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Abstract: Over 278 million of people worldwide suffers from hearing loss, and this disease has significant detrimental effects emotionally and economically
on individuals and the society in totality. Treatment using cochlear implant dramatically improve the perception, and production of speech, as well as the patient
quality of life, with the different sensorineural hearing loss (SNHL). Yet, there are some challenges faced by a cochlear implant. In this review, we propose the
regeneration of spiral ganglion neurons which is an interface neuron using human amniotic fluid mesenchymal stem cells (hAFMSCs), due to its high pluripotency
potentials, this stem cell source can regenerate the spiral ganglion and this in-turn will bring back the inner ear hair-cells to functionality.
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Introduction

Biological concepts for alleviating disease, inclu-
ding the restoring of damaged tissue with biological
tools, holds great potential when applied as a means of
hearing loss therapy (1-3). The most common world’s
disability is deafness, which increases with age to al-
ter fully one-half of those over 65 years of age (4—7).
Replacement of sensory cells occur spontaneously and
following genetic manipulation in the vestibular (8),
and auditory sensory epithelium (9). The discovery of
an additional method to stimulate the growth of new
auditory nerve fibers would create an opportunity for
deafness treatment that is currently not possible.

Hearing impairment is a generally known disability.
Apparently, there are different available models to re-
place or regenerate the cells within the mammalian co-
chlea. Generation of neurons or new sensory cells either
by activating stem cells, cochlear progenitor cells or by
the conversion of supporting cells would be an exciting
approach (9—12). However, in a situation where spiral
ganglion neurons and hair cells are severely absent or
degenerated, a cell replacement therapy based on tissue
implantation may offer an interesting and more imme-
diate alternative. The transplanted cells would be anti-
cipated to take the position of missing cochlear cells,
and become fully incorporated with the auditory system
both functionally and structurally(13—16).

Choice of transplantation of cells is a key issue,
and there are different candidates for cell therapy. One
of the options is using an embryonic neuronal tissue.
Another better cell therapy alternative is to use stem
cells(17-19). Embryonic stem (ES) cells are pluripotent
and can differentiate into a variety of cell types (20,21).
One of the challenges of stem cell transplantation into

the human inner ear is to stimulate the implanted cells
to a sensorineural or cochlear lineage, that is, cochlear
sensory cells and spiral ganglion neurons.

In this review, we summarized the parts of human ear
focusing on the defection of the spiral ganglion nerves
as the cause of hearing impairment and the potentials
for regenerating this nerves using hAFMSCs.

The human ear

External and middle ear

The external ear canal is connected to the tympanic
membrane (eardrum). The middle ear possesses a chain
of three bones that links the tympanic membrane to the
cochlea. Tympanic membrane vibrations are relayed to
the cochlea. Cochlea (Fig 1&4) (22) have three parallel
fluid pockets. The vibration of the tympanic membrane
brings about fluid waves in the cochlea. Organ of Corti
(Fig 2) located within the cochlea, between the fluid
chambers, they consist of the hair cells that include a
hair-like projection from their climax (stereocilia). The
physical movement of the stereocilia is converted into
a nerve signal which is then transmitted via the spiral
ganglion and the relay nuclei in the pons and midbrain
to the auditory cortex in the temporal lobe (Fig 2) (16,
39). However, a defective SGN will terminate the signal
from getting to the inner part of the ear and thus sensori-
neural hearing loss ensues.

Auditory system development

The development of human auditory system starts
from the fetus and it has its own sequential process. The
structural parts of the auditory system develop early.
Cochlea in the middle ear structural parts are well for-
med by 15 weeks' gestational age and are functional
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Figure 1. Showing the human ear structure. The external ear, parti-
cularly the prominent auricle, focuses sound into the external audi-
tory meatus. Fluctuating increases and decreases in the pressure of
air vibrate the tympanum. These vibrations are conveyed across
the air-filled middle ear by three tiny, linked bones: the malleus,
the incus, and the stapes. The vibration of the stapes stimulates the
cochlea, the hearing organ of the inner ear (Reprinted from (24)).

N

: Scala vestibuli ¥
P — D

o RN Organ of Corti

Scala tympani Y

Figure 2. Image illustrating the survival of adult mouse NSCs in
the normal guinea pig inner ear 2 weeks following transplantation.
Blue-appearing LacZ-expressing implanted cells were found in the
scala tympani and scala vestibuli of the inner ear. The implanted
cells (arrow) were attached close to the spiral ganglion and the
organ of Corti. Surviving transplanted cells (double arrows) were
also observed in the scala vestibuli, attached to the lateral bony
wall of the scala vestibuli, close to the Reissner membrane. Scale
bar: 100 Am (Adapted from Hu et al. (24)).

by 20 weeks' gestation (25,26). The kinesthetic (move-
ment), somaesthetic (touch), vestibular (motion-head),
proprioceptive (position), and chemosensory (smell and
touch) systems all are both anatomically and functio-
nally operative before 20 weeks' gestation. The auditory
system follows those systems in the chain of develop-
ment.

At around 25 to 29 weeks' gestational age, the audi-
tory system becomes functional, the ganglion cells of
the spiral nucleus in the cochlea links the inner hair cells

to the temporal lobe, and brain stem and of the cortex
(26). The earliest evidence of an auditory evoked res-
ponse is at 16 weeks' gestational age. During this stage,
the ganglion cells in the cochlea are linked to nuclei in
the brainstem that triggers a physiologic response. Loud
noise in utero or in the NICU will produce changes in
autonomic function at 25 to 26 weeks' gestation, blood
pressure, heart rate, respiratory pattern, oxygenation,
and gastrointestinal motility can all be affected (27).
The neural links to the temporal lobe of the cortex be-
come functional 28 to 30 weeks' gestational age.

The cochlea (the receptor organ) and the auditory
cortex are the two parts of the auditory system that
are most crucial in the developmental processes (23).
However, they all relate to the signals received from the
neurons of the spiral ganglion and cochlear nuclei of
the cochlea. It is the cochlea and auditory cortex in the
temporal lobe that is most affected by the environment
and the care practices of the NICU.

The cochlea

The mammalian cochlea is a fully-developed and
well-structured organ comprising of a large variety of
cell types. Although hearing loss is related to the loss
of hair cells, the cochlea sensory transducers, hearing
impairment also arises from dysfunction of several co-
chlear cell kinds. For instance, in human, the primarily
inherited form of deafness is associated with connexin
26 gene mutation; a cytoplasmic gap junction protein
found in several cochlear supporting cells (28). Audi-
tory nerve disease like auditory neuropathy (29) and
acoustic Schwannoma (30), involving the auditory neu-
rons and glia degeneration, respectively, also leads to
hearing loss (Fig 4).

A biological approach to disease amelioration, invol-
ving damaged tissue replacement using biological tools,
is promising when applied as an approach to treating
hearing loss (2,31). Hair cell regeneration has been
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Figure 3. Innervation of the organ of Corti. Most afferent axons
end on inner hair cells, each of which constitutes the sole terminus
for an average of 10 axons. A few afferent axons of small caliber
provide diffuse innervations to the outer hair cells. Efferent axons
largely innervate outer hair cells and do so directly. In contrast,
efferent innervation of inner hair cells is sparse and is predomi-
nantly axoaxonic, at the endings of afferent nerve fibers (Reprinted
from (74)).
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Figure 4. Showing the anatomy of the human inner ear. (a) Com-
puter-based simulation of the human spiral ganglion showing type
I (brown) and type II (blue) cells in combination with myelinated
(yellow) and un-myelinated (green) nerve fibers. (b) Plastic corro-
sion cast of a human inner ear showing the vestibular apparatus,
the cochlea, and the internal acoustic meatus. (c) Corrosion cast
of the human cochlea with spiral ganglion outlined. (d,e) Micro-
dissection of a human cochlea (cadaver) and (e) at surgery (spiral
ganglion outlined). (f) Transmission electron microscopy (TEM)
showing Type I and Type II ganglion cells (Adapted from (75)).

shown to repair the damaged cochlea of birds and a low
level of hair cell genesis continues into adulthood in
mammalian vestibular systems, the mature mammalian
cochlea has not exhibited any inherent ability to regene-
rate after trauma. However, injection of viral particles
engineered to deliver the transcription factor (Mathl)
into the cochlea has given rise to new cochlear hair cells
production (9,32). An alternative method of replace-
ment of cells is the therapeutic application of exogenous
cells capable of differentiating into cochlear cell types.
Multipotent cell lines development sourced from stem
cells is a practical source of exogenous cells ablated or
damaged cochlear cells replacement (33).

Several human and murine stem cell lines have been
confirmed to be a good tool for cellular replacement. ,
the v-myc immortalized murine clonal 17.2 neural stem
cell (cNSC) line (34), derived from the cerebellum of
the fetus, has been successfully used in different cellular
replacement studies consisting of the brain and spinal
cord. Transplanted cNSCs have been noted to move to
the site of a brain lesion and differentiate into native cell
types, such as oligodendrocytes (35), astrocytes, micro-
glia, cortical neurons (34), neurons and spinal cord glia
(36). ctNSCs are thus capable of both functional recove-
ries following injury and replacement of damaged (37).
In addition, these cNSCs express different markers that
are expressed in cochlear tissues, like connexin 26 and
the hair cell marker myosin 7a (38,39). Thus, they may
also be a useful tool for cellular replacement within the
cochlea.

Differentiation of the hair cells (Fig 3) in the cochlea
starts early in gestation (10—12 weeks). Stereocilia de-
velopment on the apex of the hair cells. It starts from
the inner hair cells, and later on the outer hair cells. Hair
cells development starts from the cochlea base to the
apical regions. This is true for both outer and inner hair
cells. There are many numbers of hair cells produce

early in development, if not used or connected, some
disappear. It is a process similitude to the excess gan-
glion cells of the retina.

More than 90% of the cochlear ganglion cells stimu-
lates inner hair cells. Each axon triggers a single hair
cell, but each inner hair cell targets its output to up to
10 nerve fibers. Neural information for hearing sterns
almost solely from inner hair cells. At any point along
the course of the spiral ganglion in the cochlea, the neu-
rons respond best to the optimal or prime frequency of
the inner hair cell. Thus, the tonotopic organization of
the auditory cortex, as well as relay nuclei, begins with
the postsynaptic site on the inner hair cells. The acoustic
sensitivity of axons in the cochlear nerve mirrors the
innervations pattern of the spiral ganglion cell. Like the
hair cells, each axon has a characteristic frequency of
sound for maximal response. There is a tuning curve for
the ganglion cell nerve fibers, just as there is for hair
cells (23,40).

Inner ear

More than 10% of the world population are chal-
lenged with hearing impairment and a resulting dete-
rioration of their communication performance. Hearing
impairment is often as a result of injuries affecting in-
ner ear mechanosensory hair cells. Yet, clinical treat-
ment alternatives are limited but the cochlear implant
(cochlear prosthesis) has led to a breakthrough in the
rehabilitation of the auditory. The cochlear implant by-
passes the sensory hair cells and directly stimulates the
remaining spiral ganglion neurons (SGNs), partly res-
toring part of the hearing function even in profoundly
deaf patients. Patients benefit from a cochlear implant
depends on the integrity of SGNs and functional exci-
table neurites available for electrical stimulation. The
survival and function of SGNss, in turn, depend on tro-
phic inputs provided by their presynaptic and postsy-
naptic target cells as well as neighboring tissues. Loss of
the sensory cells will thus deprive adult SGNs of trophic
factors and cause their subsequent degeneration. Iden-
tifying possible preventive factors that could arrest this
progressive degeneration is of clinical value as it could
further enhance the benefits that severely hearing impai-
red patients get from a cochlear implant.

In a situation where the sensory cells or SGNs are
damaged permanently, a simple preventive strategy
might not be effective. New hair cells have been sug-
gested to be formed by regeneration (41) or phenotypic
trans-differentiation (8),(32) within the adult mamma-
lian inner ear. The regenerative potential of adult SGNss,
however, remains to be tested.

Spiral ganglion

In animal models, the loss of SGNs is fast and ex-
tensive with up to 60% of neurons lost six weeks after
deafness in the guinea pig (42) or after 10 weeks in
the rat (43). In a quest to stop spiral ganglion degene-
ration, and manage the SGNs population available for
stimulation through a cochlear implant, the application
of exogenous neurotrophins is being investigated as a
possible adjunct therapy to the cochlear implant. Deli-
very of exogenous neurotrophins to the cochlea (BDNF
and NT3 precisely) has contributed the most potential
intervention (44,45). This method was successful in
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the deafness of animal models, in which delivery of
exogenous NT3 and/or BDNF was shown efficient in
promoting SGN survival and re-growing the peripheral
processes in vivo (42,46—48), even when started some-
time after the deafness begins (49). Although we now
know the ability of neurotrophins in protecting the SGN
population, yet, understanding of their impact on SGN
function is little. To check the benefit of exogenous neu-
rotrophin delivery in providing an efficient therapeutic
adjunct to a cochlear implant, it is crucial that we find
out how the ion channels that regulate neuronal activity
are controlled. This is important given that clinical out-
come still show SGN survival alone is inadequate to
secure favorable sound perception by implant recipients
(50).

Auditory development processes

Development of the human auditory system com-
prises of four basic factors that are crucial to the process.

Genetic endowment, activity independent

The basic structures of the auditory system are the
result of cell differentiation, multiplication, migration,
and basic cell position. These are controlled by genetic
code or genetic endowment. These process will be ini-
tiated without stimulation or facilitation from outside.
Some gene expression is altered by outside stimulation
and environment; but the main structure, cell loca-
tions, and other parameters are the result of the genetic
code. It is possible to alter genetic processes but not to
improve them. In the case of the auditory system, the
shape and structure of the ears, the middle ear, the nerve
tracks, the main structure of the cochlea, and the nuclei
are likewise genetically coded (26).

Individual genes expression that control the develop-
ment of the auditory system may be altered by exposure
to conditions arising from the environment. Gene ex-
pression of any single gene can be changed without alte-
ring the DNA structure in a process termed epigenetics,
and in the past few years, it is the basis for major genetic
research. Gene expression alteration arises as a result of
exposure to three types of environmental factors. Alte-
ration of gene expression can either be through toxic or
chemical exposure, nutritional deficiencies or excesses,
and intense or constant abnormal sensory stimulation.

Endogenous stimulation-dependent

Endogenous stimulation is nerve cell activity emana-
ting from the brain, peripheral nerves or sensory organs,
without stimulation from outside. The spontaneous irre-
gular firing of ganglion cells of the spiral and cochlear
nucleus is the first stage of this endogenous activity.
This is necessary to promote the growth of axons for
cell-to-cell interactions. In human, this starts before
20th week gestation. The irregular firing becomes re-
gular; and with further development at 22 weeks, they
become synchronous waves of ganglion cell firing. This
is crucial for axons and midbrain nuclei targeting. They
continue to the cerebral cortex temporal lobe by 28 to
29 weeks' gestation. These endogenous stimuli can be
easily blocked by alcohol, drugs, and toxic chemicals
in the environment. The effect of loud sounds or intense

noise on the endogenous ganglion cell activity is not
understood (26).

Exogenous or activity-dependent processes

The auditory system needs auditory stimulation as
a part of development during the last 10 to 12 weeks
of fetal life (28-40 weeks' gestational age) and conti-
nuing for several years after birth, unlike vision where
visual experiences and stimulation are not needed until
after birth at term. Starting at 28 to 29 weeks, the hair
cells and their cochlea connections sufficiently mature
to start tuning for specific sound frequencies. The hair
cells for the lower-frequency sounds are tuned first. The
fetus is protected from most high-frequency sounds in
utero. The internal in utero environment is sufficiently
quiet to permit the recognition and response to sounds,
internal and external. Exposure to outside intense low-
frequency noise (70-80 dB) will block the ability to
tune the hair cells to the very specific prime frequency
in utero or in the NICU.

Effects of environment and sensory interference

Environmental factors have a clear effect on the au-
ditory development of the fetus in utero and the infant in
a NICU, at home, as well day care. In Utero, all intense
(N60 dB) low-frequency noise should be avoided and
particularly after 20 or 22 weeks' of gestation. Fetus in
utero, after 28 to 29 weeks, needs exposure to family
voices, mother's voice, music (simple melodies), and
family and environment meaningful sounds. The back-
ground noise level needs to be kept to less than 50 dB,
particularly in the lower frequencies, for the infant to
separate the music or speech.

Human amniotic fluid mesenchymal stem cells

Human amniotic fluid mesenchymal stem cells
(hAFMSCs) have drawn an increasing attention recently
as a potential reserve of stem cells, which can be useful
for regenerative medicine clinical application. Several
types of research have been carried out to date in terms
of possibility for the differentiation of these cells, with
several reports showing that, cells from the amniotic
fluid high plasticity (51). Cells from the amniotic fluid
possess immunomodulatory property both in vivo and in
vitro, which could make them beneficial in an allotrans-
plantation setting. In regenerative medicine, stem cells
depict a useful tool for maintaining or regenerating the
functions of defective and damaged organs and tissues
(51). Stem cells are typically classified according to
their ability to differentiate toward different cell types,
these cells are proposed to be an important source for
spiral ganglion nerves cells regeneration following hair
cell loss.

Can hAFMSCS be used to the regeneration of spiral
ganglion?

A substitution approach using cell therapy has been
used as a treatment for severe neurological disorders
such as Parkinson disease (52). Applying a similar
strategy to the impaired inner ear raises many practical
questions. Hearing impairment in most cases are as a
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Figure 5. Human spiral ganglion was dissected during surgery,
cells were isolated and then cultured. In other to induce differen-
tiation, cells were plated on pre-coated dishes and cultured in the
presence of neurotrophic factors (Adapted from (75)).

result of death, or dysfunction of spiral ganglion neu-
ron. We propose the replacement of cells from human
amniotic fluid mesenchymal stem cells replacing spiral
ganglion neurons after impairment (Fig 5).

If a transplantation approach is to be successful in
treating inner ear injuries, it is, of course, essential that
the cells not only survive, but also migrate to functio-
nally relevant regions and differentiate into an appro-
priate cell fate, that is, a neuronal fate when attempting
to replace auditory neurons.

We hypothesize that once the cells of this hAFMSCs
line migrate within the cochlea, they receive signals
from the microenvironment and will upregulate genetic
cell fate programs expressed by local endogenous cells.

SGNs degenerate after hair cell loss in both humans
(53-55), and animal models of sensory neural hearing
loss (42,48,56,57). This is caused by the loss of the en-
dogenous supply of the pro-survival neurotrophin (NT)
peptides brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT- 3), produced by the inner hair cells
and support cells of the organ of Corti (58-61). Acute
SGN degeneration may limit the efficacy of hearing
rehabilitation by a cochlear implant. The prevention of
SGN degeneration following an SNHL may, therefore,
promote the clinical consequence for implant patients.

Conclusion

Our ear is one of the vital organ, in which a loss of its
function may lead to a severe consequence, medically,
economically and socially(62-66). hAFMSCs having
great pluripotent potentials can be taken advantage of
by using it for the regeneration of spiral ganglion which
is one of the most vital part of the inner ear(67-71). We
propose the regeneration potentials of spiral ganglion
can meet up with this demand. The full mechanism by
which this process occur should be studied in the fu-
ture as it may be the best and last resort for patient with
SNHL(72,73).
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