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Abstract
The successful function of cochlear prostheses depends on activation of auditory nerve. The survival
of auditory nerve neurons, however, can vary widely in candidates for cochlear implants and
influence implant efficacy. Stem cells offer the potential for improving the function of cochlear
prostheses and increasing the candidate pool by replacing lost auditory nerve. The first phase of
studies for stem cell replacement of auditory nerve has examined the in vitro survival and
differentiation as well as in vivo differentiation and survival of exogenous embryonic and tissue stem
cells placed into scala tympani and/or modiolus. These studies are reviewed and new results on in
vivo placement of B-5 mouse embryonic stem cells into scala tympani of the guinea pig cochleae
with differentiation into a glutamatergic neuronal phenotype are presented. Research on the
integration and connections of stem cell derived neurons in the cochlea is described. Finally, an
alternative approach is considered, based on the use of endogenous progenitors rather than exogenous
stem cells, with a review of promising findings that have identified stem cell-like progenitors in
cochlear and vestibular tissues to provide the potential for auditory nerve replacement.
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1. Introduction
1.1 – Rationale and Challenges

Cochlear implants now provide an increasingly successful therapy to restore hearing to a large
number of the severely deaf. Cochlear prostheses function by directly activating the auditory
nerve in the cochlea. When there is loss of auditory nerve, as is often associated with deafness,
this can influence the efficacy of cochlear prostheses (e.g. Blamey et al., 1996; Kileny et al.,
1991; Incesulu and Nadol, 1998; Rubinstein et al., 1999). The minimal amount of remaining
auditory nerve necessary for effective use of cochlear prostheses has not yet been established
and the correlation between total amount of auditory nerve survival and performance remains
in contention. Even a low number of surviving auditory neurons may still allow good speech
perception (Blamey, 1997). Psychophysical measures in monkeys demonstrated increased
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thresholds and smaller dynamic range from cochlear electrical stimulation, associated with
increased sensorineural damage (Pfingst and Sutton, 1983; Pfingst et al, 1981). Shepherd and
Javel (1997) compared physiological responses to cochlear electrical stimulation with the status
of the auditory nerve in the cat and reported elevation of thresholds in animals with extensive
auditory nerve pathology but only moderate reductions in response amplitudes. They also
found decreases in entrainment at higher stimulation rates and increases in bursting. Sly et al
(2007) recently reported a decrease in spike latency and a reduction in threshold as auditory
nerve survival decreased following ototoxic deafening in guinea pig. Certainly in cases of
auditory neuropathology, where there is very large loss of auditory nerve, cochlear prostheses
could be expected to be less effective. Replacement of lost auditory nerve could therefore
improve the function of cochlear prostheses as well as increase the candidate pool. Stem cell
technology provides a potential mechanism to accomplish replacement of lost auditory nerve
neurons. There are three basic challenges which must be met for successful use of stem cells
to replace auditory nerve for use with cochlear prostheses: 1) Differentiation into an appropriate
phenotype, 2) long-term survival after reaching appropriate phenotype, and 3) functional
central connection.

1.2. Differentiation into an appropriate phenotype
In order to accomplish auditory nerve replacement, the stem cells must be induced to
differentiate into a neuronal phenotype. However, even if stem cells successfully reach a
neuronal phenotype, if they are inhibitory, they would not be useful for activating the central
auditory pathways. Therefore, it is important that an auditory nerve-like excitatory
glutamatergic phenotype be obtained. If differentiated stem cells can also exhibit a molecular
signature reflecting appropriate ion channels and other characteristics of auditory nerve, likely
they could be even more capable of substituting for its function.

Several studies have examined the survival and differentiation of embryonic and tissue stem
cells following their placement into the scala tympani and/or modiolus of the cochlea. Iguchi
et al. (2003) placed neural stem cells from fetal mouse neuroepithelium into the mouse cochlea
and found 10% survival at 25 days following placement, with the majority showing a glial
phenotype based on glial fibrillary acidic protein (GFAP) immunostaining and a few showing
a pre-neural phenotype based on nestin immunostaining. Tamura et al. (2004) placed mouse
neural stem cells into the modiolus of mouse cochleae following deafening by treatment with
cisplatin. They also found the majority had differentiation into a glial phenotype, based on
GFAP immunostaining and only a small percentage reached a neuronal type phenotype.
Coleman et al. (2006) placed mouse embryonic stem cells (mESCs) into guinea pig cochlea
and found poor survival, with 4–6 mESCs per profile through scala tympani and 1 per profile
through Rosenthal’s canal, with a significant decline in the number in scala tympani between
2 and 4 weeks following placement. A portion of the surviving mESCs (not specified in the
text) showed a neuronal phenotype based on neurofilament immunolabeling. Hu et al.
(2005) placed neural stem cells from the lateral wall of mouse lateral ventricle into normal or
deafened guinea pig cochlea and found only a few reached a neuronal phenotype, based on
TUJ1 (neuronal class III β-tubulin) immunostaining, with many showing a glial fated based
on GFAP immunostaining. More recently, Parker et al. (2007) used neural stem cells derived
from mouse fetal cerebellum, placed into noise exposed mouse or guinea pig cochleae. They
found moderate levels of survival with differentiation into satellite cell-, Spiral Ganglion
Neurons (SGN)-, Schwann cell-, hair cell- and supporting cell-like phenotypes. Interestingly,
they found that this differentiation was influenced by the microenvironment, with cerebellum
derived cells often expressing genes characteristics of local endogenous cells. Matsuoka et al.
(2006) tested the placement of mouse bone marrow derived stem cells into the gerbil cochlea
and found these stem cells would survive 7 days of placement into scala tympani or modiolus.
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None of these studies examined the transmitter phenotype of the cells reaching a neuronal
phenotype.

Two approaches have been applied to increase the number of neuronal stem cells following
transplantation into the cochlea. One approach is to apply cell signaling factors in vitro to
differentiate the stem cells toward the desired neural phenotype prior to their placement in the
cochlea. The second approach is to place undifferentiated stem cells in the cochlea and then
apply growth factors in vivo, using the cochlear fluids for delivery. Advantages of the first
approach include that differentiation can be monitored and that cell sorting can be applied to
further refine the population before placement. Advantages of the second approach include
that undifferentiated stem cells can induce less of an immune response to their placement and
that their differentiation can be influenced and modified by “natural” endogenous factors, as
suggested by Parker et al. (2007), to form the desired lineage.

Rivolta et al. (2006) used the “in vitro” approach and were successful in inducing mouse ESCs
to form a variety of inner ear-like phenotypes, with a focus on generating a hair cell-like
phenotype. Coleman et al. (2007) found that the in vitro differentiation of stem cells into
neuron-like cells was facilitated by co-culture with auditory neurons or hair cell explants,
isolated from post-natal day five rats. This in vitro approach has also been applied to bone
marrow derived stem cells. Kondo et al. (2005) demonstrated sonic hedgehog and retinoic acid
when in combination induced differentiation of marrow stromal cells to a neuronal phenotype
with a greater than 200-fold increase in GATA3, Irx2, Sox10, calretinin and GluR4 mRNAs
(all expressed during normal development in auditory nerve neurons) and Wnt 1 induced a
400-fold increase in the expression level of Brn3a, Ngn2 (neuroD) and Ngn1, which play a role
in the differentiation of auditory neurons during normal development. Falk et al. (2002) found
that transduction of stem cells with Neurogenin 2 (Ngn2) induced over 90% towards a neuronal
phenotype. Hu et al. (2005) tested this approach in the cochlea, transfecting Ngn2 into neural
stem cells prior to placement and found the number reaching a neuronal phenotype (based on
immunostaining for TUJ1) increased from 15% to over 50%.

Hu et al. (2004) co-transplantated mouse ESCs and a neuronal co-graft of dorsal root ganglion
tissue into guinea pig cochlea, to influence stem cell differentiation in vivo. They found
improved survival of TUJ1 immunolabeled stem cells at 4 weeks following placement with
the co-graft. The in vivo approach can also take advantage of the opportunity that the cochlear
fluids offer for intrascalar delivery. Undifferentiated or partially differentiated stem cells can
be placed into the cochlea and then exogenous neurotrophic factors or induction of genetic
signaling applied in vivo. Our studies, described in a later section, showed intrascalar delivery
of the neurotrophic factor (NTF) glial cell line derived neurotrophic factor (GDNF) increased
the percentage of undifferentiated mouse embryonic stem cells reaching a neuronal phenotype
in vivo, based on TUJ1 immunolabeling.

1.3. Challenge Two - Survival
In addition to generating the appropriate phenotype, a second challenge is survival after
reaching this phenotype. Long-term survival is necessary, of course, for auditory nerve
replacement to have therapeutic value. Hu et al. (2004) found moderate survival of mouse stem
cell derived neurons several weeks following placement into guinea pig modiolus, but also
found that the survival time of stem cells transduced into neural phenotype by expression of
Ngn2 was decreased compared to the non-transduced stem cells (Hu et al.., 2005). These neural
stem cells demonstrated good survival at 2 weeks; but this was greatly diminished at 4 weeks
post-placement (Hu et al., 2005). This diminished survival could have been due to the
neurophysiologically “unnatural” sustained rather than transient expression of Ngn2 and/or
that the site of integration of the transgene interfered with differentiation. These studies also
did not provide intracochlear infusion of NTF(s) or other survival factors that Ulfendahl et al.
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(2007) suggested could be needed for continued survival. Just as SGN require trophic support
for survival and begin to degenerate within weeks following their deafferentation from inner
hair cell loss (see Shepherd article this volume, which addresses this in detail), when stem cells
assume a neuronal phenotype they may also require appropriate trophic support. This is
supported by results from our lab, which show that chronic intrascalar infusion of glial cell
line derived neurotrophic factor (GNDF) (see later section) and/or brain derived neurotrophic
factor (BDNF) (Hernandez et al., 2007) provided for excellent survival of neuronal stem cells
in the cochlea at five to six weeks following their placement. Clearly longer survival times and
the efficacy of various NTFs and electrical stimulation alone and combined should be assessed
in future studies.

1.4. Challenge Three – Integration and Functional Central Connection
The stem cells that differentiate into a neuronal phenotype in cochlear compartments are
usually seen to extend processes (e.g. Figure 1c,d). We find the processes from ESC derived
neurons in scala tympani are most often directed towards the organ of Corti (or the scar
replacing it) (Figure 1b) or towards remaining SGN neurons in the modiolus. Matsumoto et
al.., (2005) found that mouse embryonic stem cells co-cultured (in vitro) with mouse auditory
epithelium send processes towards hair cells. Corrales et al., (2005) placed mouse neural stem
cells into the cochlear nerve trunk of the gerbil 1 week after oubain injection which eliminated
all SGN without loss of hair cells. Twelve days following placement these stem cells expressed
neuronal phenotype markers and sent processes into the space formerly occupied by the
auditory nerve. Neurites projected peripherally towards the organ of Corti and contacted hair
cells.

To achieve functional replacement of lost auditory nerve, the stem cell derived neurons must
also send a central axonal projection that crosses the peripheral nervous system – central
nervous system barrier and connects with central auditory neurons in the Cochlear Nucleus
(CN). Hu et al. (2004) have demonstrated migration of mouse embryonic dorsal root ganglion
cells from the site of placement in the rat scala tympani into the modiolus with projections both
peripherally toward the hair cells, as well as centrally, and formation of axonal connections
between the projections of the implants and SGN central projections. Hu et al. (2005) also
observed mouse embryonic stem cells placed into rat scala tympani migrating into the auditory
nerve and entering into the CN. While this suggests there might not be a PNS/CNS barrier
constraint, the less differentiated embryonic stem cells may be less inhibited by this barrier
than processes with a more mature neuronal phenotype. Recent studies suggest that central
connections can be enhanced by blocking the natural inhibition at the PNS/CNS barrier from
proteins such as Nogo and myelin inhibitors (He and Koprivica, 2004 for review). Koprivica
et al. (2005) have developed small molecules to block the downstream pathway in this
inhibition, for example by blocking EGFR kinase. This resulted in greatly improved
regeneration of optic nerve fibers. Gharabaghi and Tatagiba (2005) applied IN-1, a Nogo-A
inhibitor, and growth factors to the auditory nerve through a cannula at the cerebellopontine
angle and found improved functional regeneration of the auditory nerve after axotomy. It may
be necessary to apply such factors to enhance central connections to the cochlear nucleus from
new stem cell derived neurons in the cochlea.

We have done studies addressing the critical first challenge of increasing the number of stem
cells reaching an appropriate phenotype for auditory nerve replacement. Coleman et al..,
(2006) implanted B-5 mESCs into guinea pig cochlea and found moderate survival with most
differentiated into a glial phenotype. We used the same B-5 cell line of undifferentiated mESCs
and added intrascalar application of the neurotrophic factor (NTF) glial cell line derived
neurotrophic factor (GDNF) following the mESC placement into guinea pig cochlea. Rask-
Anderson et al.., (2005) had used GDNF to successfully induce neurospheres gathered from
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human or guinea pig spiral ganglion into a neuronal phenotype. We hypothesized that GDNF
could also induce mESCs into a SGN-like phenotype. GDNF could also increase the number
of mESCs with a neuronal phenotype found at 4 weeks following placement by acting as a
survival factor, as it does for de-afferented spiral ganglion neurons (Altschuler et al., 1999;
Kanzaki et al., 2002; Miller et al., 1997; Miller et al., 1998; Shepherd et al., this issue).

2. Methods
All experimental procedures were approved by the University of Michigan Committee on the
Use and Care of Animals. Eight normal hearing adult NIH strain guinea pigs (Elm Hill)
weighing 300 to 400 grams, were systemically deafened by administration of 450-mg/kg
kanamycin s.c., followed by anesthesia with ketamine/xylazine and 60 mg/kg ethacrynic acid,
administered i.v. (jugular vein) 2 hours later (West et al., 1973). Three days following
deafening, mouse ESCs from the B-5 line (Hadjantonakis et al., 1998) that express enhanced
green fluorescent protein (eGFP) were were aspirated into a 1cc syringe and carefully
transferred to a glass microliter syringe. A 30g needle was attached to the syringe and inserted
into a micro-cannula (Prieskorn & Miller, 2000). The fine cannula tip was then inserted through
a cochleostomy in the basal turn of the cochlear spiral with a silastic ball serving as a stop to
plug the hole during the injection to prevent leakage. A 5µl bolus containing approximately
500,000 B-5 mouse ESCs was slowly injected into the modiolus and scala tympani and the
cannula kept in place for an additional 10 minutes. The cannula was then removed and replaced
by a second cannula into scala tympani primed with GDNF (10 µg/ml) attached to a
miniosmotic pump (Alza Corporation, model 2002, 14 day reservoir, flow rate 0.5 µl/hr). The
GDNF was chronically infused over two weeks. At 14 days following placement the guinea
pigs were heavily anesthetized with 0.5 ml i.p. sodium pentobarbital (Fatal Plus, Vortech,
Dearborn, MI) and terminated with a vascular fixation of phosphate buffer followed by 4%
paraformaldehyde fixative in phosphate buffer. Immunocytochemistry was carried out on 6
µm paramodiolar cryostat sections through the cochleae. Mouse ESCs in different
compartments of the guinea pig cochlear were identified by their eGFP expression and also by
in situ hybridization for genomic mouse DNA. Differentiation of the mouse ESCs into a
neuronal or glial phenotype was assessed using TUJ1 as a marker for neuronal phenotype and
GFAP as a marker for an astrocyte phentotype. Mouse monoclonal antibody to TUJ1 (Covance,
Berkeley, CA) was applied at a 1:300 dilution in phosphate buffered saline (PBS) with 0.2%
triton X-100 and polyclonal rabbit antibody to GFAP (MP Biomedicals, Aurora, OH) was used
at a 1:500 dilution) in PBS with triton X100. The TUJ1 immunolabeled stem cells were further
assessed for neurotransmitter phenotype with co-immunolabeling for vesicular glutamate
transporters 1 or 2 (VGLUT1,2) or the GABA transporter (VGAT) using rabbit polyclonal
antibodies (Synaptic Systems, SYSY, Germany) all used at a 1:500 dilution in PBS with 0.2%
triton X-100. Secondary anti-mouse or anti-rabbit antibodies (Molecular Probes, Carlsbad, CA)
were linked to Alexa 350 (TUJ1) or Alexa 594 (anti-rabbit) for co-localization of TUJ1,
VGLUTs and VGAT. Other sections were co-labeled with in fluorescent in situ hybridization
(FISH) for genomic mouse DNA and immunostaining for TUJ1 using mouse COT-1 DNA
(Invitogen Corporation, Carlsbad, CA) as the DNA probe for mouse genomic DNA. The probe
was labeled with digoxigenin-16-dUTP using a nick translation kit (both from Roche Applied
Science, Indianapolis, IN). Sections were incubated with the COT-1 DNA probe, diluted 1:20
in hybridization buffer (Enzo Life Sciences, Farmingdale, NY) for 5 minutes at 92°C. Sections
were then rinsed in PBS, followed by in situ hybridization wash reagent (Enzo Life Sciences)
for 15 minutes at 37°C and then additional rinses in PBS at room temperature. Slides were
incubated with rhodamine conjugated antibody to digoxigenin (1:200, Roche Applied Science,
Indianapolis, IN) for 1 hour at room temperature in the dark. The sections were co-
immunolabeled with antibody to TUJ1 (as above) and the TUJ1 antibody visualized with an
anti-mouse antibody conjugated to Alexa 594. Confocal fluorescent images were acquired on
Olympus FV-500 or Zeiss LSM510 confocal microscope.
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3. Results
Many cells in sections could be identified as mouse ESCs, based on eGFP labeling (Figure
2a,c,d) or expression of mouse genomic DNA (Figure 2e). A typical profile through scala
tympani of the basal turn of the cochlear spiral, contained 100–200 eGFP labeled cells, with
fewer in more apical turns and scala vestibuli. Smaller numbers of eGFP labeled cells (5–12
per section) were seen in the modiolus, most often among SGN (Figure 2d) or their peripheral
processes (Figure 2c) in Rosenthal’s canal. Most of the eGFP labeled cells were small (10
microns) and round and without processes; they did not have a neuronal-like appearance.

There were many cells in scala tympani that were immunolabeled for TUJ1 (30–40 in a typical
section through basal scala tympani (Figure 1). These had a more neuronal-like appearance,
often with a fusiform shape and processes. The majority of the TUJ1 immunolabeled cells in
scala tympani did not co-label with eGFP (Figure 1a–c) and it required co-labeling with FISH
for mouse genomic DNA (Figure 2e) to show they had differentiated from the mouse ESCS,
although any other origin would have been unlikely. Fewer cells were identified with an
astrocyte phenotype based on GFAP immunolabeling, with 8 – 20 per profile through basal
scala tympani (Figure 2b). These also did not co-label for eGFP. This suggests that the B-5
mouse embryonic stem cells also down regulate eGFP following in vivo differentiation.

Co-labeling of TUJ1 with glutamate or GABA vesicular transporters was used to assess the
neurotransmitter phenotype of the embryonic stem cell derived neurons. The majority of TUJ1
cells in scala tympani (50–75%) were co-labeled for VGLUT1 or VGLUT2, with VGLUT2
co-immunolabeling most common (Figure 1d). The endogenous SGN were brightly
immunolabeled with VGLUT1 and had only light VGLUT2 immunolabeling. Fewer TUJ1
cells (7–12%) in basal scala tympani were found co-immunolabeled for GAT (Figure 1e), a
marker for GABA. GABA is inhibitory and would not be a suitable transmitter for providing
replacement of auditory nerve.

4. Discussion
Our results show that chronic intrascalar infusion of GDNF following mESC placement into
scala tympani/modiolus results in a much higher percentage of mESCs reaching a neuronal
rather than a glial phenotype and increased survival at 4 weeks compared to an earlier study
(Coleman et al., 2006) which did not supply NTFs. It also found that most of the mESCs
differentiating into a neuronal phenotype were glutamatergic and therefore suitable for auditory
nerve replacement. The question still remains as to how such an in vivo approach compares in
efficacy to the vitro approach of inducing stem cell differentiation prior to cochlear placement
and this awaits future study. It will also be important to determine which approach provides
best long-term survival as well as integration and central connections, the other two challenges.

An alternative approach to implanting differentiated or undifferentiated exogenous stem cells
into the cochlea is to mobilize and activate endogenous stem cells already present in the cochlea
to differentiate into a neuronal phenotype and form a central connection. In the last few years
a number of observations support the potential of this approach. Li et al. (2003) found spheres
of inner ear stem cells could be isolated and generated from adult utricular epilethelium in
vitro. Rask-Anderson et al. (2005) identified progenitor stem cells in cultures from human and
guinea pig spiral ganglion. These neurospheres could be induced to differentiate into a neuronal
or glial phenotype with application of neurotrophic factors such as GDNF. Yerukhimovich et
al. (2007) found spheres isolated from mouse neonate cochleae that could differentiate into
astrocytes and oligodendrocytes in vitro. Oshima et al. (2007) were able to generate sphere-
forming stem cells from early postnatal organ of Corti, vestibular sensory epithelium, SGN
region, and stria vascularis of the mouse cochlea. Those from the SGN region displayed features
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of neural stem cells or glial cells. This ability to form spheres decreased with postnatal age and
was greatly reduced by the third postnatal week. Lou et al. (2007) found that otospheres could
be derived from the cochleae of young rats when cultured in vitro with EGF and FGF2 and
that these could differentiate into neuron, glial, hair cell and supporting cell phenotypes. These
studies show that endogenous stem cells are indeed present in the cochlea, although the
numbers decrease with age. The challenge remains to prospectively identify these cells so that
their location, identity and growth factor responsiveness can be determined. With those data
it should be possible to identify mechanisms to induce and control their differentiation into an
auditory nerve-like phenotype and to form a central auditory connection.

While the potential for stem cell replacement of auditory nerve is therefore receiving increasing
support, critical questions remain regarding the challenges of inducing appropriate phenotype,
long term survival, functional central connections and ability to provide improvement of the
function of cochlear prostheses.

The auditory nerve phenotype is well suited for its normal function of providing an excitatory
connection between inner hair cells and the cochlear nucleus and this phenotype should be the
target for stem cell differentiation for connection to regenerated hair cells. While an excitatory
phenotype is still necessary for cochlear electrical stimulation, however, the auditory nerve
properties may not be optimal. Perhaps stem cells can be differentiated into a phenotype with
different ion channels and different firing properties that would be even better than the auditory
nerve for being excited and coded by electrical stimulation.

Challenges also remain for long term survival. Loss of auditory nerve following inner hair cell
loss is most likely due to loss of survival factors such as neurotrophic factors (see Shepherd
article, this issue). Stem cell derived neurons in the cochlea may be subject to the same
dependence on survival factors once they reach the mature auditory nerve-like phenotype. In
that case it would be likely that chronic cochlear electrical stimulation would enhance their
survival as has been shown for auditory nerve following deafness (Hartshorn et al., 1991;
Leake et al., 1991, 1992, 1995, this issue; Lousteau, 1987; Mitchell et al., 1997; Miller et al.,
2003; Miller & Altschuler, 1995). It may also be the case that neurotrophic factors would also
enhance survival, as for auditory nerve following deafness (Altschuler et al., 1999; Ernfors et
al., 1996; Malgrange et al., 1999; Marzella and Clark, 1999; McGuinness and Shepherd,
2005; Miller et al., 1997; Miller et al., 1998; Schindler et al., 1995; Shepherd et al., this
issue; Staecker et al., 1996; Van de Water et al., 1996) with the combination of neurotrophic
factors and chronic electrical stimulation potentially the most effective (Kanzaki et al., 2002;
Shepherd et al., 2005, this issue).

There are also challenges for establishing functional central connections. Remaining auditory
nerve may provide a substrate and cues for guiding new central processes, but the PNS-CNS
barrier may play a critical role limiting the extent and functional integrity of the integration of
stem cells with CNS. With partial survival of the auditory nerve, an infrastructure may exist
to help overcome this barrier; however in the absence of most or all of the auditory neurons,
this PNS-CNS interface may be a key limiting barrier. Studies with NoGo suggest there may
be molecules that will allow us to overcome this barrier. Clearly, additional studies will be
necessary to investigate this and if necessary develop clinically applicable interventions to
encourage central projections.

The presence of precursor cells in the cochlea that have many characteristics of stem cells also
offers promise. These could be used to develop new human cell lines for implantation in human
subjects. The endogenous precursors might also be induced to differentiate into an auditory
neuron phenotype in vivo and form central connections to replace lost auditory nerve allowing
the damaged cochlea to help “repair itself”.
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While challenges remain, these studies to date show the great potential for using both
exogenous as well as endogenous stem cells to replace lost auditory nerve. There is an obvious
clinical application to improve the efficacy of cochlear prostheses which are dependent on
remaining auditory nerve for their function. Still another approach for clinical application
would be to place stem cells reaching a neuronal glutamatergic phenotype directly onto sites
on the cochlear prostheses and direct their processes towards new synapses with remaining
SGN along the cochlear spiral. This addition of this “extra” neuron could lower thresholds by
bringing the neuronal target for excitation closer to the stimulation site. Further, placing these
stem cells close to different stimulation sites could also increase channel separation with
different groups of stem cells preferentially excited by different stimulation sites. Lower
threshold and increased channel separation could be expected to improve cochlear implant
function. The remaining challenges and the multiple approaches will be the focus of many
interesting future studies in our and other laboratories of the field.
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FIGURE 1.
Photomicrographs from mid-modiolar cryostat sections through the guinea pig cochlea two
weeks following placement of mouse embryonic stem cells in scala tympani/modiolus
immunostained with antibody to the early neuronal phenotype marker TUJ1. 1a: TUJ1
immunolabels cells (red) (see arrows for examples) with a neuronal appearance in scala
tympani (ST) from the basal turn of the cochlear spiral, seen below TUJ1 immunolabeled (red)
peripheral processes of endogenous SGN in Rosenthals canal (RC), 1b: TUJ1 immunolabels
endogenous spiral ganglion neuron cells (SGC) and their peripheral processes (pp) in
Rosenthals canal running towards the scar that replaced the organ of Corti following deafening.
There is also TUJ1 immunolabeling of stem cells in Scala Tympani as well fibers between
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scala tympani and the scar region (arrowhead); 1c: Higher magnification view of the TUJ1
immunolabeled cells in 1a (see arrows for examples).. 2d: Co-immunostaining for TUJ1 and
VGLUT2, co-localization is yellow (see arrow for examples) and found in all labeled cells in
this field, 3d: Co-immunostaining for TUJ1 (Red) and GAT (green), co-localization is yellow
and found in one cell (yellow arrow) in this field, while another cell in the center of the field
(red arrow) is TUJ1 but not GAT immunolabeled. Bars = 50 microns.
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FIGURE 2.
Photomicrographs from mid-modiolar cryostat sections through the guinea pig cochlea at two
weeks following placement of mouse embryonic stem cells into the scala tympani/modiolus.
2a: low magnification image from scala tympani in the basal turn of the cochlea spiral showing
enhanced green fluorescent protein (eGFP) fluorescence. 2B: An adjacent section to the section
in 2a immunostained for TUJ1, showing TUJ1 immunostaining of spiral ganglion neurons
(SGN) in Rosenthals canal and of cells (see arrows for examples) in scala tympani (ST). Note
that there is little or no overlap of eGFP fluorescence in 1a and TUJ1 immunofluoresence in
1b. Figures 2c and d show eGFP fluorescent cells (arrows for examples) among SGN (2c) and
SGN peripheral processes (2d) in Rosenthals canal. 1e shows co-labeling for TUJ1
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immunostaining (green and cytoplasmic) and in situ hybridization labeling of mouse genomic
DNA (red, punctuate and nuclear) in cells in scala tympani of the basal turn of the cochlear
spiral. SGN = region of Spiral Ganglion Neurons, RC = region of SGN peripheral processes
in Rosenthals Canal, ST = Scala Tympani. Bars for 1 a–c = 100 microns, 1d = 50 microns, 1
e = 10 microns.
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