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In the mammalian cochlea, spiral ganglion neurons (SGNs) are the primary neurons
on the auditory conduction pathway that relay sound signals from the inner ear to
the brainstem. However, because the SGNs lack the regeneration ability, degeneration
and loss of SGNs cause irreversible sensorineural hearing loss (SNHL). Besides, the
effectiveness of cochlear implant therapy, which is the major treatment of SNHL currently,
relies on healthy and adequate numbers of intact SGNs. Therefore, it is of great clinical
significance to explore how to regenerate the SGNs. In recent years, a number of
researches have been performed to improve the SGNs regeneration strategy, and some
of them have shown promising results, including the progress of SGN regeneration from
exogenous stem cells transplantation and endogenous glial cells’ reprogramming. Vet,
there are challenges faced in the effectiveness of SGNs regeneration, the maturation
and function of newly generated neurons as well as auditory function recovery. In this
review, we describe recent advances in researches in SGNs regeneration. In the coming
years, regenerating SGNs in the cochleae should become one of the leading biological
strategies to recover hearing loss.
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INTRODUCTION

The first world report of hearing released in 2021 warned that nearly 2.5 billion people, or one in
four people in the world, will be living with some degree of hearing loss by 2050. Hearing loss affects
many aspects of life, including communication, cognition, education, and even mental health,
with significant detrimental effects economically on society. Among all hearing loss, sensorineural
hearing loss (SNHL) is the most common type and accounts for the vast majority of them. The
inner ear core parts are composed of hair cells (HCs) and spiral ganglion neurons (SGNs). The
HCs function in transducing the sound mechanical stimulation into the primary acoustic signals
(Liu Y. et al,, 2019; Zhou et al., 2020), while the SGNs are primary afferent neurons in the auditory
conduction pathway, and they transmit acoustic signals from the inner HCs of the cochlea to the
central cochlear nucleus in the brainstem (Liu et al., 2021; Wang et al., 2021; Wei et al,, 2021).
Both HCs and SGNs can be injured by excessive noise exposure (Liberman, 2017; Guo L. et al,,
2021), ototoxic drugs (Lang et al.,, 2005; He et al.,, 2017; Liu W. et al., 2019), aging (Bao and
Ohlemiller, 2010; Kujawa and Liberman, 2015; He et al., 2021), genetic factors (Lv et al., 2021) and
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infections (Zhang et al., 2021), and thus leading to the SNHL.The
SGNs in the cochlea can be divided into two subgroups-type I
SGNs and type II SGNs, by their morphological structure, cell
body, myelin sheath, and biological function. Type I SGNs, which
account for the majority of auditory neurons in the inner ear,
are myelinated, large, bipolar cells and primarily innervate the
inner HCs, while the type II SGNs are unmyelinated, small,
and innervate the outer HCs. More recently, single-cell profiling
has been performed and three subpopulations of type I SGNs
have been identified on the basis of transcriptional profiling
(Shrestha et al., 2018; Sun et al., 2018). At the developmental
level, the SGNs belong to terminally differentiated cells and
can hardly regenerate by self-proliferation spontaneously and
thus the damage of SGNs results in permanent SNHL (Guo
et al., 2016, 2020). Besides, cochlear implant, which is the main
clinical procedure for SNHL treatment, plays the role of restoring
hearing by giving direct electrical stimulation to the viable SGNs
(Guo et al, 2019, 2021b), and the effectiveness of cochlear
implant therapy relies on healthy and adequate numbers of intact
SGNE.

Therefore, prompting the strategies for regenerating SGNs
is of great clinical significance for further advances in deafness
treatment. In recent years, important advances have been made
in a better understanding of the mechanisms involved in
the regeneration of SGNs, which is a significant step toward
the ultimate goal of improved hearing. In this review, we
summarize the new discoveries about SGNs regeneration in
recent years.

STEM CELLS DERIVED FROM
EXOGENOUS SOURCES DIFFERENTIATE
TOWARD SGNs

With the development of the inner ear after birth, the neuronal
stem cell characteristics of the original stem cells continue
to decline, and it lacks the endogenous cellular source for
SGNs regeneration in the adult inner ear. Exogenous stem
cells transplantation is an attractive alternative for adult SGNs
regeneration. In recent years, studies have shown that many
kinds of stem cells derived from exogenous sources, such as
the induced pluripotent stem cells (iPSCs; Chen et al., 2017),
mesenchymal stem cells (MSCs; Cho et al., 2011; Kil et al., 2016),
and neural stem cells (NSCs; He et al., 2014), transplanted into
the cochlea in vivo or in vitro could be differentiated toward
SGNs. In addition, as the unique pluripotent cells, embryonic
stem cells (ESCs) possess great differentiation potential and can
differentiate into almost all cell types that make up the body.
ESCs from the mouse or humans have been transplanted into
the inner ear to replace the damaged SGNs (Corrales et al., 2006;
Reyes et al., 2008; Hackelberg et al., 2017). Chang et al. (2021)
found successful survival and migration of transplanted ESCs in
the cochlea, and the transplanted ESC cells increased the auditory
connection to the central auditory pathway in the hearing loss
mice model.

Due to the cochlea’s special cavity-like structure, delivery
of therapeutics to the inner ear becomes complicated due to

their inaccessible location (Nyberg et al., 2019). The efficiency of
regenerating SGNs and the survival of newly generated neurons
are related to the transplantation method of exogenous stem
cells, and thus it is necessary to find a suitable route for
stem cell transplantation. Recently, transplantation through a
small hole drilled into the scala tympani (ST), a fluid-filled
lumen adjacent to the cochlear duct epithelium, has been
widely used for its technically easier implementation (Hu et al.,
2005; Lee et al, 2017; Chang et al., 2020). Besides, stem cell
transplantation through the cochlear lateral wall was also found
to be precise and safe, which has more efficacy to enter the
Rosenthal’s canal (RC) compared with transplantation via the ST
(Zhang et al., 2013).

Novel scaffolds could contribute to regulating neural stem cell
proliferation, differentiation, and the oriented growth of derived
neurons (Liu et al.,, 2018; Yan et al., 2018; Xia et al., 2020; Guo
etal., 2021a). Hackelberg et al. (2017) present novel nanofibrous
scaffolds for the guidance of stem cell-derived neurons for
auditory nerve regeneration. The human ESC-derived neural
precursor cells (NPC) implanted into the aligned nanofiber
mats were efficiently differentiated into glutamatergic neurons
and were guided into their target location of the cochlea in
deafened guinea pigs. However, no improvement in eABR
thresholds, or any functional improvement was found in mice
implanted scaffolds with NPC compared with the cell-free
(without NPC) scaffolds transplantation group (Hackelbergetal.,
2017).

Collectively, researches have shown that the stem cells
transplanted into cochlea could survive and acquiresome
neuronal features, thus suggesting stem cell-based therapy might
be a promising approach for auditory nerve regeneration.
However, solid evidences for significant auditory function
recovery after stem cell transplantation are still very limited (Fu
etal., 2009; Chen et al., 2012, 2017; Hackelberg et al., 2017; Chang
et al,, 2021), and whether these exogenous cells can differentiate
into functional SGNs and promote hearing recovery remain an
open question. Meanwhile, proper integration of exogenous cells
into the auditory circuit remains a fundamental challenge, and
there are still some inevitable risks of transplanting stem cells
into the inner ear, such as tumor formation, immune response
(Nishimura et al., 2012), as well as ethical arguments regarding
ESC cells transplantation. It is still necessary to develop safe and
effective stem cell-based therapy for the clinical monitoring of
cell transplantation.

GLIAL CELLS WITHIN THE INNER EAR
ARE POTENT PROGENITORS FOR SGN
REPROGRAMMING

In the central nervous system (CNS), glial cells have been proved
to be able to reprogram into functional neurons directly (Heins
et al, 2002; Heinrich et al., 2010). Glial cells in the inner
ear consist of Schwann cells that distribute along the fibers
of SGNs and satellite glial cells that reside in RC surrounding
SGNs cell bodies. It has been reported that glial cells in the
inner ear play an irreplaceable role in protecting SGNs from
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FIGURE 1 | Schematic drawing of the endogenous glial cells regenerating SGNs. In the cochlea, satellite glial cells exist around SGNs. Satellite glial cells may
proliferate and differentiate into SGNs when the SGNs are damaged. Some of the glial cells can also be directly transdifferentiated into SGNs. Neurogenic
transcription factors, neurotrophic factors, and signal pathways could regulate the process of glial cells proliferation and differentiation. NTF, neurogenic transcription

factors; SGNs, spiral ganglion neurons.

degeneration and helping the SGNs to perform normal functions
(Liu et al., 2014; Akil et al.,, 2015). The Schwann cells along the
neuronal fibers express multiple neurotrophins, including the
brain-derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3) that induce the development and survival of SGNs
(Hansen et al., 2001). Recent studies found that the abundant
glial cells in the inner ear could also become a promising
resource for SGNs regeneration. McLean et al. (2016) reported
that the separated proteolipid protein (PLP1) positive glial
cells derived from the newborn mouse spiral ganglion could
give rise to multiple cell types in vitro, including glial cells
and neurons, and thus the PLP1 positive glial cells existing
in the inner ear were identified as neural progenitors. Li X.
et al. (2020) also found that glial cells in the mice inner
ears started to express SGNs markers in vivo 6 days after
Neurogl (Ngnl) and Neurodl ectopic expression. Moreover, a
part of the newly generated SGNs exhibited a similar cellular
phenotype (such as large round somas) to that of native SGNs
and these SGNs could survive until postnatal day 42 (Li X.
et al, 2020). In addition, it was found that even the spiral
glial cells separated from adult human or rodent cochleae
cultured in vitro could produce neurospheres and were capable
of differentiating into neurons (Rask-Andersen et al., 2005; Lang
et al., 2015). These studies revealed the stem cell potential of
glial cells in the inner ear (Figure 1). Single cell RNA-sequencing
analysis showed that satellite glial cells in the inner ear share
many characteristics with CNS astrocytes (Tasdemir-Yilmaz

et al, 2021), suggesting the important role of satellite glial
cells in SGN regeneration. However, because of lack of an
effective method for separating Schwann cells and satellite glial
cells in the inner ear, the respective function of Schwann
cells and satellite glial cells in SGNs regeneration remains to
be defined.

Under normal conditions, the proliferation and regeneration
ability of glial cells in the inner ear are really weak. Therefore,
it is necessary to find ways to improve the ability of glial
cells to regenerate SGNs. Neurogenic transcription factors have
been utilized widely in many studies trying to reprogram
glial cells into SGNs. The current advanced researches on
viral vectors make it more convenient and effective to use
virus-mediated neurogenic transcription factors expression
to reprogram glial cells into neurons. For example, Chen
et al. (2020) demonstrated that adeno-associated virus-mediated
NeuroD1 ectopic overexpression contributed to astrocyte-
to-neuron conversion in adult mammalian brains. Through
NeuroD1-based gene therapy, a good deal of functional new
neurons were generated in the ischemic injured cortex and brain
function was repaired after ischemic injury (Chen et al., 2020).
In addition to NeuroD1 and Ngnl (Li X. et al., 2020), Ascll was
also proved to be able to reprogram the spiral ganglion cells into
induced SGNs (Nishimura et al., 2014; Noda et al., 2018). It is
worth noting that the combination of two factors results in better
reprogramming of reactive glial cells to neurons than using one
single copy alone (Figure 1).
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SGNs DAMAGE INDUCES GLIAL CELLS
PROLIFERATION

Activation of astrocytes (reactive gliosis) has been considered
as the sign of a lesion to the nervous system in conditions
such as mechanical damage to the brain or neurodegenerative
diseases (de Melo et al., 2012; Pekny et al, 2014). Similar
to the survival characteristics of glial cells in the CNS, glial
cells in the inner ear also presented greater survival traits
than SGNs (Wise et al., 2017). Wise et al. (2017) found
that 6 weeks after deafness duration, the morphology of glial
cells was altered following the SGNs soma loss. The soma
of Schwann cell assumed an “astrocyte-like” morphology and
dedifferentiation might have occurred in the Schwann cells.
Studies showed that moderate ouabain administration could
selectively cause SGNs damage and abolish hearing without
influencing HCs (Lang et al., 2005; Yuan et al., 2013). This drug
that specifically damages endogenous SGNs allows scientists to
better focus on the responses of inner ear cells after SGNs
damage. Lang et al. (2011) found that ouabain application to
the round window caused a significant up-regulation in glial
cells proliferation and increase of Sox2 protein expression,
which is the marker of neural progenitor. In addition, after
ouabain exposure, the morphology of glial cells nuclei also
changed, becoming enlarged and rounded in shape, similar to
the nuclei of SGNs (Lang et al., 2015). Furthermore, Kempfle
et al. (2020) found that ouabain treatment in adult mouse inner
ear induced SGNs damage and the transient overexpression of
Lin28 in Plpl-positive glial cells led to increased proliferation
and neural conversion. Thus, these results demonstrated that the
damage of SGNs induced inner ear glial cells proliferation and
morphological changes, while the proliferative glial cells may be
poised to regenerate the auditory nerve when given appropriate
stimuli.

NEUROTROPHIC FACTORS AND
SIGNALING PATHWAYS ENHANCE THE
SGNs REGENERATION

Some growth factors and neurotrophins, such as fibroblast
growth factor (FGF), BDNF, glial cell-derived neurotrophic
factor (GDNF), and NT-3, play important roles during SGNs
development and survival (Johnson Chacko et al, 2017).
Treatment of mature BDNF and proBDNF in SGNs cultures
with a concentration as low as ng/ml-range could exert a
protective effect on SGNs against degeneration (Schulze et al.,
2020). Previous studies also found that FGF, GDNF, and
NT-3 promoted the outgrowth of neurites from cultured
SGNs, which indicated that these molecules may also have
trophic functions in SGNs regeneration (Wei et al, 2007;
Wang and Green, 2011; Garcia-Hernandez et al., 2013).
Currently, a combination administration of stem cells and
different growth factors or neurotrophic molecules was
evolved in hearing loss studies. In in vivo experiments,
transducing the mesenchymal cells within perilymphatic
compartments of the cochlea with a recombinant plasmid

gene that drives BDNF expression stimulated the regeneration
of spiral ganglion neurites (Pinyon et al,, 2014). With BDNF
overexpression, the regenerated spiral ganglion neurites
could extend to the area of cochlear implant electrodes,
with localized ectopic branching (Pinyon et al, 2014). The
success in regenerating SGNs in rodents by combined
administration of neurotrophic factors with stem cells has
led to great developments in cochlea implant technology
(Scheper et al., 2019).

On the delivery system of neurotrophic factors, coating the
artificial cochlea with ultra-high viscous alginate containing
BDNF-overexpressing MSCs resulted in increased SGNs density
in the inner ear of deafened animal (Scheper et al., 2019). In
order to improve the survival of stem cells in the inner ear
and increase the efficiency of SGNs generation, Chang et al.
(2020) cultured human ESC-derived spheroids in an artificial
three-dimensional (3D) microenvironment composed of specific
hydrogel combined with a sustained release BDNF delivery
system (PODS-hBDNF). The transplanted human ESC-derived
otic neuronal progenitors spheroids survived and neuronally
differentiated into otic neuronal lineages in vitro and in vivo
and also extended neurites toward the bony wall of the cochlea
(Chang et al., 2020). In some studies exploring the differentiation
of glial cells into SGNs, neurotrophic factors are generally
added to the culture medium to promote the regeneration of
SGNs and maintain the survival of newly generated neurons
(Diensthuber et al., 2014; McLean et al., 2016). In a word,
supplementation of neurotrophic factors could enhance the
regeneration of SGNs.

Moreover, modulation of some specific signaling pathways
also promoted robust neuronal differentiation. For example,
Zong et al. (2014) found that the Wnt signaling pathway plays
a critical role in stimulating the differentiation of amniotic
fluid-derived stem cells into functional neurons. The role of
Whnt signaling in triggering neurogenesis in the gentamicin-
lesioned cochlear cultures was also proved by Bas et al
(2014). Pharmacologic activation of Wnt/p-catenin pathway
together with human nasal MSC treatment could induce robust
differentiation of SGNs. In addition, Notch signaling also had
a significant role in the inner ear stem cells fate decision.
Different from the role in HCs differentiation, continued Notch
signaling increased the expansion of neuronal progenitors and
promoted progenitor cells to enter a neuronal lineage by
directly increasing Ngnl expression (Jeon et al, 2011). The
PI3K/Akt signaling pathway was verified to be involved in
promoting neuron differentiation in the inner ears (Zhang
et al., 2016). Recently, Perny et al. (2017) developed a protocol
based on 3D organoid culture systems, which guided mouse
ESCs differentiating into otic sensory neurons by activating the
bone morphogenetic protein (BMP) signaling and concomitantly
inhibiting the transforming growth factor beta (TGFp) signaling.
In this study, BDNF and NT-3 were also supplemented
into the culture to guide neuronal maturation (Perny et al,
2017). The neurotrophic factors and certain signaling pathways
found to promote proliferation and neural differentiation may
reveal the mechanisms underlying stem cell differentiation
(Figure 1).
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TRANSCRIPTOME ANALYSIS AND SGNs
REGENERATION

By comparing similarities and differences of transcriptional
regulatory networks in multiple events during sensory cell
development or regeneration, key factors or cell signaling
pathways could be found to be involved in the modulation
of cell regeneration (Atkinson et al, 2015). In 2016, Kwan
introduced the single-cell transcriptome analysis application
in SGNs regeneration (Kwan, 2016). Transcriptome profiling
of cells at different stages of SGNs differentiation, including
exogenous stem cell-derived and endogenous glial cell-derived
SGNs regeneration, could provide useful information about
the molecular processes involved. Most recently, the emerging
cell transcriptome analysis such as single-cell RNA sequencing
and bulk RNA-sequencing have been applied in identifying
the subtypes of SGNs and inner ear glial cells, characterizing
the dynamic expression pattern of SGN genes, and analyzing
the transcriptome of the induced neurons after regeneration
(Shrestha et al., 2018; Sun et al., 2018; Li C. et al., 2020; Chen
et al., 2021; Tasdemir-Yilmaz et al., 2021). For example, Li C.
et al. (2020) compared the transcriptomes of SGNs and two
other inner ear cell types, HCs and glia to identify genes that
were expressed specifically in SGNs within the cochlea and
exhibited either constant (e.g., Scrt2) or dynamic (e.g., Celf4)
expression patterns. These genes might represent promising
candidate regulators of SGN cell-fate determination and/or
differentiation. Chen et al. (2021) performed transcriptomic
analysis of the glial cells-derived SGNs under different stimuli
conditions in vitro and found that the small molecules cocktail
FIBCL treatment promoted the newborn SGNs maturation.
Despite the transcriptome analysis of the inner ear cells still
facing some challenges such as a limited number of cells obtained
from the cochleae, the lower cell viability, etc. it is predicted to
play a great role in enhancing the SGNs regeneration research in
the future.

THE FUNCTION OF NEWLY
REGENERATED NEURONS

In most of the in vitro studies about SGNs regeneration,
the newly generated neurons were confirmed by neuronal
morphology or by immunostaining of several neuronal markers,
including TUJ1, MAP2, Prox1, Gata3, etc. (Diensthuber et al.,
2014; Rousset et al., 2020). The electrophysiological characteristic
function of newly generated neurons was also identified to
determine whether newborn neurons have electrophysiological
functions. For example, recording the whole-cell current of
the newly generated neurons; using specific Na* channel
antagonist tetrodotoxin (TTX) to prove whether there are Na*
channels on the newborn neurons and recording the glutamate
induced-current on neurons to confirm whether newborn
neurons responding to the main neurotransmitter in the cochlea
(Crozier and Davis, 2014; Davis and Crozier, 2015). In the
induced newborn neurons, Nishimura et al. (2014) measured
the dynamics of neuronal-like membrane potential. Ascll and

NeuroD1 double overexpressed cochlear epithelial cells exhibit
neuronal firing on days in vitro 8 and the inward membrane
currents could be reduced by the treatment of TTX, which
indicates the existence of a robust membrane Na* current
(Nishimura et al., 2014).

In in vivo study, functional analyses of the peripheral auditory
system can be investigated using audiological tests. ABR is a
reflection of the neural activity transmitted from the scalp that
reflects synchronous neural activity within the auditory nerve,
and subsequently to the brainstem. A previous study has shown
that the ABR wave I latency and amplitude were related to the
corresponding SGNs density and function (Li et al., 2016; Zhang
et al., 2018).

CONCLUSION AND FUTURE
PERSPECTIVES

According to these foundational studies of SGNs regeneration
in recent years, the reprogramming of exogenous stem cells or
endogenous inner ear cells into SGNs seems to be a promising
strategy. The application of some neurogenic transcription
factors helps the glial cells proliferation and reprogramming.
Combined transplantation of stem cells and neurotrophic factors
enhances the effectiveness of SGNs regeneration and improves
the survival of newly generated neurons. In addition, modulation
of some signaling pathways also promotes neural differentiation.
Although it is still necessary to clarify details about SGNs
regeneration in humans, the early success of these interventions
increases our expectation about the auditory nerve regeneration
in human patients in the future.

Still, more efforts are needed to improve the effectiveness
of SGNs regeneration, especially to promote the maturation of
newly generated neurons. The newly generated SGNs are needed
to not only present neuronal morphology and express neuronal
protein markers, but also to possess electrophysiological
functions, generate action potentials as well as form synaptic
connections with HCs in the inner ear and with conductive
neurons in the brain stem. As type I and type II SGNs perform
different functions in the cochlea and the appearance of the
three subtypes of type I SGN indicates the maturity of neurons,
differentiating these cells into the desired mature subtypes is also
crucial.
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