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ABSTRACT

Application of ouabain to the round window mem-
brane of the gerbil selectively induces the death of
most spiral ganglion neurons and thus provides an
excellent model for investigating the survival and
differentiation of embryonic stem cells (ESCs) intro-
duced into the inner ear. In this study, mouse ESCs
were pretreated with a neural-induction protocol and
transplanted into Rosenthal’s canal (RC), perilymph,
or endolymph of Mongolian gerbils either 1–3 days
(early post-injury transplant group) or 7 days or longer
(late post-injury transplant group) after ouabain injury.
Overall, ESC survival in RC and perilymphatic spaces
was significantly greater in the early post-injury micro-
environment as compared to the later post-injury
condition. Viable clusters of ESCs within RC and
perilymphatic spaces appeared to be associated with
neovascularization in the early post-injury group. A
small number of ESCs transplanted within RC stained
for mature neuronal or glial cell markers. ESCs
introduced into perilymph survived in several loca-
tions, but most differentiated into glia-like cells. ESCs
transplanted into endolymph survived poorly if at all.
These experiments demonstrate that there is an
optimal time window for engraftment and survival of
ESCs that occurs in the early post-injury period.

Keywords: embryonic stem cells, spiral ganglion
neurons, hearing loss, inner ear, Rosenthal’s canal,
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INTRODUCTION

The application of stem/progenitor cell transplanta-
tion for replacement and regeneration of degenerated
neural tissue in the inner ear offers a potential strategy
for reversing sensorineural hearing loss (SNHL; see
reviews of Dazert et al. 2003; Bianchi and Raz 2004; Li
et al. 2004; Watters et al. 2004; Nakagawa and Ito
2004; Parker and Cotanche 2004; Matsui et al. 2005;
Pellicer et al. 2005; Hu and Ulfendahl 2006; Coleman
et al. 2007). Although attempts to introduce neural
tissue or stem cells directly into the inner ear of various
animal models with auditory nerve degeneration have
met with varying degrees of success, it appears that
injury before transplant increases the survival rate of
the transplanted cells. For example, Hu et al. (2005)
delivered adult neural stem cells into the scala
tympani of normal and deafened guinea pigs and
found that the survival rate of transplanted cells was
better in animals treated with neomycin 2 days before
transplantation than in normal untreated animals.
Okano et al. (2005) reported that the average number
of surviving transplanted cells within the modiolus of
injured ears was about double that seen in normal
ears. It has also been shown that embryonic stem cells
(ESCs) are able to survive, and migrate along the
entire course of an injured auditory nerve, and form

Correspondence to : Hainan Lang1 & Department of Pathology and
Laboratory Medicine & Medical University of South Carolina & 165
Ashley Avenue, P.O. Box 250908, Charleston, SC 29425, USA.
Telephone: +1-843-7922711; fax: +1-843-7920368; email: langh@
musc.edu

JARO 9: 225–240 (2008)
DOI: 10.1007/s10162-008-0119-x

225

JARO
Journal of the Association for Research in Otolaryngology



nerve projections into the organ of Corti (Sekiya et al.
2006; Corrales et al. 2006). It is highly likely that
injury-induced microenvironmental changes contrib-
ute to the engraftment and differentiation capacity of
cells transplanted into the inner ear under specific
conditions of injury. Further understanding of the
host environmental changes that regulate the survival
and differentiation of transplanted cells is crucial in
the development of effective and safe cell replacement
treatment for SNHL. The ouabain-induced auditory
neuropathy model has been shown to selectively
destroy most spiral ganglion neurons (SGNs) with little
effect on the morphology and function of the sensory
hair cells and cells in the cochlear lateral wall
(Schmiedt et al. 2002; Lang et al. 2005; Corrales et
al. 2006). Thus, this model is ideal for investigating
the fate of stem/progenitor cells in the inner ear as
well as the effects of the host microenvironment on
survival and differentiation of the transplanted cells.

Potential cell sources for inner ear transplantation
include fetal dorsal root ganglion cells (Hu et al. 2004;
Regala et al. 2005), neural progenitor cells (Ito et al.
2001; Corrales et al. 2006;), stem or progenitor cells
isolated from inner ear (Li et al. 2003a; Doetzlhofer et
al. 2004; Rask-Andersen et al. 2005; Zhai et al. 2005),
immortalized auditory neuroblast cells (Nicholl et al.
2005; Liu et al. 2006a, b), ESCs and their derived
neuronal cells (Li et al. 2003b; Hu et al. 2004, 2005;
Hildebrand et al. 2006; Okano et al. 2005; Regala et
al. 2005; Coleman et al. 2006; Sakamoto et al. 2004;
Sekiya et al. 2006; Corrales et al. 2006), and marrow
stromal cells treated with sonic hedgehog and retinoic
acid (Kondo et al. 2005). ESCs derived from the inner
cell mass of the blastocyst are capable of undergoing
an unlimited number of divisions and differentiating
into cell types of all three germ layers. The introduction
of undifferentiated ESCs into host tissue is problematic,
as these cells have a propensity to form teratomas in
unregulated microenvironments (Chung et al. 2006).
Several methods exist to direct the differentiation of
ESCs to neural lineages in vitro (Bain et al. 1995; Bain
and Gottlieb 1998; Okabe et al. 1996) and avoid this
problem. For this study, we chose to use the retinoic
acid (RA) neural induction protocol (Bain et al. 1995;
Bain and Gottlieb 1998) because this procedure can
induce ESCs to generate neuron- and glia-like cells
when transplanted into host neural tissues in both
central and peripheral nervous systems (McDonald
et al. 1999; Meyer et al. 2005; Wei et al. 2005).

The SGNs reside in Rosenthal’s canal (RC), a bony
channel within the core of the cochlea. Although the
precise delivery of cells into the specific regions of the
inner ear is challenging, our laboratory has developed
a postauricular approach that allows the delivery of
cells into several sites within the gerbil inner ear. In
the present study, mouse ESCs treated with the RA

neural induction protocol were transplanted directly
into RC, perilymph, or endolymph after short or long
recovery periods following exposure to ouabain.

MATERIALS AND METHODS

Animal and surgical procedures

Mongolian gerbils of both genders aged 3–6 months
with healthy external ears were used for this study. The
animals were born and raised in low-noise environ-
ment [median sound level was 40 dB sound pressure
level (SPL)] at the Animal Research Facility of the
Medical University of South Carolina. All aspects of the
animal research were conducted in accordance with
the guidelines of the local Institutional Animal Care
and Use Committee.

Animals were anesthetizedwith pentobarbital sodium
(50 mg/kg) and given atropine (0.2 mg/kg) to reduce
respiratory secretions. Body temperature was main-
tained between 37°C and 38°C using a heating pad.
Sterile procedures were used to open the bulla and
place about 20–40 μl of a 1mMouabain (Sigma, O-3125)
solution in normal saline in the RW niche. After 30 min,
the ouabain solution was removed by wicking with a
small piece of filter paper. The surface of the bulla was
fully closed with dental cement, and the incisions were
closed with sutures. Postsurgical discomfort was treated
with buprenorphine if necessary. The animals allowed
to recover for 1–3 days after ouabain exposure before
transplantation were designated as the early post-injury
(EPI) transplant group, whereas animals allowed to
recover for 7 days or longer were designated as the late
post-injury (LPI) transplant group.

ESC transplantation

Procedures for animal preparation and anesthesia
were similar to those described above. The bulla was
surgically exposed and opened to permit access to the
cochlea using a postauricular incision. The RW niche
was opened widely by removing a few pieces of thin
bone from the bony wall. This preparation allows
direct visualization of the bony osseous spiral lamina,
part of the central modiolus and the bony wall of RC
in the hook and lower basal turn where most basal
spiral ganglion neurons are located (Fig. 1A). The
three approaches for transplanting ESCs into ouabain-
exposed ears included direct RC injection, peri-
lymphatic injection, and endolymphatic injection
(Fig. 1B). Glass micropipettes (WPI, Sarasota, FL) were
pulled and the tips broken to a diameter of 20–30 μm.
A Nanoliter Microinjection System (WPI) and micro-
manipulator were used to deliver controlled amounts
of cells in suspension. To avoid the formation of cell
clusters, the ESCs were treated by gently pipetting up
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and down approximately ten times with a 0.2-ml pipette
tip before loading them into a glass micropipette. The
injected volume per site was about 3 μl with a cell density
of 3–4×106 cells/ml. For perilymphatic injection, ESCs
were directly delivered into the scala tympani by
breaking through the RW membrane (Fig. 1B). For
endolyphmphatic injection, the micropipette tip was
positioned toward the basilar membrane (the translu-

cent zone showing in Fig. 1A). Then, the cells were
delivered into the scala media after gently penetrating
the RWmembrane and the basilar membrane (Fig. 1B).
For RC injection, the micropipette tip was carefully
pointed toward the bony wall of RC that is located in
the central part of the opaque zone shown in Figure 1A.
The micropipette tip was then inserted through the
RM membrane, penetrating the thin bony wall of RC
and entering into the RC cavity (Fig. 1B). The tip of
the pipette was left in place for a minimum of 5 min
after injection to minimize the number of cells leaking
from the injection site in RC back into the perilymph.
Still, transplanted cells were always identified in the
perilymphatic space as a result of cells leaking from the
pipette tip and the penetrated site (Table 1).

To suppress rejection of mouse ESCs, gerbils were
given daily injection of cyclosporine A (15 mg kg−1 day−1

s.c., Sandoz Pharmaceutical Corp., NJ) starting 1 day
before surgery and terminating the day before
sacrifice. The same dose was given to all animals in
this study.

Cell cultures

Mouse ESCs were prepared for transplantation from (1)
wild-type D3 cells, (2) D3 cells engineered to express
enhanced green fluorescent protein (EGFP), or (3) D3
cells modified to over-express bcl2 (D.I. Gottlieb,
Washington University, St. Louis, MO). The D3 cell line
was isolated from day 4 129/Sv blastocysts (Doetschman
et al. 1985). The details for EGFP expression and bcl2
gene modification have been described previously
(Adams et al. 2003; Wei et al. 2005). The ESC lines
were maintained at low passage (G20) with normal
karyotype. Cells were passaged, and neural differenti-
ation was induced using the 4−/4+ RA induction
protocol (Bain et al. 1995; Bain and Gottlieb 1998).
Briefly, undifferentiated cells were maintained in T25
flasks in ES cell growth media (ESGM) consisting of
Dulbecco’s modified Eagle media (with L-glutamine,
without pyruvate, Gibco 11965-043) supplemented with
10% fetal bovine serum, 10% new born calf serum,
8.5 μg/ml guanosine, 8 μg/ml adenosine, 7.3 μg/ml

FIG. 1. Approaches used for ESC transplantation and the state of
differentiation of ESCs after RA neural induction. A Surgical approach
to expose the round window (RW) niche of the gerbil cochlea for ESC
transplantation. The basilar membrane comprises the translucent zone
and is visible through the RW membrane. The bony osseous spiral
lamina, the wall of Rosenthal’s canal (RC), and the central modiolus
are located in the opaque zone. Scale bar=500 μm. B Schematic
diagram illustrating three delivery routes of ESCs into: (1) Rosenthal’s
canal, (2) perilymph of scala tympani (ST), (3) and endolymph of scala
media (SM). The photograph was modified from a radial paraffin
section of the basal turn from a normal young gerbil. Sa stapedial
arteria, Sp.L spiral ligament, SV scala vestibuli. Scale bar=100 μm.
C The majority of the cultured ESCs stained for nestin (green). Nuclei
were countstained with bis-benzimide (blue). Scale bar=20 μm.
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cytidine, 7.3 μg/ml uridine, 2.4 μg/ml thymidine,
1,000 U/ml of leukemia inhibitory factor (LIF, Gibco
13275-011), and 10−4 M β-mercaptoethanol.

For neural lineage induction, cells were harvested
from the growth flasks by trypsinization with 0.25%
trypsin and ethylenediaminetetraacetic acid (EDTA) in
Hanks’s salt solution (Gibco, 15050) for 10 min. One
quarter of the cells from a T25 flask were seeded into a
standard 100-mm bacterial Petri dish in ESC induction
medium (ESIM). The ESIM is similar to ESGM, but
without LIF and β-mercaptoethanol. After 2 days, the cell

aggregates and the media were removed from the dish,
and cells were allowed to settle for 10 min in a 15-ml
centrifuge tube. The medium was then aspirated and
replaced with fresh ESIM. Cells were then returned to the
culture dish for an additional 2 days. The culture
medium was replaced with ESIM containing 5×10−7 M
RA (all-trans RA, Sigma R-2625), and cells were cul-
tured for an additional 4 days before harvesting for
transplant. The state of ESC differentiation after RA
4−/4+ neural induction was in agreement with the
results of previous studies (Meyer et al. 2005; Wei et al.

TABLE 1

Surviving ESCs 3–4 weeks after transplant

Model Animal ID Injection site(s) Cell type injected
Mean number of surviving
ESCs per section (n=5)

EPI RS472 RC, PLS D3/bcl2 13
EPI RS473a RC, PLS D3/bcl2 196b

EPI RS477a RC, PLS D3/bcl2 90b

EPI RS480a RC, PLS D3/EGFP 199b

EPI RS481a RC, PLS D3/EGFP 74b

EPI RS482a RC, PLS D3 15
EPI RS485a RC, PLS D3/bcl2 213b

EPI RS486a RC, PLS D3/EGFP 40
EPI RS487 RC, PLS D3/EGFP 26
EPI RS488a RC, PLS D3 47
EPI RS494 RC, PLS D3/bcl2 30
EPI RS501 RC, PLS D3 65
EPI RS440 PLS D3/EGFP 0
EPI RS468 PLS D3/EGFP 12
EPI RS474a PLS D3/bcl2 11
EPI RS476a PLS D3/bcl2 63b

EPI RS478a PLS D3/bcl2 86
EPI RS479a PLS D3/bcl2 10
EPI RS484 PLS D3/bcl2 23
EPI RS490 PLS D3 0
EPI RS491 PLS D3 0
EPI RS495 PLS D3/bcl2 56
EPI RS499a PLS D3 63
LPI RS454 RC, PLS D3/bcl2 7
LPI RS456 RC, PLS D3/bcl2 3
LPI RS457 RC, PLS D3/bcl2 3
LPI RS469 RC, PLS D3/EGFP 6
LPI RS471a RC, PLS D3/bcl2 53
LPI RS483 RC, PLS D3/EGFP 0
LPI RS493 RC, PLS D3/bcl2 0
LPI RS437 PLS D3 11
LPI RS441a PLS D3 3
LPI RS442 PLS D3 0
LPI RS455a PLS D3/bcl2 37
LPI RS458 PLS D3/bcl2 1
LPI RS465 PLS D3/EGFP 0
LPI RS470 PLS D3/bcl2 0
LPI RS492 PLS D3/bcl2 9
Normal RS489 PLS D3 6
Normal RS496 PLS D3/bcl2 0
Normal RS497 PLS D3/bcl2 0

Early post-injury (EPI) and late post-injury (LPI) gerbils received ESCs within 1–3 days and 1–4 weeks after ouabain treatment, respectively

ELS endolymphatic space, PLS perilymphatic space, RC, Rosenthal’s canal
aThese ears were processed for immunostaining for NF-200 and/or GFAP.
bThe vascular remodeling was present in surviving ESC masses.
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2005). Although there was heterogeneity among the
cell types generated by this protocol, a great majority
(76.2±3.5%) of the cultured ESCs were positive for
neuronal precursor and/or immature neuron markers
such as nestin (Fig. 1C).

Physiological procedures

Themethods for recording the compound action poten-
tial (CAP) response, distortion product otoacoustic
emissions (DPOAEs), and endocochlear potential (EP)
were similar to those previously described (Lang et al.
2005, 2006). Physiological data were obtained from
ESC-implanted ears and a group of untreated ears. The
animals were anesthetized as described above and fitted
to a head holder in a sound- and vibration-isolated
booth. The pinna and surrounding tissue were removed
and bulla opened widely. The CAP electrode was placed
on the bony rim of the RW niche and an acoustic
assembly, including a probe-tube microphone (B&K
4134, Bruel and Kjaer, Norcross, GA) and driver (Beyer
DT-48, Beyerdynamic, Farmingdale, NY), was sealed to
the bony ear canal with closed-cell foam. Tone pips were
calculated in the frequency domain using Tucker Davis
Technologies (Alachua, FL) equipment and software.
CAP thresholds were obtained visually with an oscillo-
scope online at half-octave frequencies from 0.5 to
20 kHz with tone pips of 1.8-ms total duration with cos2

rise/fall times of 0.55 ms. DPOAEs were measured with
an Ariel board (Ariel, Canbury, NJ) and CUBeDISP
software (Etymotic Research, ELK grove Village, IL).
DPOAEs were obtained with an opened bulla after
removing the pinna and underlying tissue. The inten-
sity levels of both primaries were fixed at 50 dB SPL.
Primary tones were swept from f2=4 to 20 kHz with f1/f2
ratio of 1.2 and a resolution of 10 points per octave.

EPs were measured with a micropipette filled with
0.2 M KCl yielding an impedance of approximately
20–30 MΩ. The output of the micropipette was tied to
an electrometer (World Precision Instruments FD 223)
for direct recording of the potential. EP was defined as
the voltage difference between scala media and a pool
of isotonic saline on the neck muscles. The micro-
pipette was introduced into the scala media via 30- to
50-μm holes drilled through the otic capsule of the
three cochlear turns. We first measured the EP in the
apical turn (T3), followed by the middle turn (T2) and
basal turn (T1). This procedure minimizes the trauma
of inserting themicropipette into one turn and causing
a reduction of the EP in other turns (Schmiedt et al.
2002; Lang et al. 2002).

Tissue preparation and immunocytochemistry

The inner ears were fixed for 6–8 h with 4% parafor-
maldehyde and then decalcified with EDTA. Tissues

were embedded in PARAPLAST@ for paraffin section-
ing. Deparaffinized and rehydrated sections were
immersed in blocking solution for 20 min and then
incubated overnight at 4°C with a primary antibody
diluted in phosphate-buffered saline (pH 7.4). The
primary antibodies used in this study were rabbit anti-
GFP (1:200, A11122) or mouse anti-GFP (1:100, A11120)
(Molecular Probes, Eugene, OR), rat monoclonal
antibody to mouse-specific brain membrane (1:50,
M2, Developmental Studies Hybridoma Bank, Iowa
City, IA), rabbit anti-bcl2 (1:200, sc492) (Santa Cruz,
Santa Cruz, CA), anti-mouse CD45R (1:200, sc19597;
Santa Cruz), mouse anti-neurofilament 200 (1:200,
Clone N52, N0142; Sigma, Atlanta, GA) and mouse
anti-glial fibrillary acidic protein (GFAP; 1:200,MAB360;
Chemicon, Temecula, CA). An antigen retrieval treat-
ment was used for immunostaining with mouse brain
membrane-specific antibody M2.

The antibodies employed in this study have been
widely used and are well characterized. The rabbit
anti-GFP polyclonal antiserum was raised against GFP
isolated directly from the jellyfish, Aequorea victoria,
and has been used for detection of native GFP, GFP
variants, and most GFP fusion proteins (Chalfie et al.
1994; Senut et al. 2004). No staining was seen when
rabbit anti-GFP antibody was applied to tissues from
ears injected with wild-type D3 ESCs. The rat mono-
clonal antibody M2 was raised against a mouse-specific
glial and neuronal cell membrane glycoprotein
(Lagenaur and Schachner 1981). The M2 antibody
recognizes a 45-kDa band in Western blots and has
been used widely as a marker to identify mouse neural
cells in host tissues after xenogeneic transplantation
(Eriksson et al. 2003; Gates et al. 1998). Anti-bcl2
reacts with bcl2 of mouse, rat, and human origin by
Western blotting, immunoprecipitation, and immuno-
histochemistry and does not cross-react with other
apoptosis-associated proteins (Thomas-Mudge et al.
2004; Weisleder et al. 2004). This antibody recognizes
a single band around 29 kDa in Western blots (manu-
facturer’s technical information from Santa Cruz).
CD45R (RA3-6B2) is a rat monoclonal IgG2a antibody
raised against an extracelluar domain of the trans-
membrane glycoprotein CD45 and is expressed
broadly among hematopoietic cells including macro-
phages and microglia (Bhave et al. 1998). Monoclonal
anti-neurofilament 200 reacts with a single 200-kDa
band in both alkaline phosphatase dephosphorylated
and untreated preparations of rat spinal cord (man-
ufacturer’s technical information from Sigma) and
specifically stains nerve fibers in the inner ear (Lang
et al. 2006; Wise et al. 2005). The GFAP monoclonal
antibody recognizes a 50-kDa band by immunoblotting
(manufacturer’s technical information fromChemicon)
and has been used extensively to label astrocytes and
neoplastic cells of glial lineage in the central nervous
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system (McLendon and Bigner 1994; Kasischke et al.
2006; Ward et al. 2004). Control staining for all
primary antibodies included omission or substitution
with similar dilutions of non-immune serum of the
appropriate species. No specific staining was detected
in any of the control experiments.

Secondary antibodies were biotinylated, and binding
was detected with fluorescent (FITC)-conjugated avidin
D (1:100; Vector, Burlingame, CA). The procedure for
detection of a second antigen with double labeling was
the same as for the first antigen but substituting Texas
red conjugated avidin D (1:100; Vector) for visualiza-
tion. Nuclei were counterstained with propidium iodide
or bis-benzimide.

The sections were examined with either a Zeiss
LSM5 Pascal confocal microscope (Carl Zeiss Inc., Jena,
Germany) or a Zeiss Axioplan microscope equipped
with a 100-Wmercury light source. The captured images
were processed using Image Pro Plus software (Media
Cybernetics, MD), Zeiss LSM Image Browser Version
3,2,0,70 (Carl Zeiss Inc.) and Adobe Photoshop CS.

Quantification of surviving ESCs and data analysis

Five to six sections approximately 50 μm apart from
each other from the mid-modiolar region were used
for cell counts. The observed sections included all three
cochlear turns and five vestibular organs. The surviving
ESCs were identified by direct fluorescent microscopy for
GFP or labeling with M2 antibody in combination with
the nuclear marker bis-benzimide. All data are reported
as mean±SEM. Statistical comparisons of the number of
surviving ESCs in EPI model compared to in the LPI
model as well as the percentage of GFAP-positive ESCs
in RC versus the perilymphatic space were obtained
using the Student’s t test (SPSS, Chicago, IL). A value of
pG0.05 was considered statistically significant.

RESULTS

The postauricular approach allows a clear view of the RW
membrane and underlying structures including the
basilar membrane, the basal bony osseous spiral lamina
(OSL), the bony wall of RC, and part of the central
modiolus (Fig. 1A). The bony wall of RC is located
between the OSL and the central modiolus. The RC
injection was made by inserting a glass micropipette
through the RW membrane into the cavity of RC
(Fig. 1B). This surgical approach limits the injections
to sites within 250 to 350 μm from the basal end of the
cochlear spiral. Thus, the injection sites are at locations
that are tuned to about 30 kHz (Muller 1996). Most sites
penetrated by the micropipette were clearly visible in
H&E-stained sections as small bony defects or repaired
areas in the bony wall on the side of scala tympani.

Our previous studies have shown that application
of ouabain to the RW niche of the gerbil inner ear
results in degeneration of most SGNs without cell
losses within the organ of Corti and cochlear lateral
wall (Schmiedt et al. 2002; Lang et al. 2005). In this
model, a series of apoptotic events, including a
redistribution of cytochrome c and poly (ADP-ribose)
polymerase and activation of caspase 3, occurs in most
ganglion cells within 2 days (Lang et al. 2005). Most
spiral ganglion cells along with their peripheral and
central processes were absent 1 week after ouabain
exposure (Schmiedt et al. 2002). There are only a few
surviving SGNs in RC in the gerbil 1 month after
ouabain exposure (Fig. 2A, B).

ESC survival is greater in the early post-injury than
in the late post-injury environment

To examine the effects of the host microenvironment
on survivability of ESCs, wild-type D3 cells, D3 cells
expressing GFP, and D3 cells over-expressing bcl2
were transplanted into either EPI ears, LPI ears, or
normal ears (Tables 1, 2 and 3). The D3 cell line
(wild-type ESCs) is an ESC line derived from the
mouse blastocyst (Doetschman et al. 1985). The modi-
fication of D3 ESCs to express GFP provides a highly
specific means to identify ESCs and has little effect on
the survivability of these cells (Adams et al. 2003).
Transplanted wild-type D3 cells and D3 cells over-
expressing bcl2 can be identified by their specific
morphological characteristics and positive staining
with an antibody against M2, a mouse neural mem-
brane specific protein (Eriksson et al. 2003). Table 1 is
a list of the surviving ESC count data in gerbils 3–
4 weeks after transplantation in EPI and LPI models.
As described in the methods, cell leakage into the
perilymphatic space (PLS) occurred near the RC injec-
tion sites. As such, for each RC injection experiment,
cells were counted in both RC cavity and the PLS
region (see Table 1).

Table 2 is a summary of the number of gerbils with
robust ESC survival in EPI and LPI models. Ears were
considered positive for robust ESC survival only if a
mean of ten or more viable appearing ESCs were iden-
tified per section as listed in Table 1. Surviving ESCs
were found in 87% (20/23) of EPI ears. In contrast,
ESC survival was poor in LPI ears, with only about 20%
(3/15) of transplanted ears being positive. Table 3
provides a statistical comparison of surviving ESCs
between the EPI and LPI models in gerbils 3–4 weeks
after transplantation (the same gerbils shown in
Table 1). The average number of surviving ESCs per
section (84±22.7) in the EPI model was about eight
times that of the LPI models (10.3±7.3) when the RC
injection approach was used. With delivery into the
PLS, the surviving ESCs in the EPI models was about
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three times that in the LPI models. The differences in
the mean number of surviving ESCs between the EPI
and LPI models are significant with either delivery
approach (pG0.05).

We used a modified D3 cell line that over-expressed
bcl2 in nearly half the experiments with both EPI and
LPI models (Tables 1 and 2). Bcl2 plays a critical role
in protecting cells from insult-induced apoptosis. Previ-
ous studies have reported that over-expression of bcl2 in
mice has been shown to protect a wide variety of cell
types from apoptosis (Reed 1996; Zanjani et al. 1996;
Simonian et al. 1997). When transplanting with ESCs
over-expressing bcl2, the surviving transplanted cells
were observed in all 11 animals in the EPI model,
whereas only in two of nine animals in the LPI model.
Similarly, transplantation of wild-type D3 cells and
EGFP D3 cells resulted in surviving ESCs in 9 of 12
transplanted animals in the EPI model, but only in one
of six animals in the LPI model. Our data regarding
the effects of bcl2 on the survival of the implanted
ESCs is limited; however, it is clear that (1) protecting
ESCs from cell death by over-expressing bcl2 does not
enhance survival in the LPI cochlear environment and
(2) the EPI cochlear environment plays a key role in
promoting the survival of transplanted ESCs regardless
of bcl2 expression.

Injection of ESCs into RC in the EPI period resulted
in a large number of engrafted cells within RC (Fig. 2C).
These cells were identified by positive staining with
ESC-specific markers (GFP or M2) or by morpholog-
ical characteristics peculiar to transplanted cells, e.g.,
nuclei with the high nuclear to cytoplasmic ratio in the
H&E-stained sections (Fig. 2C–E). Both wild-type and
GFP+ ESCs survived within RC for as long as 3 weeks
after transplantation into EPI ears. In EPI ears, sur-
viving ESCs were found within RC at distances ranging
from 200 to 2,000 μm away from the injection site. No
ESCs were detected within RC of the upper middle
and apical turns. In contrast, no viable ESCs were
observed anywhere within RC 3 weeks after trans-
planting ESCs into the LPI ears.

Endogenous GFP− cells that appeared to be derived
from the host were frequently observed either singly
or in clusters in RC and the scala tympani (Fig. 2C–E).
Double staining with an antibody to CD45R, a com-
monly usedmarker for all types of leucocytes, indicated
that only a small percentage of these GFP− cells were of
hematopoietic origin (data not shown). Other possible
sources of GFP− cells include residual activated glial
cells, activated endothelial cells, fibroblasts, and other
unknown cell types in the inner ear.

ESCs transplanted directly into perilymph of
ouabain-exposed ears were found in many locations
including the scala vestibuli (Fig. 3A–C, F, G) and
scala tympani (data not shown) of all three cochlear
turns as well as the perilymphatic spaces of the
vestibular system (Figs. 3D and 8). In most cases,
ESCs were delivered into the perilymphatic space by
direct injection into the scala tympani through the RW
membrane. However, in a few cases, ESCs were intro-

FIG. 2. Survival of transplanted ESCs in RC of ouabain-exposed
cochleas. A An H&E-stained radial section through the basal turn of
the gerbil cochlea shows the normal profiles of SGNs (arrows) within
RC. B Only a few neurons (arrowheads) remain in RC in a ouabain-
exposed cochlea 1 month after recovery. C A large number of ESCs
survive in RC of an “early post-injury” (see text) cochlea 3 weeks
after transplantation. ESCs are easily identified by their irregular
shape and large, dark blue staining nuclei. D, E Immunostaining for
GFP (green) in a section adjacent to the one shown in C identifies the
grafted cells as ESCs. Nuclei were counterstained with bis-benzimide
(blue). Scale bar=50 μm.
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duced directly into the scala vestibuli via the micropi-
pette after it passed through the bony spiral lamina. The
defects resulting from the micropipette can be seen in
H&E-stained radial sections of the bony spiral lamina
(Figs. 3B and 6C).

ESCs surviving within the perilymphatic spaces
either formed an attached cell mass (Figs. 3A, B, F, G,
and 6A, D–F) or were scattered in the perilymph as
small clusters or individual cells (Fig. 3C, D). Impor-
tantly, ESC masses were present only in the EPI
transplants and were never seen in the LPI condition.
Most ESC masses were found near the bony wall of the
scala vestibuli adjacent to the suprastrial area (Fig. 3A),
within the suprastrial area (Fig. 3F, G), outside RC on
the scala vestibuli side (Figs. 3B and 6C, E), and along
membranes surrounding the utricle and vestibular
duct (Figs. 6F and 9A).

The introduction of ESCs directly into the endo-
lymphatic space through the RW and basilar mem-
branes was far less successful with only a few ESCs seen
in the scala media of one ear (Fig. 4). Most of these
cells failed to survive as indicated by the apoptotic
nuclei and cell debris in an EPI ear 11 days after ESCs
were injected into endolymph (Fig. 4B, D). No ESCs
were found in two other EPI cochleas 3 weeks after
transplantation. Endolymphatic transplantation
through the RW is a traumatic procedure owing to
direct damage to the basilar membrane. Physiological
measurements showed that this approach significantly
reduced EP values and DPOAEs (Fig. 5A), whereas
transplantation into perilymph had little effect on
lateral wall and outer hair cell function (Fig. 5B).

Formation of transplanted ESC masses
is associated with vascular remodeling

It is well known that angiogenesis is associated with
neurogenesis in the subventricular zone and subgra-
nular zone of the adult mammalian brain (Leventhal
et al. 1999; Alvarez-Buylla and Lim 2004; Wurmser et
al. 2004), but a direct link between the survival and
differentiation of transplanted stem cells with the
remodeling of blood vessels in the host microenviron-
ment of injured tissues has not been reported. The
vascular remodeling combined with formation of trans-
planted ESC masses within RC and the perilymphatic
space was seen in several EPI ears, but not in LPI and
normal ears (Table 1, Figs. 3, 6, 7, and 9). Histological
analysis revealed a remodeling of the microvascula-
ture within or very near the surviving ESC masses
(Fig. 6). The endothelial cells in those blood vessels
are easily identified by their morphological character-
istics [Fig. 6A (1 and 2), C–E, 3, 4]. Clusters of small
vessels were formed in the supralimbal region on the
scala vestibuli side (Fig. 6C–F) and underneath the
utricle (Fig. 6G). Vascular tube-like structures also
were found within the suprastrial area in the lateral
wall, adjacent to a large number of surviving ESCs in
an EPI ear (data not shown). Our data suggest that
there is a causal link between larger numbers of sur-
viving grafted ESCs and neovascularization within the
host microenvironment of EPI ears. Enlarged micro-
vasculature areas were seen in the RC of EPI ears
(Fig. 6A), but never in the RC of LPI and normal ears
where no viable ESC masses were found. The absence

TABLE 3

Statistical comparison of surviving ESCs between EPI and LPI models

Injection site (s)

Mean number (±SEM) of surviving ESCs

P value for EPI vs. LPIEPI LPI

RC, PLS 84±22.7 (n=12) 10.3±7.3 (n=7) G0.01
PLS 29.5±9.5 (n=11) 7.6±4.5 (n=8) G0.05

Data is from the same animals listed in Table 1.

TABLE 2

Number of gerbils with robust ESC survival 3–4 weeks after transplantation

Model D3 D3/EGFP D3/bcl2 Total

EPI 4/5 5/7 11/11 20/23
LPI 1/4 0/2 2/9 3/15

Cell survival was considered robust only in animal with a mean of ten or more ESCs/section.

Data are present as number of animals with robust ESCs survival/number of animals in the experimental group.
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of new or enlarged microvasculature in the LPI and
normal ears suggests that the physical trauma of the
injection is not able to induce neovascularization on
its own.

ESCs in RC differentiate toward neuronal and glial
phenotypes

A large number of surviving ESCs were found within
RC 3 weeks after transplantation into EPI ears
(Figs. 2, 7, and 8). Among the surviving ESCs,
neuronal- and glia-like cells were identified by immu-
nostaining with markers for mature sensory neuron
and glia including neurofilament (NF) 200 and GFAP
(Figs. 7 and 8).

The monoclonal NF 200 antibody labels both type I
and type II neurons and their processes in mouse
cochlea (Mou et al. 1998; Adamson et al. 2002; Lang

FIG. 4. ESCs survived poorly within scala media (SM) after
endolymphatic transplantation. A Radial section through upper basal
turn of an early post-injury cochlea 11 days after ESCs were injected
into endolymph. B Higher magnification view of the boxed area in A
indicates that most ESCs within the scala media were dead or dying
(arrows). C Another radial section through the organ of Corti in the
hook 3 weeks after ESCs were injected into the endolymph.D: Higher
magnification view of boxed area in C indicates that most ESCs
within the scala media were undergoing apoptosis (arrows). Scale bar
(for A and C)=50 μm. Scale bar (for B and D)=10 μm.

FIG. 3. Transplanted ESCs survived at several other locations in
ouabain-exposed cochleas. All sections except the one in E were
obtained from early post-injury cochleas 3–4 weeks after ESC
transplantation. A A radial section through the basal organ of Corti
shows an ESC mass (arrow) in the perilymphatic space of the scala
vestibuli (SV) adjacent to the suprastrial (SS) area. B A mass of grafted
ESCs (arrow) survived in the perilymphatic space above RC within
the SV. Bony defects (arrowheads) caused by the injection pipette are
evident on both the SV and scala tympani (ST) sides. There was a
large amount of cell debris with some surviving ESCs (white arrows)
outside the RW membrane. C ESCs were seen within the SV in the
apical turn. D ESCs (arrow) were present within the perilymphatic
space outside the vestibular duct. E Radial section through the basal
turn showing the lateral wall of a normal gerbil cochlea. F, G Surviving
ESCs (asterisk) are present between Reissner’s membrane (RM) and
the SS region in the basal turn. SM scala media, St.V stria vascularis,
la lateral ampulla, u utricle. Scale bar=50 μm.

FIG. 5. EP values and DPOAEs were reduced after introducing
ESCs into the scala media. A The same animal shown in Fig. 4a. Left
panel shows that CAP responses were absent across all frequencies in
the treated ear. EP values were reduced about 20–30 mV at turn one,
turn two, and turn three compared to the mean EPs from a group of
control gerbils (n=12). Right panel demonstrates that DPOAEs were
reduced across all frequencies. Dotted line indicates the noise floor of
the system. B An early post-injury cochlea 3 weeks after ESCs were
injected into the perilymphatic space. Left panel demonstrates that
CAP responses were absent across all frequencies in the treated ear,
whereas EP values were relatively normal. Right panel showed that
DPOAEs remained similar to control levels in this ear.
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et al. 2006; Wise et al. 2005). Dual immunostaining for
GFP and NF 200 revealed several ESCs within RC that
had differentiated into mature neuron-like NF-200-
positive cells (Fig. 7). However, cell counts in three
EPI ears showed that only 4.5% of the surviving ESCs
within RC stained positively for NF 200.

GFAP is the major protein constituent of glial inter-
mediate filaments in astrocytes as well as neoplastic
cells of glial lineage in the central nervous system
(McLendon and Bigner 1994). GFAP is also expressed
in some Schwann cells of the peripheral nervous system
including Schwann cells of the sensory epithelia in the

postnatal murine inner ear (Rio et al. 2002). Cell counts
in four EPI ears showed that approximately 20% of the
surviving ESCs were labeled for GFAP (Fig. 10). The
M2 antibody has been used to identify mouse donor
cells as well as glial and neuronal cells (Lagenaur and
Schachner 1981). Dual immunostaining for GFAP and
M2 identified a subpopulation of ESCs that had
differentiated into glia-like cells within RC (Fig. 8). A
subgroup of M2+ cells that did not label for GFAP
could possibly be attributed to ESC cells differentiating
toward a neuronal phenotype (Corrales et al. 2006).

Most ESCs in perilymph differentiate into glia-like
cells

A large number of transplanted ESCs survived within
perilymph of the scalae vestibuli and tympani as well
as the perilymphatic compartments of the vestibular
system (Figs. 3, 6, and 9). This finding is in agreement
with previous observations that transplanted cells are

FIG. 6. Remodeling of blood vessels in early post-injury cochleas.
A H&E-stained section through RC taken 3 weeks after ESCs were
introduced into RC. Increased blood vessel areas (asterisks) are evident
within RC. 1, 2 Higher magnification views of the boxed areas in A
showed the morphological characteristics of endothelial cells (arrows)
and red blood cells. B Radial section through RC taken from a
normal gerbil ear. C–F Sections were taken from another ouabain-
exposed cochlea 3 weeks after transplantation. Microvessels (arrows)
were found arising from RC across the broken bone and forming a
cluster underneath an ESC mass in the supralimbal region. C–E are
about 20 μm apart from each other. F is about 40 μm distance from E.
3 Higher magnification of the boxed area in F. G The section was
taken from an ouabain-exposed cochlea 3 weeks after transplanta-
tion. Association of an ESC mass and a cluster of microvasculature
was seen underneath of utricle. 4 Higher magnification of the boxed
area in G. Scale bars=30 μm.

FIG. 7. Neuronal differentiation of transplanted ESCs in RC of early
post-injury cochleas. All sections were obtained from two cochleas
3 weeks after transplantation with GFP-expressing ESCs. Dual
immunostaining for GFP (green) and NF 200 (red) antibodies was
used to identify ESCs differentiating towards a mature neuronal
phenotype. A Radial section stained with H&E shows the profile of
the RC transplanted with ESCs. B–D Double staining with GFP and
NF 200 antibodies shows an ESC (arrow) that has differentiated into a
NF-200-positive neuron-like cell (yellow). The section is about 20 μm
apical to the one shown in A. E, F Section from another transplanted
ear showing two NF-200-positive cells differentiated from ESCs. G A
native neuron (arrowhead) remaining in RC is not GFP-positive. H–J
Confocal images of a radial section stained for GFP and NF 200
antibodies show a neuron-like cell with its process (arrow) differen-
tiated from an ESC. The section was taken from the ear shown in
sections E and F. SM scala media, SL spiral limbus. Scale bar=15 μm.
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able to survive in the scala vestibuli and scala tympani
in guinea pigs, mice, and rats (Olivius et al. 2003; Hu
et al. 2004, 2005; Kojima et al. 2004; Tamura et al.
2004; Yuge et al. 2004; Sekiya et al. 2006; Coleman et
al. 2006). However, the differentiation potential of
cells introduced into perilymphatic spaces remains
unclear. The results here showed that more than 50%
of the viable ESCs within the perilymphatic spaces
differentiated into glia-like cells (Figs. 8, 9, and 10). In
contrast, less than 20% of ESCs transplanted within
RC differentiated into glia-like cells. Interestingly, no
NF-200-positive ESCs were detected within the peril-
ymphatic space (data not shown).

DISCUSSION

Ouabain is a cardiac glycoside that can specifically
bind to Na+, K+-ATPase and block its activity. Our
earlier work documented that introduction of ouabain
into the RW niche of the gerbil cochlea resulted in a
complete loss of the auditory nerve CAP response with
normal function of the outer hair cells and cochlear
lateral wall (Schmiedt et al. 2002; Lang et al. 2005).

FIG. 8. Glia-like cell differentiation of ESCs in RC of early post-
injury cochleas. All sections were obtained from a cochlea 3 weeks
after transplantation with wild type ESCs. Dual immunostaining for
M2 (red) and GFAP (green) antibodies was used to identify ESCs
differentiating towards a glial phenotype. M2 is a mouse-specific
antigen and can be used to identify the transplanted mouse ESCs in
gerbil inner ears. A A radial section through the spiral ganglion
stained with H&E shows the profile of RC transplanted with ESCs
(outlined by arrowheads). B–E Confocal images of a section adjacent
to the one in A showing the morphological characteristics of
transplanted glia-like cells within the RC. Note: there are no GFAP-
positive cells outside the areas of the transplanted ESCs. In addition,
there were also no GFAP-positive cells in the RC 3 weeks or longer
after ouabain exposure (data not shown). Nuclei were counterstained
with PI (red). F–H This section is about 10 μm apical to the one
shown in A. Dual staining with M2 and GFAP antibodies indicated
that some ESCs have differentiated into glia-like cells. Nuclei were
counterstained with bis-benzimide (blue). Scale bar=20 μm.

FIG. 9. Glia-like cell differentiation of ESCs in the perilymphatic
space. All sections were obtained 3 weeks after transplantation with
bcl2-expressing ESCs. Dual immunostaining for bcl2 (red) and GFAP
(green) was used to identify ESCs differentiating towards a glial
phenotype. A H&E-stained section through most vestibular organs
shows an ESC mass surviving in the perilymphatic space outside of
the vestibular duct. B Enlarged image of the boxed area in A. C–E
Dual staining of a section about 15 μm from that shown in A
indicated that many ESCs differentiated into glia-like cells. Note:
there is a core of dying cells not expressing bcl2 located in the upper
right corner of the ESC mass. Nuclei were counterstained with bis-
benzimide (blue). F–H The morphological characteristics of the gial-
like cells are shown in confocal images of a section adjacent to the
one in C–E. Scale bar=15 μm.

FIG. 10. The percentage of GFAP-positive ESCs in RC and perilymphatic
space. The bar graph displays the results of the quantitative analysis (mean±
SEM, n=3 and 8 for RC and perilymphatic space, respectively). About
55% of the ESCs transplanted into the perilymphatic space differentiated
into glia-like cells. This percentage is significantly higher than that found in
RC where about 19% of ESCs differentiated into glia-like cells (t test,
p90.001).
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The ouabain-induced SGN degeneration model pro-
vides a precise time-window for investigating the effects
of the injury and subsequent alterations in the micro-
environment on the survival and differentiation of
engrafted ESCs. In this study, gerbils allowed to recover
for 1–3 days after ouabain exposure before ESC
transplantation were considered to be the “early post-
injury” model, as a series of apoptotic events occurs in
most ganglion neurons during this period (Lang et al.
2005). One week after ouabain exposure, most gangli-
on neurons together with their processes have disap-
peared. This pathological condition remains stable and
defines the microenvironment of the “late post-injury”
condition (Schmiedt et al. 2002).

Transplanted ESC survival is greater in the early
than the late post-injury ears

The main finding of this study is that the transplanted
ESCs survive significantly better in the EPI ears than
in the LPI ears. This result suggests that the status of
the microenvironment of the host inner ear is a
critical factor for the viability and differentiation of
transplanted ESCs. This result is also supported by
recent transplantation studies in models of central
nervous system injury. Keirstead et al. (2005) trans-
planted human ESC-derived oligodendrocyte progen-
itor cells (OPCs) into an animal model of spinal cord
injury with demyelination. The results revealed signif-
icantly enhanced remyelination and substantial func-
tional recovery in animals transplanted with OPCs
7 days after injury, but not in animals transplanted with
OPCs 10 months after injury. Neural stem cells have
been implanted directly into the infarcted regions of a
hypoxic-ischemic injury in a mouse model at various
time points after injury (In Park et al. 2006). When
neural stem cells were implanted 3–7 days after injury,
robust engraftment of neural stem cells was seen
throughout the infarcted site. However, when implant-
ed 5 weeks following injury, few engrafted cells were
seen in the infarcted area. These studies, together with
our results, suggest that the optimal time window of cell
transplantation for grafted stem/progenitor cells sur-
vival and their potential functional benefit is limited to
the EPI interval.

No data is available about how the microenviron-
ment of injured host tissues or organs influences the
survival and differentiation of transplanted stem/pro-
genitor cells. However, numerous studies have noted
that there are changes in molecular signals and related
proteins, such as chemokines, neurogenic and angio-
genic factors after acute injury in various animal models
of brain trauma (Oyesiku et al. 1999; Miller et al. 2005;
Liu et al. 2006a, b; Stowe et al. 2007). Changes in
molecular signal and protein expression also have
been documented in several cochlear injury models.

The up-regulation of glial cell line-derived neuro-
trophic factor was shown in the rat cochlea after noise
exposure (Nam et al. 2000). Tumor necrosis factor
alpha and vascular endothelial growth factor were up-
regulated in guinea pig cochlea after transcranial
vibration (Zou et al. 2005). The release of growth
factors or other unknown proteins into perilymph
shortly after ouabain exposure may contribute to the
much great survival of transplanted ESCs in the
perilymphatic space in these EPI animals.

Survival of transplanted ESCs in EPI ears
may be associated with neovascularization

Angiogenesis and vasculogenesis are the two major
processes contributing to neovascularization in organs
and tissues (Losordo and Dimmeler 2004). Neovascu-
larization is an important event during tissue repair and
regeneration after injury. Palmer et al. (2000) reported
that neurogenesis in the normal adult hippocampus
is intimately associated with an angiogenic process
involved in recruitment of newborn endothelial cells
and subsequent remodeling. Their study provides
direct evidence showing adult endogenous neuro-
genesis taking place within an angiogenic niche. Our
findings show that increased survival of engrafted
stem cells in the EPI ears is also associated with the
neovascularization. Although we were unable to iden-
tify the source of the neovascularization in the EPI ears
with the methods used here, this should be possible by
dual staining with ESC and endothelial cell specific
markers.

It is possible that engrafted ESCs contribute to the
neovascularization observed in the injured ear. Although
the ESCs used in these studies were treated with the
RA 4+/4− neural induction protocol, it is still possible
that there were endothelial progenitors among the
transplanted ESCs or at least that there was the capacity
for endothelial differentiation. Previous in vitro studies
have shown that cells from embryoid bodies generated
using a similar RA 4+/4− induction protocol were com-
posed largely of neural precursors, immature neural
cells, very few differentiated neural cells, and a small
percentage of non-neural cells (Meyer et al. 2004, 2005;
Vadivelu et al. 2005). About 2–5% of embryoid body
cells stained positively for a specific vascular progenitor
marker, Flk-1.

It is also possible that recruitment and proliferation
of endogenous endothelial cells contribute to neo-
vascularization in the injured ear. Accumulating evi-
dence suggests that bone-marrow-derived vascular
progenitor cells are able to mobilize into the peripheral
circulation and contribute to neovascularization in
response to various pathological conditions including
cerebral ischemia (Zhang et al. 2002) and myocardial
infarct (Ma et al. 2005). Unfortunately, we were unable
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to determine the precise origins of these endothelial
cells in the present study. However, the coincidence of
simultaneous neuronal differentiation and neovascula-
rization in the EPI ears suggests that the injured
microenvironment provides regenerative cues for both
neural and vascular components. Furthermore, remod-
eling of blood vessels may provide a unique “neuro-
vascular” niche for long-term survival of transplanted
ESCs.

ESC survival is much greater in perilymph than
in endolymph

The membranous canals within the mammalian inner
ear are filled either with perilymph or endolymph.
Perilymph found within the scala vestibuli and scala
tympani is characterized by high sodium, low potassium,
and low calcium concentrations. In contrast, endo-
lymph in the scala media is characterized by high
potassium, low sodium, and low calcium concentra-
tions similar to those in intracellular fluids. Our results
show that the survival of ESCs introduced into endo-
lymph was very low, a not unexpected finding given
the high concentration of potassium in endolymph
(∼160 mEq/l) which makes ESC survival problematic
(Okano and Iwai 1975). Although we did identify a
small number of ESCs in the scala media 2 weeks after
transplantation, most of these cells were dead or dying
based on morphological evidence of apoptosis. Anoth-
er recent study has reported that partially differentiated
mouse ESCs can survive in the endolymphatic space
after transplantation into scala media of the guinea pig
(Hildebrand et al. 2006). A likely explanation for the
ability of any cells to survive in the scala media is
disruption of the normal tight-junction barrier between
endolymph and perilymph by injection trauma. Suffi-
cient mixing of endolymph and perilymph could dilute
the potassium level in endolymph enough to allow cell
survival. This hypothesis is supported by the finding
that EP values were reduced about 20–30 mV, and
distortion product otoacoustic emissions were reduced
across all frequencies in gerbil cochleas 11 days after
transplanting ESCs into the scala media.

A small number of transplanted ESCs
were positive for mature neuron and glia
markers within Rosenthal’s canal

The surgical delivery of exogenous cells into the mam-
malian cochlea is challenging. Numerous groups have
reported variable success rates of cell delivery using
various deafened animal models (Hu et al. 2004, 2005;
Regala et al. 2005; Okano et al. 2005; Sekiya et al. 2006;
Corrales et al. 2006; Coleman et al. 2006). Among
these studies, the surgical approaches used for stem
cell delivery can be divided into two general categories

based on the sites of injection. One approach is to
introduce cells into the fluid-filled membranous
channels of the inner ear, such as the scala tympani
and scala media. A second approach is the of delivery
cells into the various compartments housing portions
of the auditory nerve, including central modiolus,
vestibulocochlear nerve trunk, and the internal audi-
tory meatus. The great advantage of the scala tympani
approach is minimal trauma to the cochlea. However,
the surviving cells are scattered throughout the cochlea
and vestibular compartments with a relatively small
number of cells migrating into RC (Hu et al. 2004,
2005; Coleman et al. 2006). Approaches for introduc-
ing cells into the auditory nerve have shown better
outcomes of transplanted cells. Transplanted cells are
able to survive up to 3 months, migrate a considerable
distance from the site of injection, and form processes
that contact hair cells (Sekiya et al. 2006; Corrales et
al. 2006). The disadvantage to the auditory nerve
approach is the substantial disruption of the vestibu-
locochlear nerve by direct mechanical injury. To our
knowledge, this study is the first to employ a direct
injection approach to deliver ESCs into RC through
the RW membrane. This surgical approach allows
precise control of the number of cells delivered and
minimizes surgical trauma.

A large number of transplanted ESCs were found
within RC in EPI gerbil ears. Dual immunostaining for
mouse stem cells with mature neuron and glia
markers indicated that a small number of these ESCs
differentiated into neuron- and glia-like cells. Inter-
estingly, no NF-200-positive ESCs were found outside
of RC, e.g., in the scala vestibuli or in the peri-
lymphatic spaces of the vestibular system. This result
suggests that the host microenvironment within RC
provides specific cues to promote ESC differentiation
towards a neuronal phenotype. A role for the host
microenvironment in instructing the fate of trans-
planted neural stem cells has been observed in previous
studies (Flax et al. 1998; Enzmann et al. 2005). When
transplanted into the germinal zone of the cerebellun,
human neural stem cells integrate with host tissue and
differentiate into granule neurons in the emerging
internal granule cell layer. However, when transplanted
into the subventricular germinal zone, the same neural
stem cells become astrocytes and oligodendrocytes (Flax
et al. 1998). In addition, modifying the host cochlear
microenvironment by co-transplanting embryonic dorsal
root ganglion cells enhanced the survival and the
differentiation of ESCs into neural class-III-β-positive
cells (Hu et al. 2005).

In summary, our study demonstrates that ESC sur-
vival in RC and perilymphatic spaces is much greater
in the EPI microenvironment as compared to the LPI
condition. The data also show that a small number of
transplanted ESCs are able to differentiate into mature
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neuron- and glia-like cells that were positive for NF 200
and GFAP, respectively. Interestingly, most surviving
ESCs identified in perilymph differentiated into glia-
like cells. Not surprisingly, the survival of transplanted
ESCs is much greater in perilymph and RC than in
endolymph. These results suggest that (1) the survival
and differentiation of transplanted ESCs is dependent
on microenvironmental cues from the host ear and (2)
the optimal time window for engraftment and survival
of ESCs and their potential functional benefit is limited
to the early post-injury period.
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