which is also known in the mouse as Brn3.1 or Brn3c
(Erkman et al. 1996). This gene is expressed during early stages of hair cell differ-
entiation in auditory and vestibular epithelia and it is essential for their survival.
Hertzano et al. used Affymetrix MG U74Av2 GeneChips to analyze total RNA
from whole inner ears dissected from null and wild-type mice at embryonic
days E16.5 and E18.5. They identified gfi1 (growth factor-independent 1) as a
target for Pou4f3 and proposed that it enhances hair cell survival by increasing
the activity of STAT3. This kind of information is crucial to our understanding
of the signaling pathways involved in cell survival and thus protection from
external factors such as excess noise or ototoxic agents. The array data must
contain significant additional data relevant to otoprotection and possibly even
regeneration. The nature of the study allowed potential targets to be identified
for a single transcription factor. The construction of gene network models would
require further analysis, for example, of additional transgenic mice, such as that
for gfi1, or studies that involve modulation of the expression of Pou4f3 with
time in a tractable model system.

2.2.3 Degeneration and Regeneration

Aminoglycoside antibiotics are used extensively in many parts of the developing
world but they have serious ototoxic properties. Protection from these side effects
in the clinic is an important issue but the drugs are also used in vivo and in vitro
for models of hair cell degeneration and regeneration. To explore early changes
in gene expression in the cochlea, basal turns of neonatal (P5) rat organs of
Corti, with the stria vascularis and spiral ganglion removed, were cultured for
4 and 8 hours after addition of 100 �M gentamicin (Nagy et al. 2004). Total
RNA was analyzed with Affymetrix rat U34A GeneChips. After 4 hours with
gentamicin, some 55 and 48 genes were down- and upregulated, respectively. A
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smaller number of changes occurred in both time points. The data implied that
a number of genes involved in the electron transport chain were downregulated,
reflecting a cellular response to attenuate the production of reactive oxygen
species and to limit the oxidative stress. One gene related to apoptosis and of
specific interest was the downregulation of the gene encoding the delta subunit
of the F1F0 ATPase. In Escherichia coli, a functional deficiency in this gene
is linked to aminoglycoside resistance. As with most array studies all of these
conclusions must be confirmed by direct experiment.

3. Cell Lines

The application of microarrays to complex tissues during development, degen-
eration, or regeneration can highlight global changes that provide insights into
relevant molecular mechanisms. However, complex tissues are not ideal for
elucidating coherent signaling pathways within single cell types and for identi-
fying the direct targets of specific transcription factors. An understanding of
cell programming at this level is essential to the development of therapeutic
strategies. One solution is to study simpler systems in suitable model organisms
or to develop in vitro preparations such as organ or tissue-specific cell lines and
stem cells.

In general terms, cell lines provide effective tools for identifying protein–
protein associations (Kussel-Andermann et al. 2000; Velichkova et al. 2002),
receptor signaling pathways (Hibino et al. 2002) and for studying the function
of constructs such as the �9/�10 AChRs (Sgard et al. 2002). Ideally, it is best
to use cells that reflect the background of the native tissue. A frog oocyte is
a powerful tool for studying the molecular properties of a specific ion channel
but in many cases it lacks associated molecules that plug that channel into the
functional programs of the native cell. In the context of this chapter, we are
interested in the actual signaling pathways used by sensory epithelial cells during
development and potentially during regeneration. This places additional demands
on the types of cell line that we can use. We also wish to model transient
events because cellular responses during development and even regeneration
occur against changing profiles of gene expression. To address these issues, a
number of research groups have established conditionally immortal cell lines
(Rivolta and Holley 2002b).

3.1 Conditionally Immortal Cell Lines

Most of the currently available inner ear cell lines are derived from the Immorto-
mouse, a transgenic mouse that carries a conditionally expressed immortalizing
gene (Jat et al. 1991; Noble et al. 1992). The transgene used in the Immorto-
mouse is a temperature-sensitive variant of the large T, or tumor forming, protein
from the SV40 virus. The protein product is stable at 33�C, below normal body
temperature, but rapidly degrades at 37–39�C. It is encoded by the A gene under
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the control of the H2kb promoter, a major histocompatability complex class 1
promoter, which upregulates expression in the presence of �-interferon. This
means that the mouse is viable and that conditionally immortal cells can be
derived from any tissue at any stage.

The fact that different cell lines possess the same genetic modification means
that they can be compared more readily. The experimental design for derivation
of appropriate cell lines revolves around the terminal mitoses for the desired
cell type (Fig. 7.4). Immortalization halts developmental programs and induces
cell proliferation, overriding the native cell programs. This appears to be less
disruptive if it occurs before the cells have ceased proliferating and started to
differentiate. Immortalization thus appears to be more coherent in embryonic
cells than in adult cells that have differentiated and express genetic profiles not

Figure 7.4. Conditionally immortal cell lines can be used to represent specific events in
the differentiation of different cell types. This diagram represents otocyst development
from E9 to E15 and to P14 when the auditory epithelium is functional. Birth is at about
E19–20. Terminal mitosis for hair cells, supporting cells, and neurons in the cochlea is
at E12–14 and it takes nearly 3 weeks for hair cells to differentiate fully. The timing and
location of cells used to establish cell lines is critical, and two examples are illustrated
with dotted lines. Delaminated cells taken at E10, if selected according to the appropriate
markers, should represent neurons when conditionally differentiated (1). Those taken from
the appropriate epithelium at E12 should be multipotent, with the ability to differentiate as
hair cells and supporting cells (2). For developmental studies it is important to correlate the
genetic profiles of cell lines and their temporal expression patterns under differentiating
conditions with appropriate markers from studies in vivo.
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normally compatible with cell division. Thus, these cell lines can offer reasonable
models for cell differentiation. Published data is available for lines derived from
the Immortomouse otocyst at E9.5 (Barald et al. 1997; Germiller et al. 2004),
ventral otic epithelial cells and neuroblasts at E10.5 (Lawoko-Kerali et al. 2004b),
the auditory epithelium at E13.5 (Rivolta et al. 1998), the utricular macula at
P2 (Lawlor et al. 1999), and the organ of Corti 2 weeks after birth (Kalinec
et al. 1999, 2003). Cells from the utricle have been conditionally immortalized
by transfection in vitro (Zheng et al. 1998). These cells are now being used to
study development, degeneration, and regeneration.

3.1.1 Development

Conditionally immortal cell lines can be used to model cellular events in devel-
opment and to provide effective tools to study the targets of specific transcription
factors against defined cell backgrounds. Few transcription factors work in a
simple, consistent manner. They influence transcription as part of a protein
complex that might include 10 or more cooperative elements (Morimoto 2002).
In some cases a single factor has a well-defined, dominant effect, such as the
myogenic function of MyoD and Myf5 (Buckingham 2001) or the pancreatic
endocrine function of Pax4 (Dohrmann et al. 2000). However, in many cases
the action of a given transcription factor is modulated differently between cells,
tissues, and developmental stages. Atoh1 (previously Math1) is a bHLH factor
that is required for normal hair cell differentiation (Bermingham et al. 1999).
It can also induce ectopic hair cells in mouse cochleae (Zheng and Gao 2000)
and hair cells from supporting cells in adult guinea pig cochleae (Izumikawa
et al. 2005). However, it does not produce the same effect in all cells because the
genetic background of each cell establishes the competence to respond to Atoh1.
Atoh1 also governs the differentiation of millions of spinal cord interneurons
(Helms and Johnson 1998) and cerebellar granule cells (Ben-Arie et al. 1997),
so how does it know when to make a hair cell? A similar situation applies to the
zinc finger transcription factor GATA3, which is widely expressed throughout
development. It appears through all stages of the inner ear from the otic placode
to the adult and in at least four different tissues (Karis et al. 2001, Lawoko-Kerali
et al. 2002). How can the function of Atoh1 or GATA3 in any cell at a given time
be analyzed? Null mutant mice exhibit complex defects summed across tissues
through development. Conditional, targeted gene deletions can overcome these
issues (Cohen-Salmon et al. 2002; Pirvola et al. 2002), but the tools are often
not available to target the appropriate cells at the appropriate time.

Despite the limitations of in vitro culture and employment of an immortalizing
gene, conditionally immortalized cell lines provide a useful way forward. They
can be used to represent the behavior of specific cell types through defined time
windows in development (Rivolta and Holley 2002b). To employ them in this
way, several conditions must be met. Cells must be derived from a time and
location as closely defined as possible and reliable molecular markers must be
available for each cell type. Dissection of the embryonic inner ear is not easy
but one of the greatest limitations is related to knowledge of molecular markers.
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Critics are often quick to point out that a cell line expresses an unexpected combi-
nation of genes and is, therefore, not physiologically representative. However,
we have surprisingly little information about expression patterns for individual
genes during development. In many cases, data from in situ hybridization, gene
expression studies, and antibody labeling do not correlate well. Further, the
inner ear is a very complex structure and interpretation of data from null mutant
animals can be extremely difficult. The solution is to define cells with a panel
of as many markers as possible. Additional conditions are that immortalization
must suspend cell differentiation in a stable manner and when the immortalizing
gene is inactivated the cells should activate gene expression patterns similar to
those observed during normal development. In this respect, cell lines derived
from the Immortomouse are certainly not perfect, but they do behave remarkably
well relative to their in vivo cousins (Rivolta and Holley 2002b). Further, their
phenotype is easier to control and more closely related to the native cells than
most stem cells.

3.1.1.1 Temporal Profiles of Gene Expression with Microarrays

Once characterized, a good cell line can be allied to microarray technologies to
identify networks of genes, thus exploiting their most important feature, namely
the ability to profile tens of thousands of genes simultaneously. Temporal profiles
of gene expression derived from cells or tissues either through development
or after a specific experimental manipulation can provide a powerful means of
identifying clusters of functionally related genes (Rudie Hovland et al. 2001;
Schulze et al. 2001). In one of the first and most impressive studies a human
fibroblast cell line was starved of serum for 48 hours to induce quiescence (Iyer
et al. 1999). At time zero, 10% fetal calf serum was added to the medium and
12 samples of RNA were prepared after periods ranging from 15 minutes to
24 hours. The samples were hybridized to cDNA arrays representing 8613 human
genes. Discrete clusters of genes sharing common temporal expression profiles
reflected the cellular responses as they reentered the cell cycle. In a different
experiment HeLa cells were synchronized by arrest in S phase with a thymidine
block or in mitosis with a thymidine/nocodazole block (Whitfield et al. 2002).
cDNA arrays were then used to profile gene expression when the blocks were
released. The temporal expression profiles for each gene were analyzed via
Fourier transformation to reveal any inherent periodicity. A total of 874 genes
expressed periodic variation and coexpressed groups included those related to
processes such as DNA replication, chromosomal segregation, and cell adhesion.
A similar approach based on oligonucleotide arrays representing 12,488 genes
has been used to analyze circadian oscillations of gene expression in the liver
and heart (Storch et al. 2002). These techniques could be applied productively
to cell lines derived from inner ear epithelia.

3.1.1.2 Temporal Profiles from a Cochlear Cell Line

Affymetrix MU11k GeneChips were used to produce temporal, gene expression
profiles during differentiation of a conditionally immortal, cochlear cell line
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(Rivolta et al. 2002). The cell line UB/OC-1 was derived from Immortomouse
organs of Corti to represent early stages of hair cell differentiation (Rivolta
et al. 1998). It expresses the cytoskeletal proteins myosin VI and fimbrin and
under differentiating conditions it upregulates Brn3c, �9AChR, and myosin VIIa.
The expression profiles of these molecular markers, analyzed by RT-PCR,
immunolabeling, and electrophysiology, suggest that UB/OC-1 represents key,
dynamic features of early hair cell differentiation. There is no evidence for
expression of markers for supporting cells, including OCP-2, a protein highly
expressed by supporting cells in vivo (Yoho et al. 1997). Rivolta et al. analyzed
the transcriptional profile of UB/OC-1 at daily intervals for 14 days under
differentiating conditions. The arrays represented 11,000 genes, including about
6000 known genes and 5000 ESTs. The temporal component of the experi-
mental design was punctuated by the fact that cells were released from the
immortalizing gene and allowed to differentiate synchronously. Further, the
cell line was clonal and all cells expressed Brn3c on differentiation (Rivolta
et al. 1998). This means that there was a reasonable chance of clustering
functionally related genes that shared similar temporal profiles and of modeling
coherent programs within a single cell. The following sections illustrate some of
the data that is available from the website. The entire data set obtained from this
analysis has been deposited in the NCBI Gene Expression Omnibus Database
(http://www.ncbi.nlm.nih.gov.geo/) under the series accession number GSE36
and sample numbers contained therein.

3.1.1.3 Proteases

The published data for UB/OC-1 reveals a remarkable upregulation of cathepsin
D during differentiation. The specific probe set for cathepsin D, as well as
two cathepsin D ESTs represented in the array, displayed a relative increase in
transcript level of at least 30-fold (Fig. 7.5). Further experiments are needed
to establish the possible involvement of cathepsin D in hair cell differentiation.
An interaction worth exploring is the link between cathepsin D and the insulin-
like growth factor (IGF) cascade. Cathepsin D is a regulatory protease that can
modify the response to IGF-1 by hydrolyzing IGF binding proteins (IGFBPs;
Conover 1995, Conover et al. 1995; Claussen et al. 1997). IGFBP2 is also
notably upregulated during differentiation of UB/OC-1. The IGF-1 receptor is
expressed in rat utricular sensory epithelia and may be downregulated after
aminoglycoside treatment (Saffer et al. 1996). Lack of IGF-1 in null mutant
mice affects postnatal survival, differentiation, and maturation of spiral ganglion
cells, causing abnormal synaptogenesis and incomplete innervation (Camarero
et al. 2001).

These results could be important because proteases are ideal therapeutic
targets. They have a relatively small, active site against which to design inhibitory
drugs. Between 1998 and 2000, the number of human proteases under investi-
gation as therapeutic targets almost doubled to include about 15% of the total
number of proteases described (Southan 2001). Cathepsins, for example, have
been implicated in tumor invasion and progression (Berchem et al. 2002) and in
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Figure 7.5. Temporal gene expression profiles for cathepsin D, insulin-like growth factor
binding protein 2 (Igfbp2), and presenilin 1 in the cell line UB/OC-1 following analysis
with Affymetrix oligonucleotide arrays (Rivolta et al. 2002). Two different probe sets
for cathepsin D generated similar profiles that indicate more than a 30-fold increase in
expression during the first 5–6 days (remember that each log2 unit represents a 2-fold
change). These profiles correlated with those for Igfbp2 and presenilin 1. All genes were
expressed at relatively high absolute levels against the background.

degenerative diseases (Tyynela et al. 2000). Cathepsin K is a classic example of a
prototypic genomics-derived drug discovery target (Debouck and Metcalf 2000).
To identify genes involved in bone resorption that could be responsible for osteo-
porosis a large number of ESTs were analyzed from a human osteoclast cDNA
library (Drake et al. 1996). Approximately 4% of the ESTs sequenced from this
library encoded cathepsin K, which was independently proposed as the molecule
underlying pycnodysostosis, an inherited syndrome combining osteopetrosis with
bone fragility (Gelb et al. 1996). Inhibitors are being tested as a proposed therapy
for bone resorption problems, such as the ones encountered in osteoporosis
(Yamashita and Dodds 2000).

Cathepsin D may also be involved in the pathogenesis of Alzheimer’s disease
(AD) because a genetic polymorphism in this gene is associated with an increased
risk of the disease (Papassotiropoulos et al. 1999). Moreover, it possesses
�- and �-secretase activities (Nixon 2000), necessary for the processing of
amyloid precursor protein into A� peptides. Although BACE (Vassar et al. 1999)
and presenilins (De Strooper et al. 1998; De Strooper et al. 1999; Herreman
et al. 2000) have been identified as the respective main sources for the
�- and �-secretase activities, the probable important role of this lysosomal
protease has justified efforts to design and explore specific inhibitors (Baldwin
et al. 1993).

3.1.1.4 Data for Gene Networks

Gene networks can be constructed from a series of specific manipulations of
single genes within a cell, tissue, or animal. Yeast cells have provided excellent
models in this respect, as it is possible to analyze differences in gene expression
profiles for a wide range of specific, known mutations (Jorgensen et al. 2002). In
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vertebrates the situation is much more complex but it is informative to compare
cells, tissues, or embryos in normal animals with those from animals carrying
inherited genetic defects or induced mutations (Parkinson and Brown 2002).
However, the comparisons still suffer from complexities related to lack of cellular
resolution and to accumulated, indirect effects during development. An elegant
solution to this problem led to the discovery of genes expressed specifically in
touch receptor neurons of C. elegans (Zhang et al. 2002). There are only six
touch receptor neurons in adults and cDNA arrays were not sufficiently sensitive
to pick up cell-specific genes. The gene mec-3 encodes a transcription factor that
regulates touch receptor differentiation. Receptor neurons were thus labeled with
GFP linked to mec-3 and mec-18, another cell-specific gene. Fluorescent cells
were then selected from normal embryos and mec-3 null embryos, cultured, and
compared to identify genes specific for touch receptors. cDNA microarrays for
C. elegans represent almost the entire genome, including 17,817 of the 18,967
known or predicted genes. The method led to the identification of 71 genes
dependent on expression of mec-3. This approach could be adopted in the
mammalian ear but it is also possible to use cell lines.

Loss-of-function and gain-of-function studies with specific genes can be
conducted relatively easily in cell lines. The approach allows us to test hypotheses
that emerge from the temporal profiles described in the preceding text. For
example, the expression level for GATA3 increased more than fivefold during
differentiation of UB/OC-1 (Rivolta et al. 2002). The list of genes that cluster
with GATA3 provides candidates for functionally related genes, which can be
tested by overexpressing or knocking down GATA3 (Lawoko-Kerali et al. 2004a).
This can be achieved with antisense oligonucleotides (Fig. 7.6) or antisense
morpholinos (GeneTools Ltd.). The application of ribozymes (z) or of RNA
interference (RNAi) may be more effective (Sandy et al. 2005). Replica samples
for control and treated cells after given time periods can reveal direct and
indirect targets of a cascade of transcription factors that are known to regulate
cell differentiation. For example, we know that cochlear–vestibular ganglion
cells depend upon expression of neurogenin 1 (Ma et al. 1998), GATA3 (Karis
et al. 2001), NeuroD (Liu et al. 2000, Kim et al. 2001) and Brn3a (Huang
et al. 2001). A series of loss of function studies in an appropriate cell line offers
the chance to establish a true hierarchical network of downstream targets for
these transcription factors. This kind of information will provide an extremely
valuable, complementary dimension to our understanding of mammalian sensory
cell differentiation. Brn3c has been discussed previously in the context of gene
array analysis of functional null mice (Hertzano et al. 2004). A further piece of
information relating to its function as a survival factor is the demonstration that
Brn3c can regulate specific elements of the promoters for both brain-derived
neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) in cell lines (Clough
et al. 2004). The results are based on the expression of promoter elements linked
to a luciferase reporter in the cochlear cell lines UB/OC-1 and UB/OC-2. In
the dreidel mutant mouse, in which Brn3c is nonfunctional, BDNF expression
levels are also decreased.
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Figure 7.6. Knockdown of the transcription factor GATA3 with antisense oligonu-
cleotides in a cell line that represents delaminating cochlear neuroblasts. Immunolabeling
shows the loss of GATA3 after 36 hours with antisense (AS) as opposed to sense (S) or
untreated controls (C). Immunoblots reveal that loss of GATA3 is accompanied by loss of
the neural transcription factor NeuroD. After 60 hours in culture without further treatment
both factors are reexpressed. Scale bar = 100 �m. (From Lawoko-Kerali et al. 2004a.)

Retinoic acid and bone morphogenetic protein 4 (BMP4) are essential for
normal inner ear development, including the formation of the semicircular canals.
An interaction between them was discovered through experiments with the cell
line 2B1, which was derived from the Immortomouse otocyst at E9.5 (Thompson
et al. 2003). Activation of retinoic acid receptors � and � led to an 80% decrease
in the transcription of BMP4, mediated through two promoters distinct from
that primarily used in bone tissue. BMP4 was also downregulated in devel-
oping otocysts treated with retinoic acid, and exogenous application rescued the
inhibitory influence of retinoic acid on the formation of the semicircular canals.
These interactions are tissue specific and the work depended on the use of cell
lines that were derived from the inner ear at the appropriate time.

3.2 Degeneration

Cell lines have been used extensively in toxicity studies and they provide a
first line of screening for ototoxic effects and the potential protective action of
new drugs (Bertolaso et al. 2001; Devarajan et al. 2002; Jeong et al. 2005a, b).
Numerous, commonly used drugs are ototoxic (see Forge and Van De Water,
Chapter 6) and cell lines from the inner ear should provide insights into their
function. The ionic platinum drug cisplatin is used to treat tumors despite its
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known ototoxic, nephrotoxic, and neurotoxic effects, which are thought to be
based on the effects of reactive oxygen species on mitochondrial function. The
antioxidant methionine was found to reduce cell death in cell lines derived from
breast tumors (Reser et al. 1999) and overexpression of the mitochondrial antiox-
idant manganese superoxide dismutase (MnSOD) in human embryonic kidney
cells provides significant protection against cisplatin (Davis et al. 2001). Direct
evidence that aminoglycosides influence components of mitochondrial protein
synthesis was obtained from lymphoblastoid cell lines derived from patients
carrying a mutation in their ribosomal RNA (Guan et al. 2000). OC-k3 cells,
derived from the inner ear of the Immortomouse, were used to test the effects
of selected ototoxic drugs on apoptosis (Bertolaso et al. 2001). They showed
that apoptosis could be almost completely blocked by simultaneous treatment
with certain antioxidants. The same cell line was used to study the molecular
effects of cisplatin with cDNA arrays (Previati et al. 2004). Cells were treated
for periods of 3, 6, 12, and 24 hours with 50 �M cisplatin and total RNA was
isolated in each case for comparison with untreated cells cultured for the same
period. The expression levels of hundreds of genes changed throughout the
24-hour period and those related specifically to production of reactive oxygen
species were identified. The cells were subsequently used to test the protective
effects of several cytoprotective drugs, including butylated hydroxytoluene,
dithiothreitol, and N-acetylcysteine, all of which reduced cell death caused by
cisplatin. Temporal profiles of gene expression are extremely informative but
dose-dependent changes can also be valuable, especially when trying to identify
the specific effects of the given drug. There is increasing evidence that antioxi-
dants and inhibitors of apoptotic pathways can protect both hair cells and their
sensory nerves in vivo (Ylikoski et al. 2002) and cell lines should be of value in
determining the molecular mechanisms involved. The differential sensitivity of
different cell types means that cell lines derived from targeted inner ear epithelia
should provide an important experimental asset.

3.3 Regeneration

Few studies with these lines have focused on regeneration directly although there
is obvious potential to do so. However, Lawlor et al. (1999) showed that the cell
line UB/UE-1, cloned from postnatal supporting cells from the utricular macula,
has the potential to differentiate into neonatal hair cells and supporting cells.
Characterization of the hair cell phenotype was based not only on RT-PCR and
immunolabeling for hair cell markers, including Brn3c, myosin VIIa, and fimbrin,
but also on electrophysiological recording of functional markers such as acetyl-
choline receptors and potassium channels. The origin of the cell line was tightly
defined and the implication is that neonatal supporting cells in the mammalian
utricle are multipotent, a property that correlates with asymmetric cell divisions
during the early stages of differentiation (Rivolta and Holley 2002a). This cell
line provides a potentially useful in vitro model for analyzing genes involved in
cell cycle arrest and the early stages of hair cell differentiation. Weaknesses in
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the model include the lack of markers for supporting cells. In addition, the cells
are more likely to reflect developmental rather than regenerative mechanisms.

However, modulation of signaling pathways that govern hair cell differ-
entiation can certainly be explored. One such mechanism might involve the
cell adhesion molecule E-cadherin, which is expressed by supporting cells but
is downregulated in hair cells (Whitlon 1993; Whitlon et al. 1999; Hackett
et al. 2002). Signaling through E-cadherin is complex and is modulated through
homotypic interactions between cells, a route that governs epithelial structure
and cell proliferation, and even the formation of homodimers on the same cell,
which can activate growth factor receptors (Pece and Gutkind 2000). Consti-
tutive expression of E-cadherin in UB/UE-1 inhibits progression of hair cell
differentiation (Hackett et al. 2002). Elucidation of the associated signaling
pathways, which could involve Wnt, is worth pursuing. Cadherins interact with
cytoskeletal proteins in the hair bundles, including vezatin and myosin VIIa
(Kussel-Andermann et al. 2000). This is particularly important because mutations
in cadherin Cdh23 and the protocadherin Pcdh15 lead to disruption of the hair
bundles and to hearing loss (Alagramam et al. 2001a, b, Bolz et al. 2001; Di
Palma et al. 2001).

Cell lines from the Immortomouse have been used very successfully for
cell transplantation into the retina (Lund et al. 2001) and the CNS (Virley
et al. 1999). The cell line US/VOT-N33 represents neuroblasts delaminating
from the ventral otocyst at E10.5 (Lawoko-Kerali et al. 2004b). It responds
to FGF1 and FGF2 in vitro by forming bipolar cells resembling SGNs and
associates with SGNs from primary organ culture in vitro (Fig. 7.7) (Nicholl
et al. 2005). It differentiates into a neuronal phenotype in vitro and in vivo
and expresses key transcriptional markers of native SGNs. This shows that
conditionally immortal cell lines can retain their phenotype and differentiate in
a similar way to their native equivalents, reinforcing their use in developmental
studies of gene interactions in vitro.

Figure 7.7. Differentiation of the cell line US/VOT-N33 (A) before and (B, C) after
culture in vitro with 25 ng ml−1 FGF2 for 7 days. The cells form bipolar, neuronal
morphologies similar to those of native SGNs. They associate with each other in vitro
and with native SGNs in coculture (Nicholl et al. 2005).
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3.4 Other Cell Lines

Other cell lines have been established but there is relatively little data regarding
their application at this stage. Cells from the rat otocyst at E12 and from the
rat organ of Corti at P5 have been immortalized by retroviral transfection with
E6/E7 genes from human papillomavirus (Ozeki et al. 2003). The cells had
mixed phenotypes and expressed numerous markers for hair cells, supporting
cells, and neuronal tissue.

4. Stem Cells

Stem cells have been defined as “clonal precursors of both more stem cells of
the same type, as well as a defined set of differentiated progeny” (Weissman
et al. 2001, p. 388). The enormous potential of therapies employing stem cells
has raised great hopes and expectations in almost every area of medicine. The
possibilities range from cell replacement to the more ambitious and still futuristic
idea of generating whole organs in vitro for transplantation. Stem cells can
be classified into different types, depending on the source tissue, the time of
derivation and the potential to produce different lineages. The primordial, master
stem cell is the zygote. The fertilized egg is totipotent, that is, it has the potential
to produce any cell type in the body, including extraembryonic tissue such as
the trophoblast. Pluripotent stem cells have a slightly more restricted potential.
They have the ability to generate cell types from all the three germ layers
(endoderm, mesoderm, and ectoderm), including all the somatic lineages and
germ cells. However, they do not normally produce extraembryonic lineages
such as those from the placenta. Finally, multipotent stem cells have even more
limited potential, producing cell types usually restricted to a single organ or
germ layer.

Pluripotent stem cells have the widest range of potential applications. They can
generally be classified as embryonic or adult, depending on their developmental
stage of derivation. Some groups oppose the use of human embryonic stem cells
(hESC) because of ethical and moral concerns. Our knowledge about the sources
and potential of these cells is still very limited and further research is necessary
with both stem cell types, embryonic and adult, to understand their possible
applications.

4.1 Embryonic Pluripotent Cells

Three different cell types with pluripotency have been derived from mammalian
embryos. Embryonal carcinoma cells (ECs) were the first to be identified and
characterized during the 1960s and 1970s (reviewed in Andrews 2002). These
cells are present in teratocarcinomas, which are gonadal tumors that can produce
cell types from the three embryonic germ layers (Martin and Evans 1974).
They are probably derived from primordial germ cells (PGCs), the embryonal
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precursors of the gametes (reviewed in Donovan and Gearhart 2001). Human
EC cell lines were derived by isolating them from the tumors and growing
them on mitotically inactive layers of fibroblasts (feeder layers). Although they
had been considered for therapeutic applications, the presence of aneuploidy
was a cause for concern (Andrews 1998, 2002). This limitation led Evans and
Kaufman (1981) and Martin (1981) to isolate cells from normal mouse blasto-
cysts, using culture conditions optimized for EC cells. These embryonic stem
cells (ESCs) have a normal karyotype (Bradley et al. 1984) and are maintained
in an undifferentiated state by the inclusion of leukemia inhibitory factor (LIF)
in the culture media. Almost two decades later, Thomson et al. (1998) succeeded
in establishing ESC lines from human blastocysts. A notable difference between
human and mouse ESCs is that LIF is not sufficient to maintain human ESCs
undifferentiated and it is necessary to grow them on feeder layers or feeder-
conditioned medium. ESCs are derived from the inner cell mass (ICM) of the
blastocyst, and they are roughly equivalent to these cells, although in vivo they
do not persist for any great length of time. The apparent immortality and the
maintenance of undifferentiated features of ESCs are a result of their estab-
lishment in vitro. One of the greatest challenges is to control their differentiation
predictably to enable selection of specific cell types for therapeutic application
(Lovell-Badge 2001). Finally, embryonic germ cells (EGCs) are derived from
PGCs of the postimplantation embryo. They are maintained undifferentiated in
the presence of feeder layers and have a similar potential to ESCs (Matsui
et al. 1992; Resnick et al. 1992).

4.2 Fetal and Adult Stem Cells

Of the several major groups of fetal and adult stem cells, the hematopoietic,
mesenchymal and neural stem cells are the best characterized. Given their higher
numbers during development, fetal tissue is an ideal source for the initial isolation
and setting up of cultures to expand cells in vitro.

4.2.1 Hematopoietic Stem Cells

The ability to produce multiple cell lineages is retained by certain cell types into
adult life. Bone marrow hematopoietic stem cells have the capacity to recon-
stitute the blood cell progenies throughout the life of the individual. Long-term
hematopoietic stem cells (LT-HSCs) are named according to their ability to give
rise to the lymphoid and myeloerythroid lineages for life after transplantation into
myelo-ablated, irradiated mice. LT-HSCs give rise to short-term hematopoietic
stem cells (ST-HSCs), which can only give rise to blood lineages for 8–12 weeks
when transplanted. ST-HSCs in turn are the source of multipotent progenitors,
which progressively lose the potential for self-renewal. An intrinsic advantage
of these kinds of stem cells is the possibility of using them for autologous
transplants. They can be used to replenish the bone marrow of cancer patients
that have undergone chemotherapy. By selecting HSCs based on their surface
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markers the possibility of contaminating the transplant with tumor cells and
reinducing a spread can be virtually eliminated (Weissman 2000).

The potential applications of HSCs go beyond the fields of oncology and
hematology. Lagasse et al. (2000) showed that HSCs can repair liver damage by
giving raise to new hepatocytes. Furthermore, they used HSCs to treat fumary-
lacetoacetate hydrolase (FAH)-deficient mice, which develop liver failure similar
to human fatal hereditary tyrosinemia type I. Seven months after transplantation,
30%–50% of the liver mass in the treated animals was derived from donor cells.
The mechanisms underlying this phenomenon are still unclear. Evidence suggests
that the new hepatocytes may have been generated by cell fusion rather than by
direct differentiation from HSCs (Vassilopoulos et al. 2003; Wang et al. 2003).
However, more recent experiments appear to support the idea of differentiation
without fusion (Jang et al. 2004). Regardless of the mechanism, these experi-
ments show that stem cells can be successfully used to treat a genetic condition
by replacing a critically targeted cell population.

4.2.2 Mesenchymal Stem Cells and Multipotent Adult Progenitor Cells

Mesenchymal stem cells (MSCs; also known as stromal cells) are a population
located in the bone marrow that can grow as adherent cells in culture and can
differentiate into osteoblasts, chondroblasts, and adipocytes in vitro and in vivo.
They can be identified by a number of surface markers including CD29, CD44,
CD90, and CD106, while they are generally negative for CD34, CD45, or CD14.
Human MSCs can differentiate in vitro into mesodermal and neuroectodermal-
derived tissues (Pittenger et al. 1999, Woodbury et al. 2002).

The derivation of multipotent adult progenitor cells (MAPCs) has created
great expectations in the field. They were initially isolated from a subpopulation
of highly plastic MSCs, and can also grow in vitro as adherent cells (Reyes
et al. 2001, 2002; Jiang et al. 2002, 2003). Human MAPCs do not need leukemia
inhibitory factor (LIF) for expansion, unlike their murine counterparts. They
can proliferate for more than 100 population doublings without undergoing
senescence. They lack most of the markers associated with MSCs or HSCs, such
as CD34 or CD44, and express factors characteristic of ESCs, like OCT4 and
REX1. They have the potential to differentiate in vitro not only into mesenchymal
progenies, but also into visceral mesodermal, neuroectodermal, and endodermal
cell types (Jiang et al. 2002, 2003). When transplanted into early embryos, they
contribute to most, if not all, of the somatic cell types. When grafted into an adult
host they can differentiate into the hematopoietic lineages as well as contributing
to the lung, gut, and liver epithelium.

These cells might prove fundamental in treating a broad range of diseases or
conditions, regardless of the tissue involved. They could well have the potential
to produce inner ear sensory cells if exposed to the right cues and introduced into
the appropriate cellular environment. As with HSCs, a critical advantage is that
they can be derived from the same patient, enabling autologous transplants that
will avoid the complications of tissue rejection. Unfortunately, MAPCs appear
to be notoriously difficult to culture and only a few labs worldwide have been
able to maintain them.
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4.2.3 Neural Stem Cells

The long-standing dogma that there were no cells in the adult CNS with prolifer-
ative capacity was shattered by the discovery of proliferating neuronal precursors
(Reynolds and Weiss 1992; Lois and Alvarez-Buylla 1993). The main sources for
derivation of adult neural stem cells (NSCs) are the subventricular zone (SVZ),
the hippocampus (Gage 2000), and the olfactory bulb (Pagano et al. 2000).
NSCs are normally grown as aggregates in suspension, known as neurospheres,
although some labs have grown them as adherent monolayers. The multilineage
potential of NSCs appears to stretch beyond the boundaries of neural tissue.
Several reports have shown their ability to produce non-neural lineages such as
blood (Bjornson et al. 1999; Shih et al. 2001; Vescovi et al. 2002) and even
muscle (Galli et al. 2000). Morshead et al. (Morshead et al. 2002) have explained
this non-neural plasticity of NSCs as artificially acquired by the culture in vitro.
It is possible that the initial source of derivation would have a substantial effect
on the different lineages and neural types produced, since it has been proposed
that not all NSCs are equal, and some may be temporally and regionally restricted
(Temple 2001). If this line of thinking proves correct, it would implicate the need
to derive inner ear-specific NSCs to obtain fully functional, auditory sensory
neurons. On the other hand, there is evidence that adult NSCs display a very broad
repertoire for differentiation depending on their cellular environment (Clarke
et al. 2000). Injected into the amniotic cavities of stage 4 chick embryos or in
clonal culture derived from neurospheres, they can form a broad range of pheno-
types including neural cells, muscle, mesonephric cells, and epithelial cells of
liver and intestine. These results imply that stem cells in different adult tissues
may be quite closely related and effective in “non-native” cellular environments.

4.3 Stem Cells from the Inner Ear

Evidence for the presence of stem cells in the mammalian inner ear has been
difficult to obtain. The lack of regenerative capacity of mammalian sensory
epithelia might suggest that they do not exist. However, until relatively recently
this was believed to apply to other mammalian tissues, for example, the CNS
and the retina. Stem cells tend to occupy defined, protective niches in which
they can maintain their identity (Lovell-Badge 2001). There is no evidence
for natural regeneration in the mammalian retina, either in the sensory neural
epithelium or the retinal pigmented epithelium. Nevertheless, pigmented cells
from the ciliary margin (PCM cells) of 2- to 3-month-old mice can form self-
renewing colonies that can differentiate into retinal epithelial cells, including
photoreceptors (Tropepe et al. 2000). These cells are distinct from the retinal
progenitors that are produced during development and that have a limited lifespan
and they are protected within a discrete anatomical niche.

Latent neural progenitors in the adult hippocampus can be stimulated by
epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF2) to repair
ischemic damage to CA1 pyramidal neurons (Nakatomi et al. 2002). The response
is subtle. If the growth factors are applied simultaneously with the ischemia they
do not protect the CA1 neurons from subsequent degeneration and apoptotic
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death. However, they stimulate upregulation of cell-specific transcription factors
within the first day. Proliferation of replacement neurons occurs within 4 days
of treatment, preceding neuronal loss. By 28 days there are clear signs of both
structural and functional recovery. This work suggests that stimulation with
the appropriate growth factors at the appropriate time can activate an effective
endogenous response.

Despite large numbers of experiments, including the application of many
different factors to experimentally damaged epithelia, no such regenerative
response has been observed in the mammalian cochlea. In contrast, the capacity
for sensory repair in vestibular epithelia, even if limited, suggests the presence
of sensory cell progenitors or even stem cells, for which there is now good
experimental evidence (Li et al. 2003a). To place this work into a developmental
context we will consider the origins of the sensory cells and the likely location
of stem cell niche if one should exist in the inner ear.

4.3.1 Location of Sensory Progenitors

Over the past 15 years, supporting cells have been identified as the most likely
source of new hair cells. In 1967, Ruben used tritiated thymidine to detect the last
round of mitoses occurring in the mouse organ of Corti (Ruben 1967). He showed
that hair cells and the surrounding supporting cells are born at around E14.5.
The synchrony of their terminal mitoses suggested that hair cells and supporting
cells probably share a common progenitor. This idea was supported by a study
on the effects of retinoic acid (Kelley et al. 1993). Supernumerary hair cells and
supporting cells were produced after embryonic cochlear explants were treated
with exogenous retinoic acid. The additional cells appeared without signs of cell
proliferation, implying that retinoic acid had changed the fate of a postmitotic
cell population into one with the potential to produce hair cells and supporting
cells. This population represents prosensory precursor cells. Laser ablation of
hair cells in the developing mouse organ of Corti provided further evidence that
new hair cells can be derived from supporting cells (Kelley et al. 1995). A few
years later the lineage relationship between hair cells and supporting cells was
demonstrated directly in the chicken basilar papilla (Fekete et al. 1998; Lang
and Fekete 2001). Replication-defective retroviral vectors were used to label a
few progenitor cells around the time of terminal mitoses and the vast majority
of clones analyzed later contained both hair cells and supporting cells. Hair
cells and their immediate supporting cells also share a clonal relationship with
the neurons (Satoh and Fekete 2005). In mammals there is evidence for low-
level regenerative capacity in the utricular macula (Forge et al. 1993; Warchol
et al. 1993). Further, conditionally immortal supporting cell lines derived from
the early postnatal mouse utricle have the potential to replace themselves and
to produce cells with clear, neonatal hair cell phenotypes (Lawlor et al. 1999).
White et al. (2006) have shown that postnatal supporting cells from the organ
of Corti can proliferate in vitro and transdifferentiate into hair cells.

Pirvola et al. (2002) demonstrated with great elegance that FGF receptor
1 (FGFR1) is required for proliferation of the prosensory cell population in
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the developing mouse organ of Corti. It is not clear how the prosensory cells
are specified or how FGF signaling is related to the expression of the cyclin-
dependent kinase inhibitor p27. However, FGF signaling appears to regulate a
population of “transit amplifying cells” in a manner that may shed light on the
regulation of an endogenous stem cell population. The prosensory cells express
the transcription factor SOX2 (Kiernan et al. 2005). This gene has been associated
with multipotency and with the proliferation and maintenance of stem cells from
diverse origins. In the ear, however, it has been proposed as having an instructive
role, helping to specify the prosensory field by acting upstream of atoh1.

4.3.2 Isolation of Stem Cells from the Inner Ear

Pluripotent stem cells have now been isolated from mammalian vestibular
epithelia (Li et al. 2003a). They were isolated from the utricular macula of
3- to 4-month-old mice by their ability to form floating spheres. When disso-
ciated and plated as adherent cultures, cells differentiated into hair cell and
supporting cell phenotypes. They also expressed neuronal markers, and when
grafted into chicken embryos, contributed to mesodermal, endodermal, and
ectodermal derivatives. Similar approaches have provided no firm evidence for
the existence of a stem cell population in the adult mammalian cochlea, but it is
too early to rule out the possibility.

Malgrange et al. (2002) approached this issue by culturing cells from neonatal
rat cochleae in the presence of EGF and FGF2. They used nestin as a marker for
potential stem cells. Suspensions of nestin-positive cells formed “otospheres,”
reminiscent of the neurospheres formed from NSCs, and from these cells it was
possible to differentiate a variety of cell phenotypes, including hair cells. In a
similar study, but working with E13.5 atoh1-GFP transgenic mice, Doetzlhofer
et al. (2004) were able to culture a population of progenitors that differentiate
in vitro into cells displaying hair and supporting cell markers. These cells were
only capable of producing atoh1–GFP cells for up to 3 weeks in vitro. The in
vitro–generated hair cells needed EGF and the support of periotic mesenchyme
for their survival. The number of atoh1-GFP cells dropped substantially when
the cells were isolated from P2 cochleae. Oshima et al. (2007) compared the
ability of different parts of the inner ear to generate floating spheres. The capacity
of the cochlea to produce these spheres decreased substantially (100-fold) during
the second and third postnatal week and it was completely abolished in older
animals.

A population of nestin-positive cells is normally located in the most basal,
supporting cell layer of the sensory epithelia and in the inner spiral sulcus,
remaining in the inner spiral sulcus of the rat cochlea up to 2-weeks of age
(Kojima et al. 2004). Using a GFP-nestin transgenic mouse, Lopez et al. (Lopez
et al. 2004) have described a small population of Deiters’ cells, located under-
neath the outer hair cells, which remained positive for GFP-nestin as late as
postnatal day 60. This work provides a preliminary indication that cochlear stem
cells might exist in postnatal life. However, nestin alone cannot be considered
an exclusive marker for stem cells.
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Attempts to isolate populations from the adult cochlea have produced very
limited results. A population of neural precursors has been isolated from adult
guinea pig and human spiral ganglions, although with very limited proliferative
capacity and restricted lineage potential (Rask-Andersen et al. 2005). Zhao (2001)
attempted to derive stem cells from young adult guinea pigs. Cells from six to
eight organs of Corti were cultured in a keratinocyte medium supplemented with
EGF, bovine pituitary extract, and 10% fetal bovine serum. Epithelial clones
were derived that appeared to have the potential to differentiate hair cells. Further
experimental evidence is needed to identify the proliferative capacity and potency
of these cells but the results should serve to encourage more studies of this kind.

It is not clear if the nestin-positive cells identified by Malgrange et al. (2002)
form such a niche although they do lie in a region within which ectopic hair cells
can be induced by transfection with Atoh1 (Zheng and Gao 2000). Evidence for
a true adult stem cell population should ideally come from a defined group of
cells in adults with direct evidence that they can proliferate and are multipotent.
Interestingly, PCM cells proliferate without exogenous growth factors but they
do not normally produce a regenerative response. The suggestion is that, like
the spinal cord (Schwab 2002), the cellular environment is inhibitory and that
if the inhibition is removed then the endogenous stem cells might effect repair.
However, this appears unlikely in the cochlea based on the loss of sphere-forming
potential related to age as described by Oshima et al. (2007). The fact that cells
do not proliferate once isolated from their environment implies that they have
either disappeared or that their competence is lost, rather than an active inhibitory
effect maintained by the surrounding cells.

4.4 Cell Transplantation

Give their immense capacity to proliferate and expand in vitro, embryonic stem
cells are an ideal source to generate different cell types. Li et al. (2003b)
demonstrated that it is possible to direct stepwise differentiation of murine ESCs
into inner ear phenotypes. Initially, cells were allowed to aggregate into embryoid
bodies in the presence of EGF and IGF and then the ear progenitors expanded by
adding basic fibroblast growth factor (bFGF). A detailed experimental protocol
can be found in Rivolta et al. (2006). These manipulations induce the coordinated
expression of the hair cell transcription factors Brn3c and atoh1 in a single
cell. Transplantation into developing chicken otocysts was followed by further
differentiation of hair cell characteristics. Given that progenitors are generated
after the first stage of induction it is surprising that a vast majority of hair cell
phenotypes was observed, with relatively few grafted cells that did not express
hair cell markers. It is not yet clear if this is a peculiarity of the system or if other
instructive signals are needed to support the differentiation of these progenitors
into the remaining cell types, i.e., supporting cells and neurons.

Murine ESCs have been transplanted into mouse ears after treatment with
stromal, cell-derived inducing activity (SDIA). This activity, obtained by
growing the ES on PA6 feeder cells, promotes neural differentiation (Kawasaki
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et al. 2000). Cells survived for 4 weeks and expressed the neuronal marker
�III-tubulin, but no hair cell markers. Differentiation was not complete, as
cells were still proliferating and expressing SSEA3, a marker of the undif-
ferentiated state (Sakamoto et al. 2004). Neurons obtained this way have the
ability to form connections with vestibular hair cells in vitro (Kim et al. 2005),
and in a subsequent study, the ESCs-derived neurons showed an improvement
of functionality in deafened guinea pigs as measured via auditory brainstem
responses (ABRs; Okano et al. 2005). In an independent study, Hildenbrand
et al. (2005) transplanted partially differentiated mouse ESCs into deafened
guinea pigs cochleae. Although the cells survived in the cochlea, they failed to
support functional recovery. Another group has described that untreated mouse
ESCs transplanted into the vestibulocochlear nerve migrated centrally into the
brain stem (Hu et al. 2004a; Regala et al. 2005). The survival of ESCs differen-
tiated into TUJ1+ cells was improved by cotransplanting them with fetal DRGs
(Hu et al. 2005a). ESC-derived neural progenitors expressing YGFP were trans-
planted into the cochleae of gerbils that have their SGNs destroyed with ouabain.
After 2–3 months the transplanted cells had grown processes into the organ of
Corti (Corrales et al. 2006).

NSCs derived from adult rat hippocampus have been transplanted into newborn
rat cochleae in the hope that they might be incorporated into the sensory epithelia
(Ito et al. 2001). The experimental evidence in this study is limited but there
was some indication of survival and integration after 2–4 weeks. In a similar
work the survival of adult NSCs was slightly improved by damaging the sensory
epithelia with neomycin. NSCs that were transduced with the neurogenic gene
ngn2 showed better differentiation as neurons, but no cells were found that
display hair cells markers (Hu et al. 2005b). Hakuba et al. (2005) transplanted
fetal NSCs into gerbil cochleae that have been damaged by arterial occlusion.
Nestin-positive cells that appeared to have differentiated into inner hair cells
were evident in the transplanted animals. However, the grafted cells were not
exogenously tagged, so it is impossible to exclude that nestin-positive cells
were endogenously produced as a response to the transplant. In any case, an
improvement of the hearing was recorded via ABRs.

Preliminary transplantation studies of naïve, untreated bone marrow MSCs
into adult chinchilla cochleae show that although some cells have grafted, the
proportion that present neuronal differentiation was low (about 0.4%; Naito
et al. 2004). Differentiation of MSCs could be improved greatly by in vitro
manipulations. In a more recent study, differentiation of glutamatergic sensory
neurons was induced from MSCs after exposure in culture to sonic hedgehog and
retinoic acid. It is unclear if the initial population isolated from the bone marrow
included MAPCs, as no characterization of the surface markers was performed
(Kondo et al. 2005). Jeon et al (Jeon et al. 2006) obtained neuroprogenitor-like
cells by culturing MSCs in a media including neuralizing growth factors. When
these cells were transfected with atoh1 they adopted characteristics of hair cells.

Some attempts have been performed using allografic and xenografic implants
of fetal dorsal root ganglion (DRG) into adult rat and guinea pig cochleae
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(Olivius et al. 2003, 2004; Hu et al. 2004b). This tissue survived in the host for
a few weeks, and cells were retained mainly in the scala tympani and along
the auditory nerve fibers of the modiolus, but no evidence was provided on the
formation of synaptic connections with the host hair cells. These are not stem
cells or progenitors; hence they do not offer a expandable, renewable source. This
type of experiment, however, could offer insights into the feasibility of integration
and survival of donor tissue and to ascertain different surgical approaches.

Drawing information from other systems and the limited studies in the ear so
far, a more successful approach might be achieved when stem cells, regardless
of their origin, are exposed in vitro to specific signals that would trigger the
initial programs of differentiation. Transplanting “naïve” stem cells, regardless
of their ability to migrate and survive into different regions of the cochlea, may
not produce the diversity of fully differentiated cells needed. It is likely that the
necessary signals and cues to drive a particular lineage are no longer in place
in the adult cochlea and the cells would need to be “jump-started” into a given
lineage a priori. The pretransplantation “priming” of cells would be particularly
important with embryonic stem cells and other pluripotent cell types, because
highly undifferentiated cells could pose a tumorigenic risk.

Transplantation experiments depend largely on trial and error because there
are so many unknown variables in the in vivo environment. This is particu-
larly true in the inner ear, where pretreatment of the cells and host as well
as the method of delivery could have a substantial influence on the outcome.
These problems have complicated assessment of the clinical potential for cell
transplantation in Parkinson’s Disease (Winkler et al. 2005). Although some
experiments (reviewed earlier) have been performed with different cell types
in different host models, these are initial trials. A series of more systematic,
quantitative studies is needed, where well-defined stem cell populations are
compared in different animal models. The main targets for transplantation have
been Parkinson’s disease, Huntington’s disease, epilepsy, and stroke (Bjorklund
and Lindvall 2000). In these cases, clinical trials have been based primarily
upon the use of primary fetal neural tissue, a rather ill-defined and controversial
source. Successful experiments with retinal tissue have been discussed earlier.
However, functional replacement of hair cells by transplantation is probably
harder than replacement of brain cells, retinal cells, or pancreatic cells. This
is because hair cells are highly structurally specialized and need to be placed
with micron accuracy in order for their stereocilia bundles to be deflected by
the mechanical input to the cochlea. Replacement of surrogate hair cells may
be beneficial if they secrete the appropriate growth factors and thus help to
retain the innervation. This kind of intervention would be most constructive in
conjunction with cochlear implants. In the same context it may be easier to
replace or regenerate SGNs.

4.4.1 Xenotransplantation

To transfer this technology to a clinical application, sources for stem cells will
need to be scrutinized, not only in terms of tissue of origin, but also species. The
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use of animal tissue as donors for transplantation into humans, or xenotransplan-
tation, is certainly a possibility. Pig cells, for instance, have been used to treat
certain conditions such as diabetes (Groth et al. 1994) and Parkinson’s disorder
(Deacon et al. 1997). This approach, although attractive because of ready avail-
ability, is fraught with problems. Xenotransplants elicit a significant immune
rejection. This is a formidable obstacle to overcome and requires substantial
immunosuppression, even assuming that the inner ear could possess a modest
level of immunoprivilege. Moreover, the possibility of pathogens crossing across
species is a certain risk. Porcine endogenous retrovirus (PERV), for instance, has
been shown to infect human cells (Patience et al. 1997) and more control exper-
iments and closely monitored trials are required (Magre et al. 2003). Moreover,
patients are becoming increasingly resistant to receive cell-based therapies from
other species. Even in potentially life-threatening conditions such as diabetes
type 1, more than 70% of the patients interviewed rejected the idea of pig islet
xenotransplants (Deschamps et al. 2005).

The problems presented by xenotransplantation could be minimized by the
use of human stem cells. With this aim, the development of protocols to
induce differentiation of hESCs into auditory phenotypes as well as establishing
human auditory stem cells from other tissue sources are important experimental
approaches (Chen et al. 2005; 2007). hESC also appear to offer the peculiar
advantage of possessing immunoprivileged properties, not eliciting an immune
response (Li et al. 2004).

The therapeutic application is not the only reason to develop a human-based
system. Basic differences in the biology of human stem cells are becoming more
apparent when compared to other species. For instance, the surface antigens
SSEA-3 and SSEA-4 are expressed by human but not mouse ES cells, while
SSEA-1 is expressed by mouse but not hESCs (Henderson et al. 2002). More
important is the dependence of undifferentiated mouse ES cells on leukemia
inhibitory factor (LIF). hESCs do not require LIF but need to grow on feeder
layers (Thomson et al. 1998). Comparison of the transcriptome of human and
mouse ESCs by gene expression arrays (Sato et al. 2003; Ginis et al. 2004) as
well as by massively parallel signature sequencing (MPSS; Wei et al. 2005) has
shown substantial differences in the profile of transcripts and signaling cascades
used. Human stem cells could therefore provide species-specific answers to
fundamental biological questions.

4.4.2 Delivery of Stem Cells to the Inner Ear

The delivery of stem cells is likely to require improvement of current surgical
techniques. A potential way of access could involve the round window, a route
increasingly used for drug administration (Banerjee and Parnes 2004), or a
cochleostomy near the round window as performed with cochlear implantation
(Copeland and Pillsbury 2004). Experiments performed so far have delivered
cells into the modiolus (Naito et al. 2004; Tamura et al. 2004) or into the
perilymphatic space by either drilling a small hole into the scala tympani at
the basal cochlear turn (Hu et al. 2004b), or into the lateral semicircular canal
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(Iguchi et al. 2004). Sekiya et al. (2006), to avoid disturbing the delicate cochlear
structures, transplanted ES cells in the internal auditory meatal portion of the
auditory nerve. Cells delivered this way migrated into the cochlea, specifically
through the Rosenthal’s canal, but only when the auditory nerve had been
damaged. Cells failed to migrate when the nerve was intact. These routes of
delivery should be appropriate for neurons, but for the replacement of the sensory
epithelium, cells would ideally have to be injected directly into the scala media.
Iguchi et al. (2004) have experimented by drilling through the stria vascularis
of the second turn. A considerable number of transplanted cells were located in
scala media, but expectedly, a substantial elevation of the ABR thresholds was
produced. Hildebrand et al. (2005) transplanted cells into scala media of guinea
pig ears with a cannula inserted through the basilar membrane, via the scala
tympani. This procedure appears to deliver cells in this compartment without
producing a significant disruption of the auditory function.

5. Conclusions

Effective therapeutic approaches to repair or to regenerate sensory cells will
depend upon greater knowledge of the molecules that govern cell proliferation,
migration, and differentiation. Progress in inner ear research has accelerated in
recent years as solutions have been found to deal with small, complex tissue
samples. The combination of transgenic animals, organotypic cultures, cell lines,
and genomic technologies will accelerate identification of key genes and their
function within cells and tissues. Each experimental technique has its strengths
and none is sufficient by itself. In the case of cell lines, their real power lies
in their homogeneous nature and their application to the elucidation of coherent
gene expression programs in conjunction with gene arrays and proteomics.
Proteomics have not been discussed in this chapter because only a few studies
concerning the inner ear have been published to date (Zheng et al. 2006). Because
proteins reflect the function of the cell more directly than mRNA and many key
posttranslational modifications, such as protein phosphorylation, can be taken
into account, proteomics is an attractive approach.

Although the field of auditory stem cell research is still in its infancy; important
advances are already taking place. The discovery of a population of pluripotent
stem cells in the adult vestibular epithelia has opened the possibility of devising
strategies to recruit these cells to repair injury. An equivalent cell type found in
the adult cochlea would be a phenomenal therapeutic target, but all the attempts
so far to prove if that population indeed exists have failed. Using alternative
stem cell sources that can be coerced into inner ear cell types is thus a sensible
complementary strategy and a few labs worldwide are working on finding ways
to instruct these stem cells into the path of auditory fate. Improving the surgical
techniques to facilitate their delivery represents another area of research that will
need development. Finally, the identification and isolation of human auditory
stem cells will take these technologies closer to a realistic clinical application.
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The application of stem cells to the development of therapies for deafness
is creating hopes and expectations. It has a potential that goes beyond other
technologies. Gene therapy, for instance, aims to replace or correct a single
defective gene. Unlike most metabolic disorders where the defect lies on an
enzymatic gene, many cases of hereditary deafness are produced by mutations
in genes encoding for cytoskeletal, structural, or channel proteins, whose lack
of function leads to a direct or secondary degeneration of several cell types
(Steel and Kros 2001; Kurima et al. 2002; Kudo et al. 2003; Rozengurt
et al. 2003). Although exciting results including restoration of auditory function
have been obtained by replacing the atoh1 gene into acutely deafened guinea
pigs (Izumikawa et al. 2005), this kind of approach alone may not work in many
chronic conditions where the general cytoarchitecture of the inner ear has been
disrupted, which is often the case with long-term hearing loss. A cell-based
therapy must not only contribute to the regeneration of hair cells and neurons but
also rebuild the entire cytological frame. Other important cell types, like those
in the stria vascularis, could also be targeted in this kind of therapy.
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