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Abstract

Mammalian auditory hair cells do not spontaneously regenerate, unlike hair cells in lower
vertebrates including fish and birds. In mammals, hearing loss due to the loss of hair cells is thus
permanent and intractable. Recent studies in the mouse have demonstrated spontaneous hair cell
regeneration during a short postnatal period, but this regenerative capacity is lost in the adult
cochlea. Reduced regeneration coincides with a transition that results in a decreased pool of
progenitor cells in the cochlear sensory epithelium. Here, we review the signaling cascades
involved in hair cell formation and morphogenesis of the organ of Corti in developing mammals,
the changing status of progenitor cells in the cochlea, and the regeneration of auditory hair cells in
adult mammals.

Hair cells: Mechanotransducing cells of sensory end organs

Over the course of evolution, structures for sensing the flow or vibration of the external
environment have developed in parallel with the neural networks to relay the resulting
signals to the central nervous system (CNS). Hair cells, which are observed in a range of
vertebrates, such as fish, amphibians, birds, and mammals, are highly specialized for this
particular task. The cells have apically arranged hair bundles that vibrate in response to
movements in the fluid filled labyrinth of the ear or the surrounding medium in aquatic
species with motion-sensing lateral line hair cells; this vibration is coupled to
mechanotransduction channels. The flow or vibration through the medium stimulates the
bundles to generate action potentials via the opening of calcium-gated channels. Sources of
this mechanical movement depend on the environment and include water flow, gravity and
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sound. The essential structures and mechanics of this process are evolutionarily conserved
regardless of the source.

Sound is a vibration or traveling wave of medium (e.qg., air, water) that is transduced into an
electrophysiological signal by auditory organs. Action potentials serve as these signals,
which are subsequently transmitted to the brain via bipolar auditory neurons. In mammals,
there are two subtypes of hair cells in the cochlea to subserve different aspects of detecting
sound: inner hair cells transmit the signal arising from mechanotransduction channels to the
afferent neurons, and outer hair cells change length in response to sound, thus amplifying
the mechanical vibration of the basilar membrane that forms the cochlear partition
containing the organ of Corti. This organ comprises the sensory epithelium where the hair
cells reside together with surrounding supporting cells.

Limited capacity for hair cell regeneration in mammals

Mammalian auditory hair cells do not spontaneously regenerate, unlike hair cells in lower
vertebrates, and, as a result, hearing loss due to the loss of hair cells is permanent and
intractable. Although recent mouse studies showed limited regenerative capacity of auditory
sensory epithelium during a short postnatal period, hair cell regeneration does not occur in
the adult cochlea (1-10).

The gradual loss of the regenerative capacity of cochlear hair cells in adult mammals may be
an adaptation to the complexity of the organized structure of the cochlear amplifier, which is
essential for inner ear function and could be disorganized by a regenerative response to
insult.

Mechanisms that have been proposed to account for the decreased regenerative capacity of
the adult mammalian cochlea are a reduced number of progenitor cells (11) or lower
flexibility of the epithelium resulting from an accumulation of actin in cell-cell junctions
(12) Understanding molecular mechanisms for the loss of regenerative capacity is critical
both for designing molecular pathways for hair cell regeneration and for reconstituting the
architecture of the epithelium such that function is restored.

This review surveys the literature on signaling cascades involved in development of hair
cells and morphogenesis of the organ of Corti, the changing status of progenitor cells during
the maturation of the cochlea, and the regeneration of auditory hair cells.

The generation and arrangement of hair cells in the developing cochlear

sensory epithelium (Fig. 1)

Regenerative medicine offers hope for the treatment of organs in which endogenous cell
replacement does not occur. For any advances to be made, a thorough understanding of
morphogenesis and cell-fate decisions, with a particular emphasis on underlying signaling
cascades, is imperative. In regenerative biology as in developmental biology, gene-targeting
techniques in transgenic mice have created the possibility of testing the in vivo significance
of molecular pathways.

Trends Neurosci. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fujioka et al.

Page 3

During development, a thickened area of proliferative cells first appears at the floor of the
cochlear duct and becomes specified as the prosensory domain that will give rise to the
cochlear sensory epithelium. In the mouse, these Sox2-positive cells (13) are specified by
embryonic day 12 (E12) in the basal turn of the cochlea (Fig. 1a). Subsequently, the cells
that are destined to become the cochlear sensory epithelium exit the cell cycle in a region
termed the zone of non-proliferating cells (ZNPC) marked by the expression of cell cycle
inhibitor, p27Kipl (Cdknlb) (14) (Fig. 1b). Expression of basic helix-loop-helix (bHLH)
transcription factor, Atoh1, a master gene for hair cell differentiation, is observed within this
area (1) (Fig. 1c). Notch signal-mediated “lateral inhibition” defines the checkered pattern of
hair cells and supporting cells, the two developing sensory epithelial cell types in this area
(Fig. 1d). Atoh1-positive cells have been reported to express Notch ligands including
jagged? and delta-like 1 at their cell surface (13) (Fig. 1e). Interaction between these ligands
and Notch activates the pathway in the surrounding cells: Notchl is cleaved beneath the cell
membrane by y-secretase in response to the ligand-receptor contact, and the intracellular
domain of the protein is translocated into the nucleus. The downstream signals of the
cascade include negative bHLH transcription factors and Hes genes, such as Hes5, which
compete with proneuronal bHLH factor Atoh1 and shut off downstream hair cell genes (Fig.
1e). These findings were obtained in several mouse models in which Notch signaling was
disrupted (1-10). The cells adjacent to hair cells differentiate into a supporting cell lineage,
resulting in a checkerboard arrangement of hair cells and supporting cells.

Supporting cells have the potential to become progenitor cells but are

dormant in adult mice

Neurosphere formation and culturing is used to selectively expand stem/progenitor cells that
have self-renewal capacity and multipotency. Thus, the in vitro neurosphere protocol is
widely used as a method of harvesting stem cell-enriched populations in the CNS (18).
Oshima and colleagues revealed that the cells harvested from different parts of the cochlea
gave rise to otospheres. In the organ of Corti, however, otoosphere-forming capacity rapidly
decreased and was lost within the first several weeks after birth (19).

Evidence reported by several groups indicates that supporting cells adjacent to hair cells in
the organ of Corti have a latent capacity to divide and regenerate until P14 (19, 20). White et
al. showed that FACS-sorted, dissociated, p27Kipl-eGFP-positive supporting cells
proliferated and gave rise to new hair cells, but the number of proliferating cells decreased
dramatically from P2 to P14 (20). A subset of supporting cells that expressed Lgr5, a gene
target of Wnt signaling (11, 21), efficiently proliferated and differentiated into hair cells
upon Wnt pathway activation in the newborn cochlea (22).

As described above, stimulation of Notch signaling by Notch ligands on adjacent cells
influences cell fate, and the inhibition of Notch signaling in immature supporting cells can
convert them into hair cells. This phenomenon was reported (5, 6, 9, 23, 24) to occur up to
the early postnatal period. Hair cell were produced by proliferation of supporting cells
followed by their transdifferentiation during embryonic stages, whereas, in neonatal mice,
hair cells were generated by transdifferentiation alone.
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However, whereas inhibition of Notch in the perinatal period leads to supporting cell
transdifferentiation to hair cells, the capacity for transdifferentiation and accumulation of
supernumerary hair cells is not apparent in the adult in the absence of hair cell loss.

The insult-induced rejuvenation of supporting cells

Transdifferentiation of supporting cells giving rise to new hair cells has been studied in the
perinatal organ of Corti from intact ears. In various adult organs, stem cells are quiescent
under normal conditions and “re-activated” by tissue damage. In the central nervous system,
where the lack of regeneration in adult mammals has long been studied, subventricular zone
astrocytes or radial glia were reported to divide asymmetrically and produce neurons after
damage, as observed in the middle cerebral artery occlusion model of brain ischemia (25). In
the skin, hair follicle stem cells produce squamous epithelium when the surrounding skin is
disrupted (26). Thus, tissue regeneration can be increased by cellular damage.

Brambhall et al. investigated the regenerative capacity of the cochlear sensory epithelium and
revealed that supporting cells transformed into hair cells in the neonatal organ of Corti after
hair cell death, even in the absence of treatment (27). Cox et al (28) found similar
transdifferentiation as well as proliferation of supporting cells in the perinatal cochlea after
death of hair cells from diphtheria toxin. The replacement of hair cells could be enhanced by
Notch inhibition, and as demonstrated by elegant lineage tracing analyses, inner pillar cells
and 3 row Deiters cells gave rise to hair cells. A BrdU labeling analysis showed that the
proliferation of supporting cells was limited and that the replacement of auditory hair cells
was predominantly achieved through transdifferentiation (27). Pillar cells have been shown
to act as a source of hair cells in other studies in the postnatal period (20, 29).

There is currently limited knowledge regarding in vivo stem cells in adult ears. Marker
expression analyses showed that the stem cell markers Sox2, Lgr5, Abcg2, Musashil,
Notch, Prox1, isletl and Nestin were expressed in supporting cells (11, 30-34). Recent
studies showed that Nestin-driven reporters were induced in supporting cells after both
gentamicin-induced ototoxicity and noise exposure (35, 36).

In vivo transdifferentiation of supporting cells to hair cells induces hearing

recovery

The proper positioning of regenerating hair cells is crucial due to the structure-function
relationship in the mammalian organ of Corti. With this in mind, transdifferentiation
approaches have been tested for hair cell regeneration in the cochlea. Previously, the
adenoviral gene transfer of Atohl after kanamycin-induced deafness was reported to induce
hair cell regeneration and ameliorated hearing loss in guinea pigs (37). The above mentioned
study by Watanabe et al showed the re-emergence of Nestin-LacZ expression in supporting
cells up to 14 days after noise exposure (36). We identified a transient upregulation of Hes5
(a direct downstream target of Notch signaling), which suggested that the supporting cells
were maintained as supporting cells through Notch signaling (38). Notch signaling increases
were also found after damage due to gentamicin in the neonatal mouse (39). Without
damage, overexpression of Atohl had a limited effect on supporting cells (10, 40).
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Transdifferentiation approaches have now been tested with small molecules with the goal of
future clinical use (38, 41). We successfully induced hair cells using LY411575, a potent vy-
secretase inhibitor (Fig. 2). After the administration of LY411575, we observed an increased
hair cell number. Using Sox2-CreER mice for lineage tracing (Fig. 3), we demonstrated that
the added hair cells were derived from Sox2-positive supporting cells (Fig. 4b). Most of the
hair cells were in the outer hair cell region and morphologically matured, while the few
additional hair cells in the inner pillar cell region were immature (Fig. 2). The new cells
derived from transdifferentation were in the organ of Corti (their normal location). Finally,
tests of hearing by distortion product otoacoustic emission (DPOAE) and auditory brainstem
response (ABR) showed a slight improvement in the LY411575-treated ear. The result
demonstrated the successful transdifferentiation of supporting cells to hair cells that were
functional (38). Similar findings were recently reported by Tona et al (41).

These studies demonstrate that the in vivo differentiation of hair cells from surrounding cells
is a feasible therapeutic approach for sensorineural hearing loss. Future efforts to uncover
small molecules that will improve the efficiency of induction may bring this hair cell
regeneration strategy closer to clinical use.

Conclusions and future directions

Spontaneous auditory hair cell regeneration was reported in birds in the late 1980s. This
announcement was followed by similar reports in fish in the early 1990s. These findings
suggested the potential for a new therapy to treat human hearing loss. Decades of subsequent
research, accompanied by an expansion in the field of molecular biology, led to
investigations into therapies that could replace adult mammalian auditory hair cells.
Specifically, the understanding of and ability to manipulate signaling cascades has led to
promising new therapeutic modalities.
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Box 1 Lower vertebrates regenerate hair cells upon ototoxic damage

The regenerative capacity observed in lower vertebrates has informed the search for
pathways and mechanisms that might stimulate mammalian hair cell regeneration. The
regeneration of hair cells after damage has been demonstrated in avian species (15, 16).
Hair cell regeneration in birds is comprised of two modes, i.e. transdifferentiation from
supporting cells and proliferation. Molecular mechanisms underlying each process with
respect to relevant signaling pathways, such as Notch and its components, Atohl, Wnt,
and FGFs, have been elucidated in the last decade. Ku et al (17) reported a transcriptome
analysis of utricle hair cell regeneration in the inner ear of the chick, showing that the
enhanced expression of Atohl, which was upregulated after 72 hr of aminoglycoside
antibiotic treatment, led to enhanced levels of delta and jagged, thus activating Notch
signaling and downstream Hes5 expression in adjoining cells (the cell-cell signaling
described above). FGF signaling is also a regulator of inner ear development. Expression
patterns of members of FGF signaling pathways were altered during regeneration (17).
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Fig. 1. Schematic of Notch signaling in the developing cochlea
During differentiation of sensory epithelium in the mouse cochlea, a thickened area that

expresses Sox2 is specified by embryonic day 12 (E12) (a). The cells destined to become the
cochlear sensory epithelium exit the cell cycle in a region termed the zone of non-
proliferating cells marked by the expression of cell cycle inhibitor. p27Kipl (b). A master
gene for hair cell differentiation, Atoh1, is observed within this area (c). Emerging Atohl-
positive cells (blue) start to express Notch ligands including jagged 2 and interact with
neighboring cells through Notch signal-mediated “lateral inhibition” (d, €). In the
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surrounding cells, hair cell genes are shut down through the competition of Hes and Atohl
(e). Therefore, the cells adjacent to hair cells differentiate into supporting cells, resulting in a
checkerboard arrangement of hair cells and supporting cells (f). (ZNPC: Zone of non-
proliferating cells; J2: jagged 2; N1: Notch 1; PS: Presenilin; NICD: Notch intracellular
domain)

Trends Neurosci. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fujioka et al. Page 13

KO8426 15.08kV X1.50K 12.8#m

normal noise+LY411575

KOB8381 15.08kV X1.308K

KO@380P 1S.8kV X3.00K 6.00sm

Fig. 2. Scanning electron microscopy (SEM) of the organ of Corti after LY411575 administration
SEM images of the organ of Corti of young adult mice without treatment (a,d,e) and after

acoustic trauma with (c,f,g) and without (b) administration of LY411575 to regenerate hair
cells. Note that the cells in the inner pillar cell region (adjacent to inner hair cells) had
disorganized “immature” stereociliary bundles (c, f), while bundles in the outer hair cells
were apparently normal (g).
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Fig. 3. Tracing the lineage of regenerated hair cells
Prior to noise exposure, supporting cells were labeled in green by administration of

tamoxifen to activate CreER (under a Sox2 promoter) in supporting cells Following
LY411575 treatment after ototoxic insult, newly generated hair cells derived from
supporting cells retained a green label, in contrast to the surviving hair cells which remained
red.
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Fig. 4. Regenerated hair cells
Hair cells and supporting cells were labeled by anti myosin Vlla (green) and anti Sox2

(blue) antibodies, respectively (a). hair cells number increased by approximately the same
amount as the supporting cells number decreased. Supporting cell lineage was traced in
green and other cells in red in Sox2-CreER; mT/mG double transgenic mice. (b). As
described in Fig. 2, hair cells (marked by arrowheads) transdifferentiated from supporting
cells were green, while surviving hair cells after noise exposure were red. Some of the green
hair cells (right panel in the Z-stack) shown in the diagram (c) extended to the basilar
membrane (arrow). The figure is reproduced with permission from Figure 4 and 5, Mizutari
et al., Neuron Vol. 77 Issue 1.
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