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Abstract

Many studies that aim to investigate the underlying mechanisms of hearing loss or balance
disorders focus on the hair cells and spiral ganglion neurons of the inner ear. Fewer studies have
examined the supporting cells that contact both of these cell types in the cochlea and vestibular
end organs. While the roles of supporting cells are still being elucidated, emerging evidence
indicates that they serve many functions vital to maintaining healthy populations of hair cells and
spiral ganglion neurons. Here we review recent studies that highlight the critical roles supporting
cells play in the development, function, survival, death, phagocytosis, and regeneration of other
cell types within the inner ear. Many of these roles have also been described for glial cells in other
parts of the nervous system, and lessons from these other systems continue to inform our
understanding of supporting cell functions.
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Introduction

Hearing loss affects nearly 4 million children and 36 million American adults (NIDCD,
2010, NIDCD, 2006). Aging, noise trauma, ototoxic drugs, and hereditary mutations are all
causes of hearing loss (Li-Korotky, 2012, Seixas et al., 2012, Cheng et al., 2009, Friedman
and Griffith, 2003), a condition that has limited treatments and no known cure. In addition,
in the United States, balance disorders affect over 600,000 individuals and similarly have
few treatment options (NIDCD, 2010). Many studies aimed at understanding the
mechanisms underlying hearing loss and balance disorders have focused on mechanosensory
hair cells, the sensory receptor cells of the auditory and vestibular systems (Phillips et al.,
2008). Fewer studies have examined the biology and functions of the supporting cells that
surround hair cells. This review will discuss the emerging evidence indicating that auditory
and vestibular supporting cells serve many critical functions, some of which are similar to
functions carried out by glial cells (astrocytes, microglia, Schwann cells and
oligodendrocytes), suggesting that supporting cells may represent a type of specialized glia.
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The mammalian cochlea contains several types of supporting cells, each with a distinct
morphology and a specific anatomical location within the organ of Corti (reviewed in
Raphael and Altschuler, 2003). Deiters’ cells provide structural support for the outer hair
cells, which are positioned atop and in direct contact with the Deiters’ cell layer (reviewed
in Raphael and Altschuler, 2003). Pillar cells form the tunnel of Corti, which lies between
the inner and outer hair cells. Hensen’s and Claudius cells both lie lateral to the outer hair
cells in the outer sulcus. Supporting cells are less well-characterized than hair cells and in
striving for better characterization, analogies have been drawn between supporting cells of
the inner ear and those of other sensory systems, including the olfactory sustentacular cells
and the retinal Muller glia (Rubel et al., 1991). Some similarities and significant differences
between auditory supporting cells and these other sensory supporting cell types will be
discussed in this review.

Emerging evidence suggests that auditory and vestibular supporting cells serve important
functions as mediators of hair cell development, function, death and phagocytosis (Tritsch et
al., 2007, Jagger and Forge, 2006, Bird et al., 2010, Lahne and Gale, 2008). Recent reports
also indicate that supporting cells may mediate the survival and function of SGNs
(Zilberstein et al., 2012). Many of these supporting cell functions are paralleled by glia in
their relationship with neurons. Glial cells support neuronal function and survival in many
ways. For example, both astrocytes and oligodendrocytes provide trophic support for
neurons (Wilkins et al., 2003, Banker, 1980). Astrocytes support neuronal function and
survival by clearing glutamate from neuronal synapses (Rothstein et al., 1996) and buffering
potassium through a system of gap junctions (reviewed in Leis et al., 2005). Microglia play
critical roles in the response to neuronal injury, engulfing apoptotic neurons in the central
nervous system (reviewed in Napoli and Neumann, 2009). Following neuronal death in the
retina, Muller glia serve as neural precursors for regenerated retinal neurons (Fischer and
Reh, 2001). Many of these functions of glial cells are similar to those that have been
described for auditory and vestibular supporting cells.

Development and survival of hair cells and spiral ganglion neurons

In the developing mammalian cochlea, the onset of neuronal activity results from
coordinated signaling from hair cells, supporting cells, and SGNs. Cochlear hair cells are
depolarized upon deflection of their stereocilia (Flock, 1965, Russell et al., 1986), which
triggers the release of glutamate from inner hair cells (IHCs) (Kataoka and Ohmori, 1994).
Glutamate binds to synaptic receptors on adjacent SGNSs, resulting in the generation of
action potentials and transmission of the afferent signal to the auditory brainstem (Ruel et
al., 1999, reviewed in Cunningham and Tan, 2011). While sound energy is the stimulus that
ultimately results in the generation of action potentials after the developmental onset of
hearing, hair cells depolarize and release glutamate, resulting in spontaneous action
potentials prior to hearing onset (Lippe, 1994, Jones et al., 2007, Tritsch et al., 2007). This
spontaneous activity may contribute to the guidance and refinement of synaptic connections,
including the formation of the tonotopic map of the inner ear (reviewed in Walmsley et al.,
2006).

Recent evidence indicates that cochlear supporting cells may mediate the initiation of
spontaneous activity during cochlear development. Prior to the onset of hearing in rats,
‘inner’ supporting cells (ISCs), which are the columnar epithelial cells specific to Kolliker’s
organ, spontaneously release ATP (Tritsch et al., 2007, Tritsch and Bergles, 2010). As early
as the day after birth (P1) this extracellular ATP release results in inward currents and
depolarization of IHCs (Tritsch et al., 2007, Tritsch and Bergles, 2010). After P4, IHCs
consistently exhibit spontaneous inward currents in response to ATP released by supporting
cells. These events occur with increasing frequency and amplitude until the onset of hearing
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at P10-12 (Tritsch and Bergles, 2010). After hearing onset, the frequency and amplitude of
the inward currents rapidly decline. Inward currents tend to occur simultaneously among
neighboring IHCs (<100 wm from each other), suggesting that ATP released from
supporting cells synchronizes patterns of IHC activity before hearing onset (Tritsch et al.,
2007, Tritsch and Bergles, 2010). While not every IHC depolarization generates an action
potential, SGN bursting is observed after P4 and appears to rely exclusively upon the ATP
release from ISCs (Tritsch and Bergles, 2010). Taken together, these data indicate that
supporting cells are important mediators of spontaneous neural activity in the developing
organ of Corti. Additional recent data suggests that the resting mechanotransducer current of
inner hair cells may also be an important factor in driving this spontaneous activity, although
the interplay between the supporting cells and the mechanotransducer current during inner
hair cell development remains unclear (Johnson et al., 2012).

Supporting cells are also critical to SGN survival in the mature cochlea. Multiple groups
have demonstrated degeneration of SGNs following aminoglycoside-induced hair cell death
(Dupont et al., 1993, McFadden et al., 2004). One interpretation of these data is that the
survival of SGNs is dependent upon being coupled to viable hair cells (Koitchev et al.,
1982), which provide trophic support necessary for SGN survival (reviewed in Gillespie and
Shepherd, 2005). However, recent evidence suggests that, at least in the short- to mid-term,
SGNs may instead be dependent upon supporting cells for their survival. Using a mutant
mouse model with a targeted deletion of a high-affinity thiamine transporter (S/c19a2), in
which extensive IHC death can be induced without loss of supporting cells, Zilberstein et al.
(2012) showed that SGNs survive for at least three months after the death of adjacent IHCs.
These data indicate that viable IHCs may not be necessary for SGN survival, and they are in
agreement with other data indicating that Brn3c (now called Pou4f3) null mutant mice, in
which hair cells degenerate in the neonatal period, continue to exhibit some surviving SGNs,
even in 6-month-old mutant mice (Xiang et al., 2003). Given the above, it is possible that
the SGN degeneration that follows aminoglycoside treatment is at least in part a result of
toxic effects of aminoglycosides on either supporting cells or SGNs (Sugawara et al., 2005).

Supporting cells provide trophic factors that promote the survival of SGNs. Brain-derived
neurotrophic factor (BDNF), a critical trophic factor in neural development and survival, is
expressed in vestibular supporting cells of postnatal mammals (Montcouquiol et al., 1998,
Gomez-Casati et al., 2010). BDNF conditional knockout mice (in which the Pax2 promoter
drives Cre expression to eliminate BDNF expression in the entire inner ear) exhibit a
reduction in IHC synaptic ribbons and afferent SGN fibers (Zuccotti et al., 2012). In
addition, neuregulins (NRGs) are critical trophic factors for SGNs and are expressed by
SGNs (Figure 1). NRGs bind complementary erbB receptors expressed by multiple cochlear
supporting cell types, including inner border cells, inner phalangeal cells, Deiters’ cells,
pillar cells, Boettcher cells and inner sulcus cells. When erbB-NRG signaling between
supporting cells and SGNs is disrupted in transgenic mice expressing a dominant-negative
erbB4 receptor, type | SGNs degenerate (Stankovic et al., 2004). The likely cause of the
SGN degeneration in these mice is a reduction in neurotrophin-3 (NT3) expression
(Stankovic et al., 2004), which is critical for SGN survival during development (Fritzsch et
al., 1999) and is strongly expressed by both auditory and vestibular supporting cells at birth
(Sugawara et al., 2007). Gradients of NT3 expression in cochlear and vestibular supporting
cells suggest a role for NT3 that extends until at least P15 in mice (Sugawara et al., 2007).
Similar trophic interactions are observed between glia and neurons (Figure 1). In the same
mouse model of disrupted erbB-NRG signaling, there are significant defects in neuron-glia
interactions, including disruption of radial astroglia and severely impaired neuronal
migration /n vitro (Rio et al., 1997). Additionally, culturing neurons in medium conditioned
by astrocytes causes neurons to develop more processes and exhibit less degeneration than
those in control medium, suggesting that some trophic factors provided by the astrocytes are
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soluble (Banker, 1980). Similar improvements in neuronal survival and process length are
observed with medium conditioned predominantly by oligodendrocytes (Wilkins et al.,
2003). Together, these studies suggest that both glia and supporting cells provide trophic
factors that are critical for neuronal survival.

In addition to their roles in SGN development and survival, supporting cells also mediate
glutamate clearance at synapses. Glutamate, an excitatory neurotransmitter, must be cleared
from the synapse to maintain synaptic function and prevent excitotoxicity (reviewed in Pujol
and Puel, 1999, and in Gale and Jagger, 2010). In the organ of Corti, supporting cells that
surround IHCs express the glutamate aspartate transporter (GLAST, Figure 1) (Furness and
Lawton, 2003, Furness and Lehre, 1997). GLAST specifically mediates glutamate
transporter currents recorded from the inner phalangeal cells of the rodent cochlea, while
transporter currents are not observed in IHCs or afferent dendrites (Glowatzki et al., 2006).
The inward currents generated in response to glutamate versus aspartate application are
consistent with GLAST transporters, and these inward currents cannot be induced in
GLAST knockout mice, indicating that GLAST is the specific mediator of glutamate
transporter currents (Glowatzki et al., 2006). Thus, supporting cells mediate the removal of
glutamate from excitatory synapses in the cochlea. Similarly, knockdown studies in rats
indicate that glia are responsible for glutamate removal in the CNS /n vivo (Figure 1, right).
The loss of glutamate transporters in astroglia, but not neurons, results in an elevation of
extracellular glutamate, leading to excitotoxicity (Rothstein et al., 1996).

Supporting cells are also thought to be critical to the regulation of potassium recycling that
is required for hearing. The apical surfaces of hair cells are bathed in potassium-rich
endolymph. The process of generating this specialized extracellular environment also results
in the generation of the endocochlear potential, a transmembrane potential difference of
approximately +80 to 90 mV, relative to the perilymph-filled compartments. This potential
difference contributes to the driving force underlying hair cell depolarization and is thereby
critical for sound transduction. Potassium is the major charge carrier in the endolymph that
depolarizes hair cells upon entry, and defects in potassium transport result in deafness
(Knipper et al., 2006, Kubisch et al., 1999, reviewed in Zdebik et al., 2009). Under normal
conditions, the potassium concentrations are kept constant at ~150 mM in endolymph, ~6
mM in perilymph, and ~2 mM in the intrastrial fluid of the stria vascularis (reviewed in
Wangemann, 2006). The generation and maintenance of this steep ionic gradient requires a
significant expenditure of cellular energy, a burden that is placed primarily on the cells of
the stria vascularis and then on the cochlear supporting cells. While the exact route of
potassium recycling through the organ of Corti is still being elucidated, several models have
been proposed that are not mutually exclusive (reviewed in Zdebik et al., 2009). One model
of potassium recycling involves potassium returning to the stria directly through the
perilymph without entering supporting cells, while two other models rely heavily on
supporting cells to buffer potassium from both inner and outer hair cells before its return to
the stria vascularis (reviewed in Zdebik et al., 2009, and in Mistrik and Ashmore, 2009). In
both of the models that implicate supporting cells, potassium exiting the hair cells after
depolarization is taken up by neighboring inner phalangeal cells or Deiters’ cells before
either (1) being transported into perilymph and returned to the stria via fibrocytes, or (2)
moving laterally through the supporting cell population back to the stria vascularis
(reviewed in Zdebik et al., 2009). In all three models, the marginal cells of the stria then
pump potassium back into endolymph (reviewed in Zdebik et al., 2009). Supporting
evidence for the essential role of potassium buffering by supporting cells comes from studies
demonstrating progressive deafness in mice lacking potassium transporters normally
expressed in Deiters’ cells and inner phalangeal cells (Boettger et al., 2002, Boettger et al.,
2003). In addition, detailed dye transfer studies confirm that connexin channels expressed in
supporting cells allow for lateral flow among compartmentalized subsets of the supporting
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cell population in the postnatal rat organ of Corti, indicating that this might be a viable route
for potassium to return to the stria vascularis (Jagger and Forge, 2006). Uncoupling of gap
junctions in supporting cells results in impaired compound action potentials and distortion-
product otoacoustic emissions, as well as an impaired endocochlear potential, suggesting
that ion flow among supporting cells is necessary for cochlear homeostasis and thus normal
function (Spiess et al., 2002). These data implicate supporting cells as important mediators
of ion transport within the cochlea, a role that has also been described for glia. Using both
passive diffusion and an extensive system of gap junctions, astrocytes spatially buffer
extracellular potassium and redistribute local potassium elevations (reviewed in Leis et al.,
2005).

Hair cell death and survival

Auditory hair cells are both very sensitive in terms of detecting sound and also highly
susceptible to damage. The mechanisms that determine whether a hair cell under stress
ultimately lives or dies are only beginning to be understood. Recent studies have revealed
some of the molecular signals that are activated in supporting cells in response to hair cell
damage, and these findings suggest that supporting cells may act as critical mediators of hair
cell death (reviewed in Gale and Jagger, 2010) and survival. Laser ablation or mechanical
damage to hair cells results in an intercellular calcium wave that propagates in supporting
cells and moves away from the site of damage, suggesting a supporting cell-specific
response to hair cell stress (Lahne and Gale, 2010, Gale et al., 2004). Recent work indicates
that there are two distinct calcium waves - a faster wave that utilizes extracellular calcium
and travels through outer hair cells, and a slower wave that relies upon intracellular calcium
stores and propagates in Deiters’ and other supporting cells. Both of these calcium waves
rely upon extracellular ATP acting on purinergic P2 receptors for propagation (Lahne and
Gale, 2010). Evidence for intercellular signaling between stressed hair cells and surrounding
supporting cells comes from studies examining the roles of extracellularly regulated kinases
1 and 2 (ERK 1/2), which are activated exclusively in supporting cells in postnatal rat
cochlea following either mechanical damage or aminoglycoside treatment /7 vitro (Lahne
and Gale, 2008). The activation of ERK1/2 is immediately preceded by a calcium wave in
the hair cell region and is reduced in a calcium-chelated environment (Lahne and Gale,
2008). Pharmacological inhibition of ERK signaling in supporting cells inhibits hair cell
death (Lahne and Gale, 2008), suggesting that supporting cells act as mediators of hair cell
death. Similar results have also been reported for glia in an /n vitro rat model of Parkinson’s
disease, in which glutathione depletion leads to neuronal death, as well as an increase in
ERKZ1/2 activation in glial cells (de Bernardo et al., 2004). Inhibition of ERK signaling
reduces neuronal death, but only in mixed neuron/glia co-cultures and not in enriched
neuronal cultures, implicating glial cells as mediators of neuronal death.

Supporting cells can also act as mediators of hair cell survival. In response to heat stress,
supporting cells of the mouse utricle rapidly upregulate expression of heat shock protein 70
(HSP70), which is not upregulated in hair cells. Viral-mediated expression of HSP70 in
supporting cells protects hair cells against aminoglycoside-induced death (Lindsey May,
Carlene Brandon, and Lisa Cunningham, unpublished observations), suggesting that
supporting cells can promote hair cell survival. Taken together with the studies above
indicating that supporting cells can mediate hair cell death, these data suggest that
supporting cells may be critical determinants of whether hair cells under stress ultimately
live or die.

Supporting cells also play important roles in the clearance of dead or damaged hair cells.
When a hair cell dies, its corpse is removed from the epithelium with remarkable precision
and minimal disruption of the surrounding tissue architecture and function. Indirect evidence
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indicates that the process of hair cell removal is a coordinated series of events, which may
include extrusion of the hair cell and/or sub-luminal phagocytosis (Li et al., 1995, Forge,
1985, Seoane and Llorens, 2005, Hirose et al., 1999). A transmission electron microscopy
(TEM) study in guinea pig cochlea after systemic gentamicin treatment provides evidence
for both modes of hair cell corpse removal in the same lesion: some hair cells appear to
undergo extrusion from the epithelium, while other hair cells are phagocytosed within the
epithelium by surrounding supporting cells (Li et al., 1995). During sub-luminal
phagocytosis, the majority of the hair cell, with the exception of the stereocilia bundle and
cuticular plate, is destroyed beneath the epithelial surface (Figure 2). Processes from
adjacent supporting cells invade the hair cell just below the cuticular plate, separating the
stereocilia bundle from the rest of the hair cell body (Li et al., 1995, Gale et al., 2002). A
definitive study of this process utilizing time-lapse confocal imaging in the living chick
utricle following streptomycin treatment shows that supporting cells form a thick actin cable
below the level of the reticular lamina. This actin cable forms a ring beneath the cuticular
plate of a damaged hair cell. As the actin ring constricts, the cuticular plate and stereocilia
bundle are pinched off from the rest of the hair cell body (Bird et al., 2010). Within 2-3
hours of bundle removal, the supporting cells form phagocytic structures composed of
multiple cells, which the authors termed “phagosomes”. These phagosomes engulf the
remaining bundleless hair cell beneath the luminal surface, thereby completing the process
of hair cell elimination. Both sub-luminal phagocytosis and hair cell extrusion may allow for
the removal of hair cells from the epithelium while maintaining the integrity of the reticular
lamina. While hair cell extrusion was not observed in the extrastriolar regions of the utricles
in the live imaging study, extrusion did occur in the striola, as well as in the basilar papilla
(J. Bird and J. Gale, unpublished observations). Hair cell extrusion is observed via electron
and fluorescent microscopy in the basilar papilla following either acoustic overstimulation
(Cotanche et al., 1987, Cotanche and Dopyera, 1990, Marsh et al., 1990, Nakagawa et al.,
1997, Stone and Cotanche, 1992) or high-dose aminoglycoside treatment (Hirose et al.,
2004, Mangiardi et al., 2004). Extrusion can occur rapidly, with initial signs observed as
early as 4 hours after acoustic trauma (Stone and Cotanche, 1992) or 8-12 hours after a
single injection of high-dose gentamicin (Hirose et al., 2004, Mangiardi et al., 2004). The
span of time required for ejection from the epithelium is approximately 1-2 days after
gentamicin injection, with the extrusion process complete by 54 hours post-injection (Hirose
et al., 2004, Mangiardi et al., 2004). During extrusion, hair cells swell and are typically
observed emerging from the reticular lamina whole, although some cells are fragmented
(Hirose et al., 2004, Nakagawa et al., 1997). In fact, hair cells often do not lose membrane
integrity until after they have been completely extruded from the epithelium, with a portion
of ejected hair cells continuing to exhibit esterase activity, a sign of cellular viability
(Mangiardi et al., 2004). However, hair cells exhibit some signs of apoptosis directly before
and during extrusion, including translocation of T-cell restricted intracellular antigen-related
protein (TIAR), release of cytochrome ¢ from mitochondria, and activation of caspases-3
and -9 (Mangiardi et al., 2004, Kaiser et al., 2008). The intercellular junctions between the
hair cell and surrounding supporting cells remain uncompromised throughout the extrusion
process, with points of contact at tight junctions gradually reducing contact until the hair cell
is extruded into endolymph, suggesting that supporting cells are actively extruding the hair
cell and maintaining the sensory epithelium (Hirose et al., 2004). Other evidence indicating
concerted supporting cell activity during extrusion comes from studies of acoustic
overexposure, in which the apical surface area of affected hair cells shrinks and supporting
cells expand across the epithelium surface (Cotanche et al., 1987, Marsh et al., 1990, Stone
and Cotanche, 1992).

While cell death and corpse removal are generally thought to be sequential events, emerging

data from other systems indicate that phagocytosis can be a primary cause of cell death in
some cases (Neher et al., 2011, Zoller et al., 2011, Neniskyte et al., 2011). This process of
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cellular execution, termed “phagoptosis”, is thought to be a combination of phagocytosis
and apoptosis (Brown and Neher, 2012). Microglia can eliminate neurons in this manner
(Neher et al., 2011, Neniskyte et al., 2011, Fricker et al., 2012), which has also been
observed between macrophages and blood cells (Zoller et al., 2011). Exposure of
phosphatidylserine (PS) on the outer leaflet of the cell membrane is the best-characterized
cellular signal that marks cells for engulfment by professional phagocytic cells, such as
macrophages or microglia (Figure 2) (Neher et al., 2011, reviewed recently in Ravichandran,
2011). This so-called “eat295 me signal” is an indication of cellular distress, allowing for
the initiation of phagocytosis (Ravichandran, 2010). Cells exposing PS were thought to have
initiated an irreversible apoptotic program and thus be beyond repair. However, preventing
microglial phagocytosis of neurons by masking PS or by blocking PS signaling prevents
neuronal death in the central nervous system (Neher et al., 2011, Neniskyte et al., 2011).
These data have two important implications: the first is that exposure of an “eat-me” signal
does not necessarily signal irreversible death, but rather may indicate a temporary distressed
condition from which the cell is able to recover. The second is that glial cells can destroy
viable cells by initiating phagocytosis of living neurons.

An intriguing possibility is that supporting cells may be able to remove “undead” hair cells.
As mentioned above, supporting cells remove hair cells from the sensory epithelium
(Raphael and Altschuler, 1991, Bird et al., 2010, Li et al., 1995), but the assumption has
been that those hair cells were dead (or at least irreversibly dying) before they were engulfed
by supporting cells. However, recent evidence indicates that hair cells can reversibly expose
PS, suggesting that supporting cells may have an opportunity to eliminate living hair cells
via phagoptosis (Goodyear et al., 2008). Following short-term aminoglycoside exposure, PS
translocation to the outer membrane is reversible in hair cells, suggesting a temporary
stressed state (Goodyear et al., 2008). Since the PS externalization is restricted to the apical
membrane, which is an area that is not in contact with any surrounding cells, it is unclear
whether this signal is an important signal for phagocytosis. It is also unclear whether
apoptosis always precedes phagocytosis. One of the inherent challenges in these studies is
the lack of a consistent, rigorous definition of cell death in general (Kroemer et al., 2005).
PS externalization that is restricted to the apical membrane has also been reported in hair
cells seemingly unassociated with either apoptosis or necrosis, and in those cells that do
show obvious signs of degeneration, PS exposure was more prominently expressed over the
entire cell membrane (Shi et al., 2007). Additionally, macrophages have been reported to
phagocytose ostensibly healthy supporting cells and supporting cell progeny (some of which
appear to be differentiating hair cells) following selective hair cell laser ablation in the
axolotl lateral line (Jones and Corwin, 1996).

Additional evidence that supporting cells may eliminate viable hair cells comes from studies
in the bullfrog saccule showing that hair cells can survive even after removal of the bundle
from the cell body. Hair cells underwent bundle excision following low-dose gentamicin
treatment, yet the bundleless hair cells continued to stain positively for HCS-1 and Calcein-
AM and negatively for ethidium homodimer, suggesting that the hair cells may have
remained viable after bundle excision (Gale et al., 2002). The neighboring supporting cells
in the bullfrog saccule do not appear to phagocytose the bundleless hair cells, yet the
mechanism of bundle removal appears similar to that observed in the chick. Following
bundle removal in the chick utricle, until the point of phagosome engulfment, the hair cell
membrane remained intact, with the engulfment and loss of membrane integrity so closely
correlated that they were temporally indistinguishable (Bird et al., 2010). Taken together
with the reversibility of PS expression, these data suggest that supporting cells may
eliminate hair cells that could otherwise survive. If this is the case, inhibition of supporting
cell phagocytosis may represent an opportunity for development of clinical therapies aimed
at preventing hair cell death. To more accurately gauge whether phagocytosis is a primary
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cause of hair cell death, the phagocytic activity must be inhibited under stress and hair cell
death re-evaluated. This is technically challenging, since the most effective method of
blocking PS signaling in hair cells requires calcium chelation, a treatment that disrupts tip
links, thereby interfering with hair cell function (Goodyear et al., 2008). Additional methods
of inhibiting supporting cell phagocytic activity will likely further illuminate the potential
roles of the supporting cells as hair cell executioners.

Supporting cells rapidly expand to fill the empty spaces and form scars in the areas
previously occupied by hair cells (Raphael and Altschuler, 1991). The process of phalangeal
scar formation has been documented in the guinea pig cochlear and vestibular systems
(Raphael and Altschuler, 1991, Meiteles and Raphael, 1994). As described above during the
process of hair cell elimination, supporting cells form a thick actin ring around the injured
hair cell, and disruption of actin polymerization blocks scar formation in the bullfrog saccule
(Hordichok and Steyger, 2007). The scar is ultimately formed by supporting cells that
contact the injured hair cell (Meiteles and Raphael, 1994, Raphael and Altschuler, 1991).
The surrounding supporting cells expand to fill the void left by the degenerating hair cell,
and they also invade regions not typically occupied by supporting cells, including the spaces
of Nuel. The integrity of the reticular lamina appears to be maintained by the supporting
cells throughout the process of scar formation (Raphael and Altschuler, 1991, Meiteles and
Raphael, 1994, Gale et al., 2002, Bird et al., 2010). Previous work using lanthanum as an
electron-dense tracer in the gentamicin-damaged guinea pig organ of Corti supports the
concept of a continuously intact reticular lamina during aminoglycoside treatment
(McDowell et al., 1989). However, a study using a carbon tracer in the noise-damaged
chinchilla organ of Corti found that intense noise exposure may create transient lesions in
the reticular lamina, which are repaired by supporting cells as they form phalangeal or
epithelial scars (Ahmad et al., 2003).

Hair cell regeneration

While the mature mammalian vestibular system exhibits a limited capacity for hair cell
regeneration, spontaneous hair cell regeneration has not been reported in the mature organ of
Corti (Li and Forge, 1997, Zheng et al., 1999, Yamasoba and Kondo, 2006, Warchol et al.,
1993). However, non-mammalian vertebrates have the capacity for robust regeneration of
lost hair cells. The first reports of hair cell regeneration in birds were published in the 1980’s
(Cotanche, 1987, Corwin and Cotanche, 1988, Cruz et al., 1987, Ryals and Rubel, 1988),
and these reports launched the field of hair cell regeneration, which has since led to a
detailed understanding of how lost hair cells are replaced in these species. Since mammals
and birds/amphibians evolved from a distant common ancestor (Aboitiz et al., 2002), it
seems possible that an evolutionary mechanism that prevents hair cell regeneration is
present in mammals but not in birds and amphibians. Circumventing this inhibitory
mechanism might therefore result in the restoration of lost hair cells in mammals. The past
25 years have seen discoveries in both the process of hair cell regeneration as well as the
factors that control this process.

Hair cell regeneration occurs via two primary mechanisms, mitotic replacement and direct
transdifferentiation. Supporting cells mediate both of these modes of hair cell regeneration
(Figure 3). During mitotic replacement, supporting cells divide to generate new hair cells,
while direct transdifferentiation involves a supporting cell undergoing a transformation to
become a hair cell without dividing. Numerous studies indicate that supporting cells are the
progenitor cells for proliferative (mitotic) hair cell regeneration following damage (Matsui et
al., 2000, Warchol and Corwin, 1996, Jones and Corwin, 1996, Raphael, 1992, Balak et al.,
1990, Bhave et al., 1998, Stone and Cotanche, 1994). In the mature, undamaged avian
auditory system, hair cells exist in a quiescent state, while in the avian vestibular system,
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hair cells are continuously replaced (Jorgensen and Mathiesen, 1988, Roberson et al., 1992).
Despite this difference in basal states, both systems are capable of regenerating hair cells
following damage. Following ototoxic drug exposure, laser ablation or acoustic trauma,
supporting cells re-enter the cell cycle, with those near the site of damage progressing fully
through the cell cycle to produce new hair cells and supporting cells (Matsui et al., 2000,
Raphael, 1992, Warchol and Corwin, 1996). Hair cell regeneration via supporting cell
proliferation has been demonstrated in multiple species, including amphibians, fish, and
birds (Balak et al., 1990, Ma et al., 2008, reviewed in Bermingham-McDonogh and Reh,
2011), but it has been best characterized in the avian inner ear (reviewed in Stone and Rubel,
2000, and in Stone and Cotanche, 2007). Supporting cells in the damaged avian auditory
epithelium label positively with the mitotic markers tritiated thymidine or BrdU (Corwin
and Cotanche, 1988, Ryals and Rubel, 1988, Lippe et al., 1991, Weisleder et al., 1995, Stone
et al., 1999). When hair cell loss is localized using a laser microbeam, proliferation is
evoked in supporting cells within ~200 wm of the lesion (Warchol and Corwin, 1996). The
mechanisms that regulate cell cycle re-entry in supporting cells are not fully understood, but
supporting cells likely de-differentiate at least partially from their mature phenotypes to
downregulate expression of several supporting cell-specific molecules (Warchol, 2007).
Supporting cells enter S-phase as early as 16 hours after hair cell death caused by laser
ablation or noise exposure in chicks (Warchol and Corwin, 1996, Stone and Cotanche,
1994), although the peak of supporting cell mitotic activity occurs 2-5 days following noise
exposure or aminoglycoside treatment (Bhave et al., 1995, Bhave et al., 1998, Cafaro et al.,
2007, Stone et al., 1999, Roberson et al., 2004, Stone and Cotanche, 1994, Raphael, 1992,
Shang et al., 2010). Supporting cells divide either symmetrically (resulting in either two new
hair cells or two new supporting cells), or asymmetrically (resulting in one new hair cell and
one new supporting cell) (Jones and Corwin, 1996, Stone and Cotanche, 1994, Stone and
Rubel, 1999). It is unclear whether supporting cells can undergo multiple rounds of division,
which could conceivably generate new hair cells without depleting the supporting cell
population (Stone and Cotanche, 1994, Wilkins et al., 1999). Mitotic replacement is also
observed in the glial cells of the retina, where Miller glia can serve as retinal progenitor
cells, proliferating after damage to replace lost retinal neurons in fish, and to a more limited
extent in birds (Figure 3) (reviewed in Bermingham-McDonogh and Reh, 2011). However,
unlike supporting cells, there is no evidence that Miiller glia can replace retinal neurons by
direct transdifferentiation.

Supporting cells undergo direct transdifferentiation in frogs, newts, birds, and to a more
limited extent, mammals (Baird et al., 1996, Baird et al., 2000, Taylor and Forge, 2005,
Shang et al., 2010, Lin et al., 2011, Li and Forge, 1997). In this alternative mechanism of
regeneration, a supporting cell alters its phenotype into that of a hair cell without undergoing
mitosis. In the chick, hair cells regenerated by direct transdifferentiation appear before those
generated by proliferative regeneration (Cafaro et al., 2007, Roberson et al., 2004). In the
gentamicin-treated chick utricle, expression of Afoh1, a transcription factor that is necessary
for hair cell differentiation, is activated in those supporting cells undergoing
transdifferentiation into hair cells (Cafaro et al., 2007). Recent studies in both amphibians
and chicks indicate that transdifferentiation may account for a higher proportion of
regenerated hair cells than previously thought (Taylor and Forge, 2005), with one recent
study reporting that an average of 87% of hair cells regenerated in the chick BP following
streptomycin treatment lacked the mitotic marker BrdU (Taylor and Forge, 2005, Shang et
al., 2010). However, BrdU-positive supporting cells were present in higher numbers in the
streptomycin-treated organ cultures relative to the control cultures, suggesting that
supporting cell division does contribute to hair cell regeneration. This mode of hair cell
regeneration may be important to prevent the depletion of the supporting cell population.
When proliferation in streptomycin-treated cultures is blocked using aphidicolin, direct
transdifferentiation still occurs, but it is accompanied by a 28% decrease in the total
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epithelial cell population (Shang et al., 2010). This finding highlights the importance of
supporting cell division in maintaining the steady-state cell population of the tissue when the
predominant mode of hair cell replacement is non-mitotic.

The factors that determine whether supporting cells undergo proliferative regeneration or
direct transdifferentiation to replace damaged hair cells are still being investigated.
Inhibition of fibroblast growth factor (FGFR) signaling in chick progenitor and supporting
cells caused an increase in hair cell number but no increase in proliferation (Jacques et al.,
2012), suggesting that FGF signaling inhibits transdifferentiation. Notch signaling is critical
to hair cell development, both in prosensory patch formation within the developing cochlea
as well as lateral inhibition of surrounding supporting cells from differentiating into hair
cells themselves (Hartman et al., 2010, reviewed in Kelley, 2006). In addition to these roles
during development, the Notch signaling pathway also regulates hair cell regeneration by
supporting cells. Inhibiting Notch signaling augments the total number of regenerated hair
cells in the zebrafish lateral line, postnatal mouse utricle, guinea pig cochlea, and avian
basilar papilla, indicating that this pathway is a key regulator of the supporting cell-to-hair
cell transition (Lin et al., 2011, Ma et al., 2008, Hori et al., 2007, Daudet et al., 2009).
However, the mode of differentiation into hair cells appears to differ among species.
Inhibition of Notch signaling promotes supporting cell proliferation followed by
differentiation in the zebrafish (Lin et al., 2011) and direct transdifferentiation in the mouse
utricle (Ma et al., 2008), while both mechanisms are reported in the chick (Daudet et al.,
2009).

An important open question is whether every supporting cell has the capacity to replace
damaged hair cells, or if regenerative capacity is restricted to a subset of supporting cells. In
the aminoglycoside-damaged avian cochlea, most of the supporting cells re-enter the cell
cycle (Bhave et al., 1995). However, only those supporting cells located in the region of hair
cell loss ultimately progress through cell division following either gentamicin exposure
(Bhave et al., 1995) or acoustic trauma (Corwin and Cotanche, 1988, Ryals and Rubel,
1988). These data suggest that multiple signals are necessary for supporting cells to
regenerate hair cells - at least one signal initiates cell cycle re-entry, while additional
signal(s) that are localized to the damage site are required for supporting cells to fully
progress through the cell cycle and produce new hair cells. While the entire supporting cell
population demonstrates the capacity for mitotic re-entry, it is unclear if some possess more
stem cell-like qualities than others. Murine supporting cells in the auditory and vestibular
systems express markers that are associated with (but perhaps not exclusive to) progenitor
cells, including Sox2 (Hume et al., 2007), Nestin (Lopez et al., 2004) Notch (Lanford et al.,
1999), and Musashil (Sakaguchi et al., 2004). The genes that encode these markers are all
developmentally-regulated in the mouse inner ear, becoming more spatially restricted in
mature animals (Lopez et al., 2004, Lanford et al., 1999, Hume et al., 2007, Sakaguchi et al.,
2004). However, expression of these progenitor cell markers persists in at least a subset of
mature supporting cells, suggesting that the mammalian inner ear retains some of the signals
that mediate hair cell replacement in regenerative systems. Recent work suggests that Lgr5,
a stem cell marker that is regulated by Whnt signaling (Haegebarth and Clevers, 2009), may
identify hair cell precursors in the early postnatal mouse cochlea (Chai et al., 2012, Shi et
al., 2012). In birds, supporting cells express the progenitor markers Islet-1 (Li et al., 2004)
and Prox1 (Stone et al., 2004). Prox1 expression may regulate which supporting cells
regenerate damaged hair cells in the basilar papilla (Stone et al., 2004). However, in mice,
Prox1 is downregulated in supporting cells during the second postnatal week (Bermingham-
McDonogh et al., 2006), which may represent a key difference in regenerative capacity
between birds and mammals. The expression of progenitor cell markers by supporting cells
is consistent with the general concept of ‘stemness’ within the supporting cell population.
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Summary

Currently, no consistent pattern of expression has definitively demarcated certain supporting
cells as a dedicated progenitor population.

Beyond progenitor cell markers, there may be physical characteristics indicative of a highly
differentiated cellular state that are specific to mammalian supporting cells, thereby limiting
their ability to regenerate lost hair cells in adulthood (reviewed in Bermingham-McDonogh
et al., 2012). Previous work examining the relationship between a supporting cell’s ability to
change shape and its capacity for proliferation demonstrated that cells within mouse
utricular maculae that have spread over a substrate in culture are more likely to enter S-
phase than their counterparts in culture conditions that do not favor spreading (Collado et
al., 2011). That same study found that this ability of supporting cells to spread and change
shape decreases as mice age, but is retained into adulthood by chickens, and correlates with
effective wound healing. (Collado et al., 2011) This reduced ability to change shape may be
related to the circumferential F-actin bands that are present at the apical junctions between
supporting cells. These bands thicken significantly with adulthood in mice and humans, but
remain thin in the mature chicken utricle, providing another potential explanation for why
regeneration is robust in the avian system, but much more limited in mammals (Burns et al.,
2008). Major questions regarding hair cell regeneration persist - why do some supporting
cells go on to regenerate hair cells following injury while others remain committed to the
supporting cell lineage? What mechanisms prevent auditory hair cell regeneration?

Supporting cells play many important roles in the inner ear, and some of those functions are
analogous to those of glia in the central nervous system. During development, supporting
cells are thought to mediate spontaneous inward currents in hair cells and SGN firing of
rapid action potentials, which may be essential to develop neural connections and refine the
tonotopic map of the cochlea. Supporting cells provide critical trophic factors to SGNs and
are responsible for clearing neurotransmitters from synapses, two functions that are also
served by glial cells. While one model of potassium recycling postulates that potassium
returns to the stria directly via perilymph, two other models of potassium recycling rely on
supporting cells to remove potassium from the vicinity of depolarized hair cells, a buffering
role that astrocytes also perform to maintain balanced ionic conditions for neurons.

Supporting cells eliminate dead hair cells via phagocytosis in a manner that is reminiscent of
the removal of neuronal corpses by microglia. Microglia have been implicated in
phagoptosis, a process in which viable cells are eliminated by phagocytosis. Whether
supporting cells are capable of phagoptosis remains to be seen, although the reversibility of
PS externalization in hair cells suggests that such a mechanism may contribute to supporting
cell-mediated hair cell death.

In the systems that regenerate hair cells, supporting cells serve as the precursors for new hair
cells. Supporting cells can regenerate hair cells through a mitotic mechanism, which is
reminiscent of the manner in which Miller glia give rise to new retinal neurons.
Alternatively, supporting cells can convert directly into new hair cells via
transdifferentiation, which has not been reported for Miiller glia.

As was the case for glia ~20 years ago, supporting cells are emerging as central players in
the auditory and vestibular systems. Supporting cells perform critical functions in
development, survival, phagocytosis, death and regeneration in the inner ear. Many of these
functions are analogous to those that are served by glia in other parts of the nervous system.
From a clinical/translational perspective, supporting cells are emerging as potential targets
in the development of clinical therapies aimed at both preventing and reversing hearing loss.
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Figurel.

Supporting cells and glia provide trophic factors to neurons and clear glutamate from the
synapse. L eft panel, Hair cells (blue) synapse with spiral ganglion neurons (gray), and are
surrounded by supporting cells (green). Hair cells release glutamate, which is cleared from
the synapse by glutamate receptors expressed by supporting cells. Spiral ganglion neurons
express NRG, which binds to erbB receptors located on the supporting cells, thereby
promoting SGN survival. Right panel, illustration of a tripartite synapse between two
neurons (gray) and an astrocyte (green). The presynaptic neuron (top) releases glutamate
into the synapse, which is cleared from the synapse by glutamate receptors on the astrocyte.
Neurons also express NRG, which binds to erbB receptors located on the astrocyte, an
interaction necessary for normal astroglial morphology and neuronal migration.
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Figure2.

Supporting cells and glia eliminate dead cells. L eft panel, illustration of supporting cell
processes (arrowheads) invading a neighboring hair cell (blue) during the process of hair
bundle excision. Phosphatidylserine (PS, red outline) exposure is restricted the apical
membrane of the hair cell, but its interaction with a PS receptor on neighboring supporting
cells is unclear. Right pandl, illustration of a neuron (gray) as a microglia (green)
approaches for phagocytosis. The damaged neuron exposes PS, which binds a PS receptor
expressed by the microglia.
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Figure 3.

Supporting cells and glia mediate the regeneration of dead cells. L eft panel, illustration of
supporting cells (green) acting as progenitors for regenerated hair cells (blue). Supporting
cells can replace damaged hair cells and supporting cells through mitotic regeneration.
Alternatively, supporting cells can replace hair cells by direct transdifferentiation. Right
panel, illustration of Muller glia (green) dividing to replace damaged photoreceptors (blue).
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