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Abstract

Auditory hair cells transduce sound vibrations into membrane potential changes, ultimately
leading to changes in neuronal firing and sound perception. This review provides an overview of
the characteristics and repair capabilities of traumatized auditory sensory epithelium in the adult
vertebrate ear. Injured mammalian auditory epithelium repairs itself by forming permanent scars
but is unable to regenerate replacement hair cells. In contrast, injured non-mammalian vertebrate
ear generates replacement hair cells to restore hearing functions. Non-sensory support cells within
the auditory epithelium play key roles in the repair processes.
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1. Introduction

A complete survey of the adult cochlear sensory epithelium after trauma would exhaust the
space allotted for this review. It has been necessary, therefore, to be selective in the choice
of topics. The point of reference is the support cells of adult vertebrate cochleae, primarily
those of the organ of Corti, as these cells are potentially critical for repairing damaged
human auditory epithelium. The focus is on experimental findings and hypotheses generated
within the last 10-15 years.

The auditory sensory epithelia of all vertebrate ears (e.g., amphibian papilla, basilar papilla,
organ of Corti) are comprised of hair cells, support cells, and neural endings connecting the
hair cells to the brain (Fig. 1). Readers are referred to comprehensive reviews for detail
(Smith and Takasaka, 1971; Wever, 1978, 1985; Smith, 1981; Gleich and Manley, 2000;
Raphael and Altschuler, 2003; Koppl, 2011; Manley, 2011; Warchol, 2011; Van Dijk et al.,
2011). The sensory hair cells typically form a relatively small percentage of the total
population of the cells present in vertebrate auditory epithelia. When hair cells die,
neighboring support cells close the lesion that is created. In non-mammalian vertebrate
auditory epithelium, the support cells also go on to generate replacement hair cells via two
mechanisms: 1) support cells re-enter the cell division cycle, divide, and the daughter cells
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subsequently differentiate into hair and/or support cells (Corwin and Cotanche, 1988; Ryals
and Rubel, 1988), and 2) support cells convert into hair cells without an intervening cell
division, a process called “direct transdifferentiation” (Adler and Raphael, 1996; Baird et al.,
1996; Roberson et al., 1996, 2004). In mammals, there is no hair cell regeneration in the
mature organ of Corti. Instead, support cells form permanent scars and repair the epithelium,
and/or the sensory epithelium is replaced by an unspecialized epithelium (reviewed in
Raphael et al., 2007). A critical question is why robust hair cell regeneration occurs in
damaged, non-mammalian, vertebrate, auditory sensory epithelium but not in the mature
organ of Corti.

2. Damaging mature auditory sensory epithelium

Mature vertebrate auditory epithelium is vulnerable to a variety of damaging insults,
including intense sounds, exposure to aminoglycosides or certain anti-cancer drugs (e.g.,
cisplatin), hereditary genetic changes, and aging. These insults can induce varying degrees
of destruction to the epithelium that range from the loss of a few hair cells to total
destruction, where the normal epithelium is replaced by an unspecialized epithelium (i.e., a
single layer of unidentified cuboid epithelial cells) with no patterned organization that has
been termed a “monolayer” or “flat” epithelium (Kim and Raphael, 2007; Raphael et al.,
2007).

Auditory hair cells are directly vulnerable to the insults listed above, whereas support cells
and spiral ganglion cells, bipolar neurons cells that innervate the hair cells and send their
axons into the central nervous system (CNS), are thought to have secondary sensitivity to
the insults. Support cell and spiral ganglion cell death are thought to occur as a result of
primary hair cell loss. However, recent findings in mature vertebrate auditory epithelium
suggest support cells and spiral ganglion cells have primary sensitivity in some instances.
Fluorescently tagged aminoglycoside uptake studies have shown rapid aminoglycoside
uptake in organ of Corti support cells (Dai et al., 2006; Wang and Steyger 2009),
corroborating earlier immunohistochemical, ultrastructural, and autoradiographical studies
(e.g., von llberg et al., 1971; de Groot et al., 1990; Imamura and Adams, 2003). In
aminoglycoside-damaged guinea pigs, degeneration to a flat epithelium can occur rapidly,
within 1 week (Izumikawa et al., 2008), and it is possible that the rapid degeneration is due
to primary support cell damage. Primary spiral ganglion loss (ganglion cell loss in the
absence of hair cell loss) has been reported after noise overexposure (Kujawa and Liberman,
2009), aminoglycoside insult (Hinojosa et al., 2001; Teufert et al., 2006), and aging (Makary
et al., 2011). Cisplatin is also though to target spiral ganglion cells directly (van Ruijven et
al., 2004, 2005). In sum, these findings suggest that overexposure to sound,
aminoglycosides, or certain anti-cancer drugs can injure support cells and spiral ganglion
cells directly, in addition to hair cells.

3. Repair capacities of traumatized vertebrate auditory epithelium

3.1. Regenerative processes in non-mammalian vertebrate auditory epithelia

Traumatized non-mammalian vertebrate inner ear epithelium quickly repairs itself and the
mechanisms of the regenerative process have been covered in numerous recent reviews (e.g.,
Stone and Cotanche, 2007; Oesterle and Stone, 2008; Collado et al., 2008; Edge and Chen,
2008; Brignull et al., 2009; Cotanche and Kaiser, 2010, Groves, 2010; Warchol 2010;
Ronaghi et al., 2012), so only a brief summary is necessary here. Hair cell death triggers
regenerative processes in support cells close to the dying hair cell. Prior to the extrusion of
dying hair cells from the damaged epithelium, nearby support cells begin to
transdifferentiate directly into hair cells in the absence of any cell division (Roberson et al.,
2004; Duncan et al., 2006; Cafaro et al., 2007). Some support cells begin to re-enter the cell
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division cycle 16 hours after hair cell injury (Warchol and Corwin, 1996), and replacement
hair cells begin appearing within 3 days of the initial insult (Corwin and Cotanche, 1988;
Ryals and Rubel, 1988; Janas et al., 1995; Duncan et al., 2006). It is not clear whether the
capacity to divide and differentiate into hair cells is a property shared by all support cells, or
whether there is a smaller subpopulation with stem cell-like characteristics or other
properties that favor regeneration. It is estimated that only 15% of the support cells in the
mature bird auditory epithelium can enter the cell division cycle after damage (Roberson et
al., 1996), and fewer than fewer than 5% appear to divide more than once during
regeneration (Stone et al., 1999).

Dying hair cells in chicken auditory epithelium are quickly extruded from the lumenal
surface of the epithelium (Cotanche, 1987; Hirose et al., 2004: Duncan et al., 2006), in
contrast to vertebrate vestibular epithelium where apoptotic vestibular hair cells are
generally phagocytosed by adjacent support cells (Forge and Li, 2000; Bird et al., 2010).
Recent findings suggest that macrophages are not essential for removal of dying hair cells
(Warchol and Hirose, 2012).

In cases of extremely severe damage, where both hair cells and support cells are damaged,
the non-mammalian vertebrate auditory epithelium is unable to regenerate replacement hair
cells. In chicken auditory epithelium exposed to intense sound, nearby non-sensory hyaline
cells divide (Girod et al., 1989) and migrate into the sensory epithelium to permanently
cover the surface of the basilar membrane in the damaged region, possibly serving to
maintain the epithelial barrier between endolymph and perilymph fluids and the
biomechanical components of the basilar membrane complex (Cotanche et al., 1995).
Regenerated hair cells are not seen in chicken auditory epithelium exposed to cisplatin, a
chemotherapeutic agent with antimitotic properties that is widely used in the treatment of
solid tumors. Cisplatin treatment causes both hair cell and support cell death, blocks support
cell proliferation, and prevents support cell transdifferentiation into hair cells (Slattery and
Warchol, 2010). In sum, these studies show that damaging the support cells decreases their
ability to repopulate the epithelium with replacement hair cells, and epithelial cells from
areas flanking the sensory epithelium can migrate in and contribute to the maintenance of
the epithelial layer.

Hair cell genesis in the repairing non-mammalian ear occurs in an environment where the
hair cell precursors coexist with differentiated functioning hair cells, in contrast to
developing auditory epithelium. However, signaling regulators (e.g., Notch) and
transcription factors (e.g., Atohl) that were used to regulate the production of hair and
support cells during embryonic development appear to be re-employed during hair cell
regeneration, and the process of lateral inhibition appears to function in much the same way
as it did during inner ear development to generate the correct ratios of hair and support cells
during regeneration (reviewed in Cotanche and Kaiser, 2010; Bermingham-McDonogh and
Reh, 2011).

3.2. Limited hair cell repair in mammalian auditory epithelium

In contrast to the non-mammalian vertebrate ear, traumatized auditory epithelium in the
mature mammalian ear is unable to regenerate new cells. Studies have consistently shown
that support cells in the mature organ of Corti have no (e.g., Roberson and Rubel, 1994) or
little (e.g., Yamasoba and Kondo, 2006) proliferative ability after extensive hair cell lesions,
and spontaneous hair cell replacement fails to occur. The reasons for the lack of regenerative
capacity are unknown. Support cells in the mammalian organ of Corti are highly specialized
in contrast to support cells in non-mammalian auditory epithelia, and it is possible that as a
consequence of their specialization, they have lost the ability to divide or transdifferentiate
following hair cell loss. It has been hypothesized that support cell proliferative ability is lost
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because of the absence of certain mitogenic receptors and signaling pathways, the
expression of cell cycle inhibitors such as p27KiPL the lack of expression of cell cycle-
positive regulators such as cyclin D1, the expression of additional inhibitory signaling
pathways, and/or changes in the actin cytoskeleton (e.g., White et al., 2006; Burns et al.,
2008; Laine et al., 2010; McCullar et al., 2010; Oesterle et al., 2011; Liu et al., 2012c). It has
been shown that pluripotent stem cells, present in regenerating organs such as intestine and
skin, appear to be absent in the mature cochlea. While stem-like cells have been isolated
from the cochlea of neonatal mice, they have not been identified in the cochleae of adult
mice (Oshima et al., 2007).

Hair cell stereociliary bundles are susceptible to acoustic trauma, and hair cells in lower
vertebrates and mammalian vestibular sensory epithelia can survive bundle loss and
spontaneously undergo self-repair of the stereocilia (Baird et al., 1996, 2000; Gale et al.,
2002, Zheng et al., 1999). Albeit several older studies suggest damaged mammalian
cochlear hair cells might be capable of self-repair and regrowing their stereocilia
(Sobkowicz et al., 1992, 1996), a recent study reports the opposite, namely the inability of
cochlear hair cells to self-repair lost bundles. Damaged bundleless hair cells in postnatal
organ of Corti can survive and continue functional development for several weeks, but they
do not spontaneously regenerate their hair bundle (Jia et al., 2009). Auditory hair cells,
including mammalian hair cells, can repair broken stereocilia tip links, however (Zhao et al.,
1996: Husbands et al., 1999; Jia et al., 2009).

4. Scar formation in damaged organ of Corti

While support cells in the injured organ of Corti do not replenish the epithelium with
replacement hair cells, they are actively involved in repair processes. They expand,
rearrange, and develop scar formations at the apical surface of the reticular lamina at the
sites of hair cell loss (e.g., Hawkins, 1976; Johnsson et al., 1981; Forge, 1985; Raphael and
Altschuler, 19914, b). The scarring prevents further damage to the sensory epithelium, as it
prevents mixing of endolymphatic and organ of Corti fluids, thereby maintaining the
endolymphatic potential and ensuring that residual hair cells can continue to function
(Bohne and Rabbitt, 1983; Forge, 1985). Auditory hair cells operate within a precisely
defined extracellular environment that supports mechanotransduction. Stereocilia extending
from the hair cell lumenal surface are bathed in endolymph, a unique extracellular fluid with
a high potassium concentration, whereas basolateral hair cell surfaces are surrounded by the
intercellular fluid within the organ of Corti, interstitial perilymph with a very different low-
potassium composition. The support cells form an important epithelial barrier with the hair
cells that limits ion flow between endolymph and interstitial perilymph. Tight junctions at
the endolymphatic surface of the epithelium are a key component of this barrier. Recent
studies have shown that mutations in the tight junction proteins CLDN9, CLDN14, and
TRIC enable the ingress of endolymph into the fluid spaces within the organ of Corti and
result in hair cell degeneration (Wilcox et al., 2001; Ben-Yosef et al., 2003; Riazuddin et al.,
2006; Nakano et al., 2009). Increased potassium levels surrounding the basolateral
membranes of the hair cells are thought to be largely responsible for the hair cell death
(Raphael et al., 2007).

As hair cells degenerate after insult, a highly regulated and complex mechanism of scar
formation is initiated by the specialized columnar support cells that abut each dying hair cell
(Forge, 1985, Leonova and Raphael, 1997, Raphael and Altschuler, 19914, b; Taylor et al.,
2012). Epithelial barrier integrity is maintained during hair cell death (McDowell et al.,
1989; Bird et al., 2010), minimizing further hair cell death that would otherwise occur by the
infusion of endolymph fluids into the fluid bathing the basal domain of hair cells where
terminals of the auditory nerve reside (Bohne and Rabbitt, 1983). Recent findings in non-
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mammalian vertebrates show that support cells repair the epithelial barrier using an actin-
based mechanism (Hordichok et al., 2007; Bird et al., 2010) and phagocytose dying hair
cells (Bird et al., 2010). These findings remain to be established in the adult mammalian
cochlea, where it is possible that support cell activity in the structurally complex organ of
Corti could differ from that in non-mammalian vertebrates where the support cells are not as
highly differentiated. Mammalian outer hair cell remains are thought to be phagocytosed by
neighboring support cells within the epithelium, with the phagocytosis being speculated to
occur after the injured hair cell has sent an “eat me” signal to its support cell neighbors
before its death (Abrashkin et al., 2006). Macrophages are recruited to the damaged organ of
Corti (e.g., Hirose et al., 2005), but they are not thought to play a critical role in repairing
the organ following hair cell loss (Taylor et al., 2012). It has been postulated that calpain
proteolysis might be involved in the structural changes in Deiters’ phalangeal processes
involved in the scarring process that follows outer hair cell loss (Ladrech et al., 2004).
Future studies are needed to identify the signals that mediate the elimination of hair cell
corpses by the support cells and control scar formation. It is conceivable that minimizing or
preventing support cell scar formation might assist regenerative processes in damaged organ
of Corti.

5. Support cell phenotype changes after damage

It is not known whether support cells in mature non-mammalian vertebrate ears
dedifferentiate in response to the hair cell loss and revert back to a simpler less differentiated
stage, with this process then allowing the cell to proliferate before re-differentiating and
leading to the replacement of lost hair cells. Dedifferentiation does occur in some tissues
before regenerative proliferation (e.g., retinal Maller cells and retinal pigment epithelium
(RPE): reviewed in Bermingham-McDonogh and Reh, 2011; Schwann cells: reviewed in
Jopling et al., 2011), but it is not necessary for mature cells to proliferate (Jopling et al.,
2011).

It had been presumed that loss of inner and outer hair cells in damaged adult organ of Corti
would lead to a collapse of the tunnel of Corti and result in generation of a flat epithelium.
However, in long-deafened aged animal models where the organ of Corti is severely
damaged by aminoglycosides, differentiated support cells can be maintained for long
periods of time in remnant organ of Corti in the absence of hair cells (Sugawara et al., 2005;
Oesterle et al., 2009). The remnant organ of Corti has also been called the “repaired organ of
Corti” or the “repaired columnar epithelium” (Taylor et al., 2012), and the latter term will be
used here. Morphological analyses of human temporal bones in patients with severe or
profound hearing loss have shown cochlear regions where differentiated support cells
remain intact despite total hair cell loss, as well as regions where the organ has been
replaced with a flat unspecialized epithelium (Teufert et al., 2006; Hoa et al., 2010). Severe-
to-profoundly deaf patients with a viable auditory nerve are potential candidates for
restorative therapies once therapies such as hair cell regeneration or stem cell implantation
become a reality. Hence, research aimed towards identifying methods to biologically restore
the damaged epithelium must focus both on the columnar support cells retained in the
repaired columnar epithelium that continue to exhibit some specialized molecular and
structural features (Fig. 2B, D-E) and on the short nondescript cuboidal cells in the flat
epithelium that lack features of differentiated support cells (Fig. 2C, F-G). Both epithelial
types may constitute the substrate for potential future therapy in clinical cases, and
understanding the characteristics of the cells that remain after hair cell loss will be crucial to
identifying feasible regenerative procedures. The condition of the remaining cells will likely
dictate the choice of therapy. Remarkably little is known regarding the characteristics of the
remaining cells, and it is summarized below.
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Looking first at the repaired columnar epithelium, where differentiated support cells remain
despite massive or complete hair cell loss, it has been hypothesized that future reparative
approaches may be more successful when differentiated support cells remain in the tissue. A
controversial study, that remains to be verified elsewhere, reports that forced Afoh1
expression in damaged, differentiated, adult guinea pig organ of Corti (containing pillar and
Deiters’ cells) induces the support cells to convert into hair cells (Izumikawa et al., 2005). In
contrast, attempts by the same investigators to force Afoh1 expression in the flat epithelium
have not proven successful towards generating new hair cells (Izumikawa et al., 2007). A
recent study using CreER/lIoxP technologies to force Afo/1 expression in aminoglycoside-
damaged juvenile mice also failed to induce pillar and Deiters’ cell conversion into hair cells
(Liu et al., 2012a).

The preponderance of experimental evidence suggests that support cells in the adult organ of
Corti do not dedifferentiate or revert to a less mature state after organ of Corti trauma. Light
and electron microscopy studies have shown that the distinctive specializations of pillar and
Deiters’ cells, such as the prominent intracellular bundles of closely packed microtubules
that are acquired during late states of organ of Corti maturation (Forge et al., 1997; Souter et
al., 1997), persist in the repaired organ when columnar support cells remain (Oesterle et al.,
2008, Oesterle and Campbell, 2009; Taylor et al., 2012). Further, histochemical studies
show that acetylated tubulin, a component of the distinctive intracellular bundles
(Tannenbaum and Slepecky, 1997; Saha and Slepecky, 2000) is retained (Oesterle and
Campbell, 2009; Taylor et al., 2012). Studies of KCC4, a plasma membrane protein
involved in potassium uptake that is upregulated during the latter stages of organ of Corti
maturation in inner border and Deiters’ cells (Boettger et al., 2002), indicate KCC4 is
retained in repaired organ of Corti when columnar support cells remain despite massive or
complete hair cell loss (Taylor et al., 2012). Taylor and colleagues (2012) showed that the
glutamate aspartate transporter (GLAST), whose expression increases in inner border, inner
phalangeal, and Deiters’ cells during latter stages of organ of Corti development (Jin et al.,
2003), is retained, and connexin expression patterns and gap-junctional intercellular
connections, including compartmentalization of coupled cells within the organ, are retained
in the repaired columnar epithelium (Taylor et al., 2012). Support cells in the repaired
epithelium continue to express Sox2, a transcription factor expressed normally in all
developing and mature organ of Corti support cell subtypes (Hume et al., 2007; Oesterle et
al., 2008, Oesterle and Campbell, 2009). Interestingly, a recent study using tamoxifen-
inducible CreER/loxP technologies to conditionally delete Sox2 in normal postnatal pillar
and Deiters’ cells suggests that Sox2 may not be necessary to maintain their cell fate (Liu et
al., 2012c). In sum, support cells remaining in the repaired columnar epithelium in the
mammalian organ of Corti retain differentiated features that include prominent intracellular
microtubule bundles. The continuing differentiation of support cells in the mammalian organ
of Corti may be an impediment to inducing support cell proliferation or transdifferentiation
(Warchol, 2010), and it may not be a conducive environment for nurturing differentiation of
hair cell precursors into mature hair cells (Li et al., 2003).

Looking at the flat epithelium, severe lesions to the adult organ of Corti can lead to the loss
of hair cells and differentiated support cells. A variety of etiologies may lead to degeneration
of the auditory epithelium to the flat state, including severe presbycusis (Bhatt et al., 2001),
severe ototoxic injury (Coco et al., 2007; Forge et al., 1998; Kim and Raphael, 2007),
hereditary cochlear pathologies (Webster, 1992), or cochlear implant implantation (Nadol et
al., 1994). Small patches of flat epithelium can be interspersed with segments of repaired
columnar epithelium containing pillar and Deiters’ cells but missing hair cells (Fig. 2F-G).
Transitions from repaired columnar epithelium to the flat epithelium are abrupt, with no
evidence for intermediate stages between cells with cytoskeletal specializations of
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differentiated pillar and Deiters’ cells and the simple cuboidal-like cells of the flat
epithelium (Taylor et al., 2012, Fig. 2F-G).

The mechanisms inducing transformation of the damaged epithelium to an undifferentiated
flat epithelium are not clear. It is not known whether the flat epithelium consists of support
cells that have dedifferentiated, or whether cells in the flat epithelium are derived from
flanking areas, such as the inner or outer sulcus, with the flanking cells migrating into the
damaged region to replace the original support cells that have died. As discussed earlier,
support cells are sensitive to certain insults that could conceivably induce primary support
cell death. Secondary delayed degeneration may also take place (Forge et al., 1998). At
present, there is no direct evidence that support cells dedifferentiate into the less specialized
squamous cells of the flat epithelium. Reduced numbers of cells are seen in the flat
epithelium relative to the repaired columnar epithelium with differentiated support cells,
leading to the speculation that pillar and Deiters’ cell death has occurred (Taylor et al.,
2012). Future cell-fate mapping studies, cell isolation and transcriptome analyses studies,
and phenotypic characterization of the flat epithelium should help to determine the identity
of these cells, and this would facilitate future genetic manipulations of these cells for
therapeutic purposes. Proteins that have been detected in the flat epithelium include the tight
junction associated protein ZO-1 (Kim and Raphael, 2007) and the gap-junctional proteins
connexin 26 and connexin 30 (Taylor et al., 2012), indicating that cells in the flat epithelium
are connected to each other with tight junctions and gap junctions. Low levels of the cell
cycle inhibitor protein p27KiP1 are seen in the flat epithelium relative to the normal organ of
Corti, and cells in the flat epithelium, in contrast to the repaired differentiated epithelium,
are not quiescent. The flat epithelium can undergo a robust proliferative phase (Kim and
Raphael, 2007).

6. Role of auditory support cells in maintaining spiral ganglion cells after

damage

The degeneration of spiral ganglion neurons (SGNSs) is a prominent characteristic of the
damaged adult mammalian cochlea and an important component of sensori-neural hearing
loss. The long-term survival of SGNs is critical for success of cochlear implant prostheses
and will also be a requirement for hair cell replacement strategies. Consequently, it is an
active area of current research. Recent advancements for maintaining and regenerating
nerves in damaged cochlea, with an emphasis on the therapeutic capacity of neurotrophic
factors delivered to the inner ear after an insult, are reviewed in Shibata et al. (2011).
Auditory sensory epithelial cell types thought to be responsible for maintaining the survival
of adult cochlear sensory neurons are examined here. The prevailing view has been that
SGN survival depends primarily on trophic support provided by inner hair cells (e.g.,
Bredberg, 1968; Spoendlin 1973; Ylikoski et al., 1974, reviewed in Shibata et al., 2011).
However, support cells, speculated more than 50 years ago to be important for auditory
nerve survival (e.g., Schuknecht, 1953; Spoendlin and Gacek, 1963), have recently been
validated as playing a critical role in maintaining SGNs. Recent studies in adult organ of
Corti indicate inner phalangeal and inner border cells, support cell subtypes flanking the
inner hair cells, are critical for auditory nerve survival (Zilberstein et al., 2012). Triggers for
SGN loss may originate from these cells rather than the inner hair cells. This idea is based
on the following observations: (1) Adult support cells express trophic factors known to
promote SGN survival (e.g., brain-derived neurotrophic factor (BDNF) and neurotrophin-3
(NT3): Sobkowicz et al., 2002; Stankovic et al., 2004; Sugawara et al., 2007; Zuccotti et al.,
2012); (2) Transgenic mouse models show that support cell dysfunction causes SGN
dysfunction. For example, loss of erbB receptor signaling in cochlear support cells leads to
SGN degeneration after the onset of hearing in the absence of hair cell and support cell loss
(Stankovic et al., 2004). Studies in conditional BDNF knock-out mice show BDNF
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(expressed in support cells) is crucial for maintaining inner hair cell transmitter release sites
and numbers of afferent fibers (Zuccotti et al., 2012); (3) Studies using a mouse model of
inner hair cell loss that doesn’t involve noise or ototoxic drugs have shown that inner hair
cells are not required for SGN survival in the adult cochlea. Mice lacking the gene for the
high-affinity thiamine (vitamin B1) transporter (S/c19a2) have normal cochlear structure
and function when fed a regular (thiamine-rich) diet, and dietary thiamine restriction causes
widespread inner hair cell loss with no significant loss of SGNs (Zilberstein et al., 2012);
and (4) The correlation between inner hair cell loss and SGN death arises because acoustic
trauma and ototoxic drugs typically destroy most support cells in the regions where inner
hair cells degenerate (Sugawara et al., 2005), and the insult has direct effects on neurons
(Spoendlin, 1971; Liberman and Mulroy, 1982; Robertson, 1983). Support cell survival,
when hair cells are lost via aminoglycosides, enhances SGN survival for years post-
treatment (Sugawara et al., 2005). SGN survival is critical for prosthetic auditory
rehabilitation, as cochlear implant function depends on stimulating the surviving SGNs.
Further, support cell maintenance of the SGNs will be critical for biologically restorative
therapies, as regenerated hair cells will need to be innervated by the SGN to carry the
transduced signals to the brain.

It is unknown whether support cell subtypes abutting the outer hair cells (e.g., Deiters’ cells)
play a role in maintaining type 11 SGNSs. Spiral (type I1) afferent fibers are frequently
enveloped by Deiters’ cells that form an incomplete sheath around several fibers (Ades and
Engstrom, 1974).

7. Conclusions

Several avenues are currently being explored to coax hair cell regeneration in the damaged
mammalian ear, an /n situ repair approach and a stem cell/graft therapy approach, and they
are covered in depth in recent reviews (Raphael et al., 2007; Edge and Chen, 2008; Brigande
and Heller, 2009; Wei and Yamoah, 2009; Oshima et al., 2010a; de Felipe et al., 2011). The
in siturepair approach entails mobilizing the cells remaining in the damaged ear to effect the
repair by inducing these cells to convert into hair cells and/or stimulating their division and
deriving hair cells from the daughter cells. The stem cell approach uses cells that will
differentiate into new hair cells and incorporates them into the damaged epithelium. The
stem cell approach has been used successfully in regenerative medicine, albeit for a limited
number of treatments (e.g., hematopoietic stem cell transplantation after cancer therapy,
transplantation of /n vitro-reconstituted skin to severely burned patients), and exciting
advances have been made over the past few years in terms of generating cells with hair cell
characteristics from mouse embryonic stem cells and induced pluripotent stem cells (Li et
al., 2003; Oshima et al., 2010b; reviewed in Groves, 2010; Oshima et al., 2010a; de Felipe et
al., 2011). Both approaches are promising, and understanding more about the cells that
remain in the damaged ear is a clear prerequisite to achieving the goal of regenerating
replacement hair cells in the damaged human ear.

The complexity of the severely damaged ear, with patches of flat epithelium interspersed
with stretches of repaired columnar epithelium within an individual ear, may pose
difficulties. Different regenerative therapies are likely to require different cellular substrates
on which to work, and lesion variability within an individual cochlea may require
application of more than one therapeutic approach (Taylor et al., 2012).

Research in the past few decades has uncovered key intracellular events that can cause hair
cell death (reviewed in Cheng et al., 2005) and candidate protectants such as antioxidants,

caspase inhibitors, jun kinase inhibitors, and growth factors have been evaluated (Kopke et
al., 1997; Liu et al., 1998; Yamasoba et al., 1999; Matsui et al., 2002; Sugahara et al., 2006,
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reviewed in Shibata and Raphael, 2010). In contrast, little is known regarding intracellular
events causing support cell death and potential support cell protectants. Minimizing support
cell death may prove important, as future reparative approaches may be more successful
when differentiated support cells remain in the tissue (Izumikawa et al., 2008).
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Figure 1. Schematic diagrams of auditory hair cell epitheliain adult vertebrateinner ear

(A) Reptilian (alligator lizard) basilar papilla. (B) Bird basilar papilla. (C) Mammalian
organ of Corti. All vertebrate auditory epithelia contain mechanosensitive sensory receptor
cells, hair cells (red, HC), and support cells (yellow, SC). Hair cells are distributed along the
lumenal surface of the epithelium; their cell bodies do not make contact with the basilar
membrane (BM). A bundle of hair-like stereocilia (stc) protruding from the apical surface of
the hair cell extends into the lumen. In the reptilian basilar papilla (A), a single long cilium
called the kinocilium (kc) is present in the mature bundle. Support cells (with the exception
of the tectal cells in the organ of Corti) extend the entire depth of the epithelium, from the
lumen to the basilar membrane, and their nuclei reside primarily within the basal half of the
epithelium. (B) The bird basilar papilla containing tall and short hair cells (HC) is flanked
by non-sensory clear cells (C) and hyaline cells (H). (C) The mammalian organ of Corti is a
highly patterned, complex tissue that contains a single row of inner hair cells (IHC), 3 rows
of outer hair cells (OHC), and support cells with a variety of specialized morphologies. In
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contrast to non-mammalian vertebrates, support cells in the organ of Corti are structurally
and functionally diversified and are subtyped as Hensen’s (H), Tectal (T), Deiters’ (D),
inner pillar (IP), outer pillar (OP), inner phalangeal (P), and border (B) cells. Non-sensory
inner sulcus cells (IS), Boettcher’s cells (BT), and Claudius cells (C) border the sensory
epithelium. Inner phalangeal and border cells are closely associated with inner hair cells, and
inner pillar and Deiters’ cells are associated with outer hair cells. Pillar and Deiters’ cells
provide rigidity and structure to the epithelium. The tunnel of Corti (TC) and support cell
specializations may be adaptations necessary for higher frequency hearing (Dallos and
Harris, 1978; Hudspeth, 1985). Excellent descriptions of the normal architecture of the
organ of Corti, including descriptions of support cell subtypes, can be found in Spicer and
Schulte (1994), Slepecky (1996), and Taylor et al. (2012). Nerve fibers and endings are not
depicted in the figure.
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Figure 2. Lesion pathologiesin severely damaged organ of Corti

Schematic diagrams of the normal organ of Corti (A) and two lesion pathologies seen in
severely damaged organ of Corti, the repaired columnar epithelium (B) and the flat
epithelium (C). Hair cells (red) are absent in both lesion pathologies. Differentiated support
cells (yellow) remain in the repaired columnar epithelium, in contrast to the flat epithelium
where non-sensory cells flanking the epithelium (light brown) may migrate into the region
formerly occupied by the organ of Corti. Deiters’ cells can spread into the tunnel of Corti
area in the repaired columnar epithelium (Taylor et al., 2012). Both damaged epithelial types
may constitute the substrate for potential future therapy in clinical cases, and understanding
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the characteristics of the cells that remain after hair cell loss will be crucial to identifying
feasible regenerative procedures. (D—G) Adult C57BL/6 mouse organ of Corti damaged by
an aminoglycoside-diuretic combination described previously (single high-dose injection of
kanamycin coupled with a single injection of furosemide, Oesterle et al., 2008; Oesterle and
Campbell, 2009). Tissues were collected two months after the injections, prepared as whole
mounts, immunolabeled for acetylated tubulin (green), and nuclei were counterstained with
DAPI (blue) as described previously (Oesterle and Campbell, 2009). All images in DG are
taken from whole-mount preparations of the middle turn. Shown are brightest point
projections from confocal Z-series spanning the full depth of the sensory epithelium. (D—E)
Repaired columnar epithelium. Some support cells retained in the repaired columnar
epithelium continue to express acetylated tubulin (region indicated by the white brackets), a
component of differentiated pillar and Deiters’ cells that is associated with the intracellular
microtubule bundles present within these support cell subtypes. Acetylated tubulin labeling
is also present in the Claudius cell region (C). (F—G) A small stretch of flat epithelium
(white arrow) is flanked by regions of repaired columnar epithelium. Note the abrupt
transition between the regions and the decreased nuclear density and absence of acetylated
tubulin labeling in the flat epithelium. Scale bar in D = 20 ym and applies to panels D—F.
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