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Abstract
Hearing loss is one of the most common disabilities, affecting approximately 10% of the
population. Hair cells and spiral ganglion neurons are usually damaged in most cases of hearing
loss. Currently, there is virtually no biological approach to replace damaged hearing cells. Recent
developments in stem cell technology provide new opportunities for the treatment of deafness.
Two major strategies have been investigated: differentiation of endogenous stem cells into new
hair cells; and introduction of exogenous cells into the inner ear to substitute injured hearing
neurons. Although there is still a learning curve in stem cell-based replacement, the probability
exists to utilize personalized stem cells to eventually provide a novel intervention for patients with
deafness in future clinical research trials.

Keywords
Biological-EAR; differentiation; epithelial-to-mesenchymal transition; hair cell; hearing;
implantation; neurotrophins; regeneration; spiral ganglion; stem cell

The challenge in hearing regeneration & stem cell opportunity
It is reported that approximately two to three out of 1000 children are born with severe-to-
profound hearing loss [1]. The US NIH estimates that approximately 15% (26 million) of
Americans between the ages of 20 and 69 years have high-frequency hearing loss due to
exposure to loud sounds or noise at work, or in leisure activities. There is an observed
relationship between age and reported hearing impairment: 18% of 45–64-year-old
Americans are hearing impaired, as well as 30% of Americans aged 65–74 years and 47% of
Americans aged 75 years or older. Hearing impairment severely affects the daily activities
of the patients of deafness. Therefore, the social and economic implications of hearing
impairment are enormous, as is the size of the affected population.

Hearing impairment is divided into three major types: conductive hearing loss; sensorineural
hearing loss; and mixed hearing loss. Conductive hearing loss is usually caused by external
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and/or middle ear malformation and/or dysfunction, which can generally be treated by
surgical approaches and/or hearing aids. Sensorineural hearing loss is a result of dysfunction
of the inner ear cochlea. This may involve loss of sensory hair cells and a secondary
degeneration of spiral ganglion neurons (SGNs). In mixed hearing loss, both conductive and
sensorineural hearing loss is present. While nonmammalian vertebrates can regenerate their
hair cells throughout life, mammals do not possess such a capability as the mammalian
progenitor cells that give origin to auditory hair cells are only produced during the
embryonic and early post-natal stages. Usually, damage to adult mammalian hair cells and
the associated nervous tissue is irreversible.

In clinics, cochlear implants have been applied to treat sensorineural hearing loss for more
than two decades. The US NIH reported that approximately 219,000 patients had received
cochlear implants worldwide, according to the report of the US FDA in December 2010
[101]. In cochlear implants, implanted electrodes convey the signals that are generated from
outside sound to the central auditory system via surviving SGNs and associated auditory
nerve fibers, thus bypassing the damaged sensory hair cells. It is notable that hearing
through a cochlear implant is different from normal hearing; therefore, postoperative
learning is critical to interpret the sound signals that are produced by cochlear implants. As
cochlear implants convey auditory signals via surviving SGNs, the number of SGNs is
essential to the efficacy of cochlear implants. Other hearing prostheses, such as auditory
brainstem implants and auditory midbrain implants, have been developed in recent years [2–
4]. However, there is virtually no biological approach to replace damaged sensory hair cells
and SGNs.

Stem cells usually possess the capability of self-renewal and differentiation. Based on this
ability, stem cells are categorized as either totipotent, pluripotent, multipotent or unipotent.
During normal development, stem cells proliferate and differentiate to form tissues and
organs. In adults, most of the stem cells exit the cell cycle, thus losing the ability to grow
and generate new cells. In some of the adult mammalian tissues, such as bone marrow, hair
follicles and intestine crypts, stem cells can re-enter the cell cycle and generate new cells in
physiological and pathological conditions. In the adult nervous system, it was generally
considered that neurons cannot be regenerated until neural stem cells (NSCs) were identified
in mature mammalian brain tissue [5,6].

Embryonic stem (ES) cells are inner cell mass-derived pluripotent stem cells that are able to
proliferate almost unlimitedly and differentiate into cells of the three germ layers: ectoderm,
mesoderm and endoderm. After the first mouse ES cell line was established in 1981 [7] and
human ES cell line in 1998 [8], ES cells have been cultured in vitro and induced into a
variety of cell types, such as neurons [9,10], liver cells [11–13], cardiac cells [14,15] and
insulin-secreting cells [16–18]. Therefore, ES cells offer a remarkable cell resource for
replacement therapy in regenerative medicine. The application of ES cells in clinical
research trials, however, may be hindered unless the ethical and immune rejection issues can
be solved. Recent advances in induced pluripotent stem (iPS) cell technology provide the
opportunity to generate personalized pluripotent stem cells from the individual’s own
somatic cells, which are able to differentiate into cells of the three germ layers [19–21].
Various cell types that are generated from iPS cells can be potentially used to replace
damaged cells in regenerative medicine [22,23].

Developments in stem cell technology bring new hope for the treatment of sensorineural
hearing loss. One potential therapeutic approach is to replace damaged hair cells and SGNs
with stem cell-derived cells. This stem cell-based cell replacement may be achieved by the
following strategies: induction of local inner ear progenitors to re-enter the cell cycle and
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differentiate into new hearing cells; and transplantation of exogenous stem cells or stem cell-
derived hearing cells into the inner ear.

Identification & activation of endogenous progenitors for hearing
regeneration

One approach for substituting damaged hair cells and SGNs is via the proliferation and
differentiation of resident progenitors. In this approach, significant attention has been paid to
hair cell generation and promising results are emerging; therefore, the advances of hair cell
regeneration will be reviewed in this section.

In nonmammalian vertebrates, damaged hair cells can be replaced by new hair cells
throughout life, indicating that the inner ears of these species possess stem/progenitor cells
that are able to self-renew and differentiate into new hair cells and supporting cells [24,25].
It is still undetermined whether there is a specialized reserve pool of distinct stem cells in
adult vertebrate sensory epithelia. It is generally accepted that the most likely source of stem
cells in the inner ear sensory epithelia is the supporting cells [26]. Supporting cells in the
inner ear can generate new hair cells via either regenerative responses of dedifferentiation,
proliferation and differentiation, or a direct phenotype conversion called transdifferentiation
[26,27]. Additionally, we cannot rule out the possibility that some of the new hair cells are
actually survivors that recover their morphology and function following insult [28].

With regard to the mammalian inner ear, it is reported that pluripotent stem cells exist in the
adult mouse utricles [29]. These pluripotent stem cells can form spheres and differentiate
into new hair-like cells in vitro. Subsequent studies indicate that sphere-forming cells are
also found in the cochlea [30,31]. A study using postnatal rat cochleae indicates that
postmitotic mammalian supporting cells retain the ability to proliferate and differentiate into
new cells expressing hair cell proteins in vitro [32]. It is still controversial as to whether the
mammalian sphere-forming cell is a specific type of stem cell or a subtype of the supporting
cells [29]. Generally, supporting cells are considered to be the source of mammalian hair
cell progenitors based on the following observations: new hair cells can be derived from
supporting cells when hair cells are laser-ablated in the developing mouse inner ear [33];
and postnatal mouse supporting cells can proliferate and/or transdifferentiate into new hair
cells in vitro [32].

In humans, while progenitor cells have been identified from fetal inner ears [34], study of
hair cell progenitors is severely limited because it is virtually impossible to obtain inner ear
tissues from normal humans owing to ethical considerations. Recent reports indicate that it
is possible to collect discarded tissues from inner ear surgery [35,36]. Acoustic neuroma
(vestibular schwannoma) is a benign primary intracranial tumor of the myelin-forming cells
of the vestibulocochlear nerve. In a trans labyrinthine (TL) surgical approach for the
treatment of acoustic neuroma, the utricle and semicircular canals have to be removed to
provide access to the tumor [37]. Therefore, the discarded tissues could be collected from
the TL surgery and the harvested cell material served as a human model to investigate
whether the human inner ear possesses cells with progenitor properties. One study
demonstrates that human utricular cells can be cultured in vitro for at least 25 passages. In
addition, human utricular cells expressed genes and proteins that are usually observed in hair
cell progenitors and stem cells, indicating that human inner ear sensory epithelial cells are
able to present hair cell progenitor features in appropriate culture conditions [35].

Regardless of the source, there are experimental results suggesting that stem/progenitor cells
indeed exist in the hair cell epithelium of not only nonmammalian inner ears but also
mammalian vestibular (postnatal and adult) and cochlear (postnatal) systems
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[24,25,29,32,35,38]. The question is why adult mammalian progenitor cells cannot
regenerate hair cells. The reason is still obscure but one possibility is that progenitors
undergo certain genetic changes during maturation, thus losing the ability to self-renew and
differentiate. The other possibility is that progenitors in the adult inner ear do not situate in
the appropriate stem cell niche that they used to during embryonic stages. In other words,
the mature microenvironment in the mammalian inner ear does not permit the progenitors to
keep their identity and/or the ability to differentiate into new hair and supporting cells.
Accordingly, identification of the genes critical for preservation of hair cell progenitor
identity, the growth factors involved in the maintenance of stem cell niche and the
mechanism associated with the activation of a hair cell progenitor will be fundamental to the
understanding of the absence of hair cell regeneration in the adult mammalian inner ear.

The existence of progenitors in the adult mammalian inner ear leads to the possibility of
therapeutic applications. In this approach, it is essential to understand the mechanism for the
initiation of the regeneration machinery. Because regeneration of avian inner ear sensory
epithelia is usually confined to the damaged region [24,25,39], hair cell loss is considered as
the trigger that activates a regenerative response of supporting cells in nonmammalian
vertebrates. Hair cell loss in adult mammals, however, is obviously not sufficient to trigger
supporting cells to initiate regenerative responses, which may be one of the major causes of
the severely limited regeneration ability [40,41]. In in vitro studies, sphere-forming cells
have been identified from the adult mammalian inner ear sensory epithelium [29,30],
indicating that a suspension culture condition with supplemented growth factors might be
required for the activation or generation of hair cell progenitors. However, the underlying
mechanism and the intra-cellular signaling pathways responsible for the induction of hair
cell progenitor identity remain obscure. Recently, an epithelial-to-mesenchymal transition
(EMT) has been hypothesized as a potential mechanism associated with the in vitro
activation of the regeneration machinery for embryonic avian [38] and adult mammalian
inner ear sensory epithelia [35,42].

In general, epithelial cells produce close cell–cell contacts and establish the apicobasal
polarity via intercellular connections, such as tight junctions, adherens junctions and
desmosomes [42–44]. During EMT, epithelial cells undergo remarkable phenotypic
changes, such as the loss of intercellular junctions, the loss of the apicobasal polarity and the
acquisition of mesenchymal features [44]. During EMT, epithelial markers, including tight
junction proteins and E-cadherin, are downregulated, while the expression of mesenchymal
markers such as fibronectin, N-cadherin and vimentin are upregulated to maintain a
mesenchymal trait. In addition, F-actin is rearranged from an epithelial ‘actin ring’ pattern
into a mesenchymal ‘stress fiber’ pattern. During development, EMT plays an important role
in the formation of the body polarity and generation of organs and tissues. In adults, EMT is
involved in pathological conditions, such as fibrosis, tissue repair and carcinoma
progression. EMT has been reported to be associated with the proliferation of epithelial cell
lines cultured in vitro [43,45]. In the culture of human ES cells, the cells underwent EMT to
show mesenchymal properties while expressing pluripotent markers POU5F1 and NANOG
[46]. When epithelial cells from pancreatic islets are cultured on 2D substrates in vitro, they
dedifferentiate into mesenchymal-like cells, which can readily be expanded to large
populations [47,48]. In the sensory system, mammalian inner ear sensory epithelial cells
(mouse utricular cells [MUCs]) that are cultured on substrates gradually lose their epithelial
features and acquire mesenchymal characteristics [42], which may contribute to changes in
cell–cell contact and cell–matrix contact. For instance, MUCs changed their epithelial
columnar shape and lost intercellular junctions when they grew flat on the 2D substrate. The
F-actin of MUCs was arranged into a ‘stress fiber’ pattern. In parallel to the loss of the
epithelial features, MUCs obtained mesenchymal properties, such as the expression of Fn1
(fibronectin), Cdh2 (N-cadherin) and Vim (vimentin). The data of morphological, genetic
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and protein expression indicate that adult mammalian sensory epithelial cells are able to
undergo EMT when they are cultured on 2D substrates. Furthermore, MUCs acquired the
features of inner ear progenitors, including the expression of several genes widely expressed
during inner ear development [42]. This included the expression of three main candidates for
the markers of prosensory domains in the otocyst during inner ear development [49]: Jag1
(Jagged1, the notch ligand); Lfng (Lunatic fringe, the notch regulator); and the secreted
signaling molecule Bmp4. In addition, MUCs also expressed other prosensory cell genes
and proteins, such as Isl1 (Islet 1), Notch1, Eya1, Numb, Cdkn1b (P27kip1), Six1, Dlx5,
Pax8 and Hes1, suggesting that MUCs obtained the properties of inner ear prosensory cells.
MUCs cultured on 2D substrates expressed several transcription factors that are usually
shown in pluripotent stem cells, such as Pou5f1 (OCT4), Nanog (NANOG) and Sox2
(SOX2) [50,51], indicating that MUCs may acquire pluripotent features. In addition, Nes
(Nestin), an intermediate filament expressed in stem/precursor cells, and Gfap (GFAP),
commonly expressed in neural progenitors and astrocytes [52,53], were also detected in
MUCs that had undergone EMT. These results may support the hypotheses that
mesenchymal status may be associated with the acquisition and/or maintenance of
pluripotency or multipotency, and that adult mammalian inner ear sensory epithelial cells
can dedifferentiate into stem/progenitor cells via EMT. The establishment of such an in vitro
dedifferentiation model for mammalian sensory epithelial cells might potentially be used to
identify the molecules that are critical to the regulation of cell fate determination in future
attempts towards cell-based auditory system regeneration.

Introduction of exogenous cells for hearing recovery
Although promising results are emerging in hair cell generation via the differentiation of ES,
iPS and inner ear progenitor cells ex vivo [32,54,55], introduction of these new hair cells
into the mammalian inner ear has rarely been reported. One of the major challenges is the
microenvironment in the host organ of Corti, which is significantly different from the
culture condition where new hair cells are generated in vitro. For example, the high
potassium level in the host endolymph is toxic to the transplanted cells. A phalangeal scar is
usually formed at the organ of Corti after hair cell damage. Therefore, removal of the
phalangeal scar and integration of exogenous cells into the sensory epithelia are the major
obstacles in hair cell transplantation. In addition, reconstruction of the 3D architecture of the
complicated organ of Corti remains a major challenge. In the meantime, recent development
in NSC biology stimulates significant advances in SGN replacement. Recent developments
in transplantation aiming at SGN replacement in this section, including the donor cell types,
surgical approach, survival, differentiation and integration of transplanted cells will now be
discussed.

A number of cell types have been transplanted into the mammalian inner ear, including
embryonic neuronal tissues, ES cells, iPS cells, NSCs, mesenchymal stem cells, inner ear
stem cells and stem cell-derived neurons [56–58]. SGNs are bipolar glutamatergic neurons;
therefore, the donor cells are ideally bipolar glutamatergic neurons or progenitors with the
capability of differentiating into such neurons. During development, Neurog1 (Neurogenin
1) [59], Neurod1 (NeuroD1) [60], Ntf3 (NT-3) and Bdnf (BDNF) [61] are reported to be
crucial for SGN generation. Overexpression of Neurogenin has led to neuronal
differentiation in vitro [62,63]. Generally, induction of stem cells to differentiate into neural
progenitors in vitro is encouraged prior to transplantation. In addition, supporting cell-
derived inner ear progenitors, such as MUCs, may possess the ability to dedifferentiate into
a more primitive state, such as otocyst-like cells expressing Islet1. It may be possible to
guide these Islet1-expressing progenitor cells to become SGNs via the overexpression of
genes critical for SGN development.
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An ideal surgical approach is to obtain access to the SGN area with minimal trauma to the
inner ear. Currently, a retroauricular approach is mostly used to expose the cochlea for the
injection of exogenous cells into the perilymph in the scala vestibuli and scala tympani (ST),
the endolymph in the scala media and the modiolus in the center of the cochleae [64–68]. In
the scala vestibular approach, a cochleostomy is usually made at the lateral wall of the scala
vestibuli to obtain access to perilymph and bony modiolus. Because of the tiny size of the
cochlea and the proximity of the scala vestibuli and the scala media, the cochleostomy at the
lateral wall of the scala vestibuli may disturb the stria vascularis located at the lateral wall of
the scala media. In the scala media approach, the stria vascularis has to be traumatically
damaged during the surgical approach, which may affect the blood supply to the cochlea and
the maintenance of endocochlear potential. The ST approach is made by a round-window
membrane penetration or a cochleostomy at the lateral wall of the ST, which provides access
to the perilymph in the ST and the SGN area (Rosenthal’s canal [RC]) within the bony
modiolus. To evaluate the potential disturbance of auditory function caused by the surgical
approach, auditory brainstem responses (ABRs) to click and tone stimuli were investigated
in mice injected with exogenous cells via the aforementioned three approaches [65]. It was
reported that approximately 15 dB of hearing loss was observed in the mouse receiving
small-size cochleostomy (less than 0.4 mm). However, ABR thresholds were 45 dB greater
postoperatively in mice that received a large sized cochleostomy (0.8–1 mm) [65]. To
evaluate the effect of surgical approach on inflammatory tissue response and survival of
SGNs, exogenous cells were implanted into the inner ear via three approaches: a
cochleostomy into the ST; direct access to RC via a localized fracture of the osseous spiral
lamina; and direct access to the auditory nerve via a TL surgical approach. The results
indicate that the ST approach is the best approach, which is demonstrated by the extent of
the inflammatory tissue response (TL ≫ RC ≥ ST) and the survival of SGNs (ST > RC ≫
TL). In general, the ST approach causes the least damage to the inner ear and has been
widely used in clinical cochlear implant surgery [4].

Few studies have investigated the survival rate of transplanted cells and the mechanism
responsible for cell survival following transplantation into the inner ear. Brain-derived NSCs
usually have a low survival rate following implantation into the inner ear. Approximately
0.05% of embryonic mouse brain-derived NSCs and 0.04–0.07% of adult mouse brain-
derived NSCs survived following implantation into the adult mammalian inner ear [62,69].
On the other hand, implanted cells were oberved to survive better in newly-damaged inner
ears [62,70], indicating that the damaged inner ear may release small molecules to support
the survival of implanted cells. The low survival rate of implanted cells was observed in cell
transplant therapy for other neurodegenerative diseases [71,72], which was considered to be
related to apoptosis and the microenvironment at the implantation site. For example, in
implantation of NSCs/progenitor cells into the spinal cord, it was found that apoptosis of
implanted cells mostly occurred during the first day after implantation, and that
microenvironment at the implantation sites may contribute to the low survival rate at a late
stage [73].

In cell transplantation for the inner ear, the exogenous cells are transplanted into either
perilymph or bony modiolus [65–67,74–76]. Perilymph is a physiological solution that is
mainly composed of ions and glucose, with minimal growth factors and neurotrophic
factors, which are required for the survival of implanted cells. In addition, the cochlea does
not have a robust blood supply because it is perfused by a single end artery, the common
cochlear artery. Therefore, the microenvironment at the implantation site in the cochlea is
not capable of providing long-term nutrition to support the survival of implanted cells,
which is a major limiting factor for the success of transplantation [56]. To enhance cell
survival, exogenous neurotrophic factors can be supplied to the implanted inner ear. It has
been found that NGF can enhance the survival of transplanted embryonic mouse ganglion
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neurons and inner ear-derived NSCs [75,77]. These observations were supported by a study
in which a significant number of mouse ES cells survived in the inner ear of adult guinea
pigs when BDNF and GDNF were supplied [63]. In addition, neural cografts, suggested to
release growth factors, have been observed to enhance the survival of ES cells injected into
the ST of adult guinea pigs [78]. These studies indicate that exogenous growth factors, such
as neurotrophins, are required to support the survival of cells implanted into the inner ear.
Due to the poor survival of implanted cells, uncontrolled cell growth, such as tumor and/or
carcinoma formation, has not been observed in the inner ear transplantation.

While neural differentiation of implanted stem cells is reported in the transplantation into the
mammalian inner ear, the mechanism of neuronal differentiation remains unclear. Generally,
ES cells have the potential to automatically differentiate into neurons both in vitro and
following implantation into the inner ear [63,70,78–80]. The rate of neuronal differentiation
of ES cells following implantation into the inner ear, however, has rarely been characterized.
In addition, implanted ES cells that have not adopted a neuronal fate may retain the potential
to differentiate into cells of the three germ layers, which is clearly not desirable for an inner
ear replacement therapy. Therefore, it is reasonable to guide ES cells to become neural
progenitors in vitro prior to implantation into the inner ear. These neural progenitors are
expected to possess limited proliferation and differentiation abilities while expressing NSC
proteins such as Sox2 and Nestin.

Because SGNs are bipolar glutamatergic neurons, it is ideal to induce ES cells to adopt a
glutamatergic fate in vitro prior to transplantation into the inner ear. Few studies have
investigated glutamatergic neuronal differentiation of stem cells in inner ear transplantation
[63,75]. Neurog1 and Neurog2 are found to be essential for the neuronal differentiation of
ES cells and NSCs in SGN replacement [62,63]. In addition, neurotrophins that are critical
for the generation and/or survival of SGNs have been investigated [75]. The results indicate
the ability of neurotrophins to guide glutamatergic neuronal differentiation in vitro.
However, the effect of neurotrophin on stimulating glutamatergic differentiation of stem
cells has rarely been observed in vivo. Currently, inner ear-derived NSCs seem to be more
ready to adopt a SGN-like glutamatergic neuronal fate [75]. Identification of molecular
mechanisms responsible for glutamatergic neuronal differentiation of stem cells remains one
of the major challenges in SGN replacement.

Few studies have tested the function of the cells following transplantation into the inner ear.
The function of implanted cells depends on the integration of the exogenous cells, including
the formation of a neural connection with the host auditory system. Coculture of exogenous
neurons with hair cell explants indicates that it is possible for stem cell-derived neurons to
form neural contacts with hair cells [81–83]. In an implantation study using embryonic
neuronal tissue, the implanted embryonic neurons were found to extend neurites close to the
SGNs located in the modiolus [68,84]. Neurite outgrowth was stimulated in the presence of
exogenous NGF and chronic electrical stimulations [85]. However, this enhancement did not
translate into functional significance based on electrically-evoked ABRs [85], possibly due
to too few cells being integrated with the host tissue. In a recent study, human stem cell-
derived neural progenitors were transplanted into gerbils that have been treated with ouabain
to damage the SGNs [74]. Functional recovery was monitored weekly by measuring ABRs
and distortion-product otoacoustic emissions. Approximately 30-dB sound pressure level
improvements were recognized in animals implanted with human stem cell-derived neural
progenitors [74], indicating the possibility of exogenous cells to recover the auditory
function of deafened mammals. This report reveals the possibility of rebuilding the neural
contacts between the implanted cells and host auditory system.
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Conclusion
Recent advances in stem cell technology provide new approaches for the treatment of human
hearing loss using stem cell-based replacement therapy. In hair cell replacement, it is
generally accepted that supporting cells are the most likely source for hair cell progenitors in
nonmammalian vertebrates, mammals and humans. The molecular mechanisms that are
critical for the activation of hair cell progenitor identity and the proliferation and
differentiation of hair cell progenitors remain undetermined. EMT and mesenchymal-to-
epithelial transition have been proposed as the possible mechanisms that regulate the
proliferation and differentiation of hair cell progenitors in vitro. In SGN replacement, stem
cells and their derivatives have been implanted into mature mammalian inner ears.
Neurogenin and neurotrophins are found to be critical for the generation of SGN-like
glutamatergic neurons as a donor cell source. Other candidate genes that are fundamental to
SGN development have not been tested. The ST approach is reported to cause minimal
traumatic inner ear disorders. The hearing improvement in animals transplanted with human
stem cell-derived neural progenitors suggests the possibility of hearing restoration via
exogenous cell transplantation.

Future perspective
Developments in iPS cell technology [20,21,55,86] reveal the feasibility of using
personalized human stem cell-derived neurons for the treatment of hearing loss in humans.
Combined with implanted electrodes, as previously proposed [56], it would be possible to
generate a Biological-EAR model, a perspective biomedical approach to treat hearing loss,
to replace the function of the peripheral auditory system (Figure 1). This Biological-EAR
consists of a microphone, a speech processor, a transmitter and an array of microelectrodes
with iPS cell-derived neurons. In a Biological-EAR model, outside sound will be captured
by a receiver, converted into electrical signals by a speech processor and conducted to
implanted microelectrodes by a transmitter. The implanted microelectrodes will directly
stimulate implanted iPS cell-derived neurons that have formed neural contacts with the
cochlear nucleus in the brain. With the help of a Biological-EAR model, the auditory signals
would be conveyed to the brain, thus bypassing the damaged hair cells and SGNs (Figure 1).
Although there are critical challenges in this novel Biological-EAR model, such as tono-
topic delivery of auditory frequency information to implanted cells and stimulation of
implanted neurons to form precise topographic connections with the brainstem nucleus, this
Biological-EAR model may provide a novel intervention option for the treatment of
sensorineural hearing loss in the future. In the meantime, hair cell regeneration remains one
of the most appealing approaches because an intact peripheral auditory system plays
essential roles in the plasticity of the whole auditory system. Owing to the complexity of the
architecture at the organ of Corti, induction of endogenous hair cell progenitors to re-enter
the cell cycle and differentiate into sensory hair cells is currently one of the most intriguing
approaches. Identification of the genes and intracellular pathways critical for the activation
of progenitors is thus a major focus for research in this field.
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Executive summary

The challenge in hearing regeneration & stem cell opportunity

• Developments in stem cell technology provide new opportunities for the
treatment of hearing loss.

Identification & activation of endogenous progenitors for hearing regeneration

• Stem/progenitor cells exist in the mammalian inner ear with the supporting cell
population being the most likely source.

• An epithelial–mesenchymal transition may be involved in the generation of
prosensory-like cells from inner ear supporting cells in vitro.

Introduction of exogenous cells for hearing recovery

• Exogenous growth factors, such as neurotrophins, are required for the survival
of cells implanted into the adult mammalian inner ear.

• The scala tympanic approach causes minimal trauma to the inner ear compared
with other surgical approaches.

Future perspective

• Exogenous cells have the potential to replace the function of damaged hearing
cells.
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Figure 1. Biological-EAR model
Stem cell-derived cells will replace the function of degenerated SGNs. The implanted
electrodes will stimulate implanted stem cell-derived neurons to transfer auditory signals to
the brainstem, thus bypassing the damaged hair cells and SGNs. The speech processor will
decode the outside sound into frequency components of LFs, MFs and HFs. The implanted
electrodes will be composed of multichannels that are responsible for the transduction of
LFs, MFs and HFs. The implanted cells will be tonotopically organized to receive the
auditory information at the corresponding frequencies, such as LFs, MFs and HFs. These
implanted cells are expected to form precise topographic connections with the brainstem
nucleus.
HF: High frequency; LF: Low frequency; MF: Medium frequency; SGN: Spiral ganglion
neuron.
Modified with permission from [56].
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