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Objectives. In mammals, cochlear hair cell loss is irreversible and may result in a permanent sensorineural hearing loss.
Secondary to this hair cell loss, a progressive loss of spiral ganglion neurons (SGNs) is presented. In this study, we
have investigated the effects of neural-induced human mesenchymal stem cells (NI-hMSCs) from human bone mar-
row on sensory neuronal regeneration from neomycin treated deafened guinea pig cochleae.

Methods. HMSCs were isolated from the bone marrow which was obtained from the mastoid process during mastoidecto-
my for ear surgery. Following neural induction with basic fibroblast growth factor and forskolin, we studied the sever
al neural marker and performed electrophysiological analysis. NI-hMSCs were transplanted into the neomycin treat-
ed deafened guinea pig cochlea. Engraftment of NI-hMSCs was evaluated immunohistologically at 8 weeks after

transplantation.

Results. Following neural differentiation, hMSCs expressed high levels of neural markers, ionic channel markers, which are
important in neural function, and tetrodotoxin-sensitive voltage-dependent sodium currents. After transplantation
into the scala tympani of damaged cochlea, NI-hMSCs-injected animals exhibited a significant increase in the num-
ber of SGNs compared to Hanks balanced salt solution-injected animals. Transplanted NI-hMSCs were found within
the perilymphatic space, the organ of Corti, along the cochlear nerve fibers, and in the spiral ganglion. Furthermore,
the grafted NI-hMSCs migrated into the spiral ganglion where they expressed the neuron-specific marker, NeuN.

Conclusion. The results show the potential of NI-hMSCs to give rise to replace the lost cochlear cells in hearing loss mammals.
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INTRODUCTION

The human cochlea contains only 15,000-20,000 sensory hair
cells which are constantly threatened and decreased by insults
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such as exposure to excessive noise, ototoxic drugs, infections
and the general process of aging. Although some regeneration of
vestibular hair cells has been reported in the mammalian inner
ear, sensory hair cells of the organ of Corti do not regenerate
[1,2]. Moreover, the loss of cochlear hair cells results in the sec-
ondary degeneration of spiral ganglion neurons (SGNs), most
likely through loss of trophic factors that enhance SGNs survival
[3,4]. Also SGNs are not capable of postembryonic mitosis to
produce new neurons, thus aggravating the hearing impairment
and reducing the possibilities for rehabilitation [5]. Therapeutic
approaches to sensorineural hearing loss include genetic manip-
ulation, such as Atohl gene insertion [6] and retinoblastoma
gene deletion [7], to induce new hair cell production, and stem
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cell transplantation to replace the lost or damaged hair cells and
SGNs [8,9].

Among the various types of stem cells, bone marrow-derived
mesenchymal stem cells (MSCs) are one of the most promising
candidates for cell replacement therapy. MSCs exhibit marked
self-renewal capacity and the ability to differentiate not only into
osteoblasts, chondrocytes, adipocytes, myocytes, but also into
neurons in vitro and in vivo [10,11]. The biggest advantage of
using MSCs over other cell types is the ability to use them in au-
tologous transplantation [12].

Stem cells have been introduced to the search for new thera-
peutic strategies for mammalian cochlear cell regeneration in the
past several years. Previous studies have suggested that inner ear
neurons or hair cell-like cells could be generated in vivo or in vi-
tro from embryonic stem cells [13], from neural stem cells [14],
from umbilical cord blood stem cells [15], from induced pluripo-
tent stem cells [16], and from adult inner-ear stem cells [17]. Pri-
mary MSCs have also been proven to survive in the inner ear up
to a few weeks; however, none till date have reported the regen-
eration or replacement of hair cell-like phenotypes after MSCs
transplantation. Furthermore, none have shown whether neural
differentiated MSCs can serve as a source for cell replacement
therapy in injured cochleae. We demonstrated transdifferentia-
tion of bone marrow-derived hMSCs into functional neural cells
using basic fibroblast growth factor (bFGF) and forskolin fol-
lowed previous study [18], and investigated that the neural-in-
duced human MSCs (NI-hMSCs) have the potential to replace
the lost SGNs and the damaged cells within the organ of Corti
in deaf guinea pigs.

MATERIALS AND METHODS

Preparation of hMSCs and in vitro neural differentiation
In this study, we isolated and characterized human tissue-derived

Table 1. Sequence of polymerase chain reaction primers

stem cells and finally differentiated into neuronal cells for clinical
application in the future. Bone marrow was obtained from the
mastoid process of healthy 29- to 51-year-old donors during mas-
toidectomy for ear surgery. Informed consent was obtained from
ten donors according to Guideline of the Ethics Committee of the
Chonnam National University Medical School (Institutional Re-
view Board No. I-2009-03-016). The morphological features of the
hMSCs were the same as those previously described [10,19]. Flu-
orescence activated cell sorting (FACS) analysis was performed as
described previously [18]. Briefly, hMSCs were harvested in tryp-
sin containing ethylenediaminetetraacetic acid (EDTA) (HyClone,
Logan, UT, USA), washed twice with phosphate-buffered saline
(PBS; Amresco Inc., Solon, OH, USA) and stained on ice accord-
ing to the recommendation of the manufacture with the monoclo-
nal antibodies (BD Biosciences PharMingen, Heidelberg, Germa-
ny), including PE-CD13, FITC-CD14, FITC-CD34, PE-CD44,
FITC-CD45, PE-CD90, and PE-CD166. A least 10,000 events
were collected and analyzed with flow cytometry. The MSCs we
used in the present study were from passages four to ten.

To induce neural differentiation, hMSCs were grown in Dulbec-
co’s modified eagle medium containing 1% fetal bovine serum
and supplementary 100-ng/mL bFGF (Invitrogen, Carlsbad, CA,
USA) for seven days. After then, the cells were incubated in the
presence of 10 pM forskolin (Sigma Chemical Co., St. Louis, MO,
USA). Over the next seven days the cells were subjected to im-
munocytochemical, electrophysiological, and reverse transcrip-
tion-polymerase chain reaction (RT-PCR) analyses, and also used
for transplantation into deafened guinea pig cochleae.

RT-PCR analysis

RT-PCR analysis was also performed as previously described [18].
The forward and reverse PCR oligonucleotide primers chosen to
amplify the cDNA are listed in Table 1.

Gene Sense Antisense

NFL TCCTACTACACCAGCCATGT TCCCCAGCACCTTCAACTTT
NFM TGGGAAATGGCTCGTCATTT CTTACTGGAAGCGGCCAATT
Tuj CATGGATGRCCGCTCAG CAGGCAGTCGCAGTTTTCAC
Synaptophysin CTTCCTGCAGAACAAGTACC CTTAAACACGAACCACAGGT
MaxiK ACAACATCTCCCCCAACC TCATCACCTTCTTTCCAATTC
Kv1.4 ACGAGGGCTTTGTGAGAGAA CACGATGAAGAAGGGGTCAT
Kv4.2 ACCGTGACCCAGACATCTTC CACTGTTTCCACCACATTCG
Kv4.3 GCCTCCGAACTAGGCTTTCT CCCTGCGTTTATCAGCTCTC
EAGH TGGATTTTGCAAGCTGTCTG GAGTCTTTGGTGCCTCTTGC
EAG2 ACATCCTGCTTTTCGATTGG CGGCTCTCTACCTGGCGTTG
NE-Na GCTCCGAGTCTTCAAGTTGG GGTTGTTTGCATCAGGGTCT
SCN5A CCTAATCATCTTCCGCATCC TGTTCATCTCTCTGTCCTCATC
CACNA1C AACATCAACAACGCCAACAA AGGGCAGGACTGTCTTCTGA
CACNA1G CTGCCACTTAGAGCCAGTCC TCTGAGTCAGGCATTTCACG
GAPDH CATGACCACAGTCCATGCCATCACT TGAGGTCCACCACCCTGTTGCTGTA
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Immunocytochemistry

Immunochemical determination of cell type specific markers in
hMSCs and NI-hMSCs were performed as previously described
[18]. Cell type-specific markers used were B-tubulin III (Tuj1,
1:500), neurofilament-L (NF-L, 1:300), neurofilament-M (NF-M,
1:300), neurofilament-H (NF-H, 1:300), glial fibrillary acidic
protein (GFAP, 1:300), microtubule-associated protein (MAP2,
1:300), and neuronal nuclei (NeuN, 1:200). These primary anti-
bodies were purchased from Chemicon (Chemicon, Temecula,
CA, USA). Nuclei were stained with hematoxylin for cell count-
ing. To perform quantitative analysis, the numbers of positive
cells was counted on each acquired image by Image J 1.42 (Na-
tional Institutes of Health, Bethesda, MD, USA), and the ratio to
the number of nuclei was analyzed for each antigen.

Electrophysiology

The cells grown on cover slips for 2 weeks were placed in a re-
cording chamber on the stage of an inverted microscope (Eclipse
TE 2000-S, Nikon, Tokyo, Japan), and voltage-dependent ionic
currents and resting membrane potentials were recorded using
the whole-cell patch clamp technique [18].

Animal models and NI-hMSCs transplantation

All animal protocols were reviewed and approved by the Insti-
tutional Animal Care Committee of Research Institute of Medi-
cal Science at Chonnam National University. Forty adult female
guinea pigs (body weight 250-400 g) in total were used to ob-
tain the final data shown in this study: Hanks balanced salt solu-
tion (HBSS, n=20) and NI-hMSCs in HBSS (n=20). Each ani-
mal was sacrificed at 8 weeks after transplantation to verify the
survival of grafted stem cells.

In order to destroy the sensory epithelium, guinea pigs were
deafened by an injection of 10% neomycin (500 pL in PBS)
through the right tympanic membrane under deep anesthesia
with an intraperitoneal injection of sodium pentothal (45 mg/kg
of body weight) [20]. The ototoxic drug treatment was accom-
plished 7 days before NI-hMSCs transplantation. One week af-
ter deafening procedure, we performed auditory brainstem re-
sponse test for all injured guinea pigs and excluded the animals
from this experiment unless they displayed no response to 90
dB or less prior to transplantation (data not shown).

To transplant the NI-hMSCs into the cochlea, the right bulla
was exposed and opened to visualize the basal cochlea. A small
hole was made into the scala tympani at the most basal cochlear
turn using a 1-mm diamond drill. HBSS containing NI-hMSC ag-
gregates (1X10° cells in 5 L) or HBSS alone were then injected
into the right scala tympani through the hole using a Hamilton
syringe and an infusion pump (at the speed of 2 uL/min). Finally,
the hole was plugged with connective tissue and fibrin based ad-
herent agents (Greenplast, Green-Cross, Seoul, Korea), and the
incision was approximated with sutures [19].

Fluorescent immunohistochemistry

After anesthesia (as described above), the cochleae were careful-
ly removed, trimmed, fixed in 10% neutral buffered formalin
(NBF) overnight, and decalcified for two weeks in 10% EDTA in
NBE. The fixed, decalcified cochleae embedded in paraffin wax
prior to being sliced into 5-um-thick serial paramodiolar sections.
Every fifth following section was chosen for analysis to ensure a
separation of 25 um between the sections. A total five sections
per cochlea were analyzed. After blocking in 1% normal goat se-
rum, the sections were incubated with primary antibodies against
human nuclei (1:200) and MAP2 (1:300) at 4°C. Then, the sec-
tions were incubated with secondary antibodies were used to vi-
sualize primary antibodies. 4’, 6-diamidino-2-phenylindole were
used to label nuclei. All primary and secondary antibodies were
purchased from Chemicon.

Cell counting and statistics

For the quantification of the number of SGNs, midmodiolar sec-
tions were stained with hematoxylin and eosin. The numbers of
transplant-derived cells, identified by positive human nuclear im-
munofluorescence, were also counted in the NI-hMSCs-injected
cochlea. To establish the turn number, we followed the method as
described by Parker et al. [14]. Briefly, the hook region was iden-
tified and the wide basal turn was labeled turn 1.0. The SGNs,
which were identified by their morphology, were counted by su-
perimposing a 100X 100-um box on the spiral ganglion (SG) im-
age and counting cells within each box. All values are expressed
as meantstandard error of the mean. The one-way analysis of
variance test (Bonferroni post hoc comparison) was used to ana-
lyze the differences between groups, with P<0.05 being consid-
ered significant.

RESULTS

Characterization of isolated bone marrow-derived hMSCs
After approximately 4 weeks in culture, human MSCs isolated
from bone marrow became more uniform and grew in a mono-
layer with typical fibroblast-like morphology, consistent with pre-
vious reports [10,18]. The proliferation rate of hMSCs remained
consistent at least up to the 15th passage.

To elucidate the types of the hMSCs, FACS analysis was per-
formed with various cell surface markers, including MSC-specific
cell type markers and or hematopoietic stem cell-specific mark-
ers. As shown in Fig. 1, the bone marrow-derived hMSCs ex-
pressed more than 95% MSC-specific markers such as CD13,
CD44 (endoglin), CD90 (Thy-1), or CD166, but did not express
markers for hematopoietic stem cells, including CD14, CD34,
and CD45.These cell surface profiles demonstrated that the stem
cells isolated from human bone marrow were MSCs phenotypi-
cally.
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Functional neural differentiation of h(MSCs SCs, the immunoreactivities for astrocyte marker (GFAP) and
In the presence of neural induction supplements, the majority neuronal markers (NF-L, NF-M, NF-H, MAP2, NeuN, and Tuj1)
of NI-hMSCs exhibited bipolar or multipolar morphologies with were very low or undetectable when grown in medium in the

branched processes (Fig. 2A). In primary undifferentiated hM- absence of bFGF and forskolin supplements. However, supple-
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Fig. 1. Characterization of bone marrow-derived human mesenchymal stem cells (hMSCs). Primary hMSCs expressed MSC specific markers
including CD13 (+), CD44 (+), CD90 (+), and CD166 (+), but did not express hematopoietic stem cell markers including CD14 (-), CD34 (-),
and CD45 (-).
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Fig. 2. In vitro differentiation of human mesenchymal stem cells (hMSCs). hMSCs were induced to differentiate into neural cells in the presence
of basic fibroblast growth factor and forskolin for two weeks. (A) Immunocytochemistry revealed that the expressions of neurofilament-L (NF-L),
neurofilament-M (NF-M), neurofilament-H (NF-H), microtubule-associated protein (MAP2), neuronal nuclei (NeuN), B-tubulin Il (Tuj1), and glial
fibrillary acidic protein (GFAP) in neural-induced hMSCs (NI-hMSCs) were increased than those in primary hMSCs. (B) Immunocytochemical
data depicted the high ratio of NI-hMSCs expressing above neural markers. The number of positive cells was counted and the ratio to the
number of nuclei was analyzed for each antigen (n=8, *P<0.05 compared with primary hMSCs).
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mentation with bFGF and forskolin considerably increased the
proportion of the hMSCs expressing these neuronal or glial cell
type specific markers (Fig. 2). Following terminal differentiation
with bFGF and forskolin, a large number of neuronal markers-
positive neurons were found in cultures as compared with
GFAP-positive astrocytes (Fig. 2B).

To assess the in vitro differentiation of the hMSCs into function-
al neurons, we evaluated the electrophysiological properties of
hMSCs before and after neural induction using the patch clamp

technique in whole-cell configuration. Primary hMSCs grown in
the regular media in the absence of bFGF and forskolin were qui-
escent, exhibiting virtually no sodium current (data not shown)
which is responsible for both initiation and propagation of action
potentials of the neurons throughout the nervous system. Howev-
er after differentiation with bFGF and forskolin, more than 66%
of the NI-hMSCs expressed —710.0+61.96 pA of voltage-depen-
dent sodium currents (Fig. 3A). Furthermore, the sodium currents
were blocked by 100-nM tetrodotoxin (TTX). Concomitant with

TTX 100 nM
Control hMSCs NI-hMSCs
0
N
£
8 20
+40 mV €
_}400;: PA 2000 5
B0 my 20ms —— IK 1500 s
(0]
—— ina* g 40
Recovery —v— INA after TTX 1000 5
5
1S
2 60
a = Primary hMSCs l
o NI-hMSCs o
o (6]
12 " * .
T T == Primary hMSCs
E 0k ) . NI-hM*SCS
o o % I I
% x a o o= N =2 5 <Z( <Z( < 08 [
o X I F o o ¥ Z G O 2
< 83 T ¥ ¥ 2 2 4 O x < i
G = ¥ ¥ ¥ W Wz ® O O E o6 | .
2 I, !
(72}
hMSCs 8 o4l [
S T
=
o L
0 " -
U 2N - TP S N - S C IR C
NS SR C MR C PR\ IR SN AN
R O IR R I AN N\
TP
c] F& 0

Fig. 3. Electrophysiological features of the neural-induced human mesenchymal stem cells (NI-hMSCs). (A) hMSCs demonstrated neuronal
characteristics after neural differentiation under voltage-clamp recording. The holding potential was —-80 mV and depolarizing steps were ap-
plied from -80 mV to +40 mV in 10 mV increments. Large voltage-dependent sodium currents were activated evidently from a depolarizing
step of -30 mV and blocked reversibly by tetrodotoxin (TTX) 100 nM. In addition, the hMSCs grown with basic fibroblast growth factor (bFGF)
and forskolin showed sustained outward potassium currents as well. Peak current-voltage relationship was plotted against the voltages and
demonstrated the voltage-dependence of potassium currents (IK) and sodium currents (INa) (n=16). (B) Under current clamp condition, the
resting membrane potential of NI-hMSCs was recorded more negatively than that of control hMSCs grown without bFGF and forskolin (n=16,
**P<0.01 compare with primary hMSCs). (C) Expression of molecular markers for ion channel subunits was increased after neural differentia-
tion in hMSCs. The mRNA expression of human large-conductance, voltage- and calcium-dependent K* channel marker, MaxiK; voltage-de-
pendent K* channel marker, Kv1.4, Kv4.2, and Kv4.3; either-a-go-go K* channel marker, Eag1 and Eag2; tetrodotoxin-sensitive Na* channel
marker, NE-Na; voltage-dependent L-type Ca2* channel, alpha 1C subunit marker, CACNA1C; and voltage-dependent T-type Ca2* channel,
alpha 1G subunit marker, CACNA1G were increased in NI-hMSCs, however, that of TTX-insensitive sodium channel marker, SCN5A were not
detected. Reverse transcription-polymerase chain reaction assay was repeated five times independently from different cells. The representa-
tive data are shown. (D) The intensity of each gene was normalized to GAPDH and these results were repeated at least three times (*P<0.05
compared with primary hMSCs).
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sodium current induction, the hMSCs grown with the differentia-
tion factors showed sustained outward currents (Fig. 3A), and
these currents showed a voltage-dependence and kinetics charac-
teristics for delayed rectifier potassium currents. Whole-cell patch
clamp recordings under current-clamp mode were performed to
measure resting membrane potentials of primary MSCs and NI-
hMSCs. The resting membrane potential of NI-hMSC (-64.58 +
8.46 mV, n=24) was recorded more negatively than that of con-
trol hMSCs (-16+3.27 mV, n=24; P<0.01) (Fig. 3B).

In addition to electrophysiological study, we also investigated
the mRNA expression for ion channels related to outward and
inward currents in primary and NI-hMSCs with RT-PCR using
the specific primers shown in Table 1. The mRNA expression lev-
els of MaxiK (responsible for human large-conductance, voltage-
and calcium-dependent K* channel), Kv1.4, Kv4.2, and Kv4.3
(responsible for human voltage-dependent K* channel), Eagl and
Eag2 (responsible for human either-a-go-go K* channel), NE-Na
(responsible for TTX-sensitive Na* channel), CACNA1C (respon-
sible for human voltage-dependent L-type Ca2* channel, alpha
1C subunit), and CACNA1G (responsible for human voltage-de-
pendent T-type Ca2* channel, alpha 1G subunit) in NI-hMSCs
were significantly higher than the primary hMSCs (P<0.05) (Fig.
3C, D). However, the mRNA expression of TTX-insensitive sodi-
um channel SCN5A was detected neither in hMSCs nor in NI-
hMSCs. The relative densities of the specific mRNA to the GAP-
DH are shown in Fig. 3D, and the data provide the molecular ba-
sis for the functional ionic currents observed in NI-hMSCs. These
results indicate that the hMSCs acquired neuronal cell fate and
thereby expressed neuron-specific phenotypes after being termi-
nally differentiated in vitro.

HBSS NI-hMSCs

Survival and localization of transplanted NI-hMSCs in the SG
and in the organ of Corti

In HBSS alone-injection group (Fig. 4A), the organ of Corti showed
a severe loss of sensory hair cells from the basal to third turn,
and the spiral ganglia displayed a neuronal degeneration and de-
creased number of cell bodies (4.79+0.36/10,000 ym?) in a co-
chlea. Basal turn of cochlea was magnified as a box. In NI-hM-
SCs-injection group, however, the architecture of the organ of
Corti is relatively well preserved (Fig. 4B) and the number of cell
bodies (12.70£0.49/10,000 um?) in the spiral ganglia was in-
creased profoundly 8 weeks after stem cell transplantation (n==§;
P<0.01) (Fig. 4C).

We used human-specific antinuclei antibody to specifically iden-
tify NI-hMSCs in the cochleae of transplanted guinea pig inner
ear (Fig. 5). The engrafted hMSCs were found in all transplanted
guinea pig cochleae. At 8 weeks after transplantation, cells that
were immunoreactive for antihuman nuclei antibody were found
in multiple regions in the cochlea including the scala tympani, the
scala vestibuli, the scala media, and the SG (Fig. 5A-C). As shown
in Fig. 5A, the grafted NI-hMSCs were also observed in the spiral
limbus, the osseous spiral lamina and surprisingly along the co-
chlear nerve fibers projecting to the SG. Within the organ of Corti,
transplanted stem cells were identified including in the inner hair
cell layer and in the supporting cell layer (Fig. 5B).

To further evaluate the types of the transplanted NI-hMSCs,
tissue type specific markers were tested in the transplanted co-
chleae. In the SG, 11.58+0.86 cells were labeled with neuronal
marker MAP?2 at eight weeks after transplantation, which shown
SGNs coming from both guinea pigs and NI-hMSCs. NI-hMSCs,
which were double stained with anti-MAP2 and antihuman nu-
clei antibody, were counted 3.4110.41 cells per 10,000 um? in
the inner ear (Fig. 5C, D). The transplanted hMSCs were also

mm HBSS NI-hMSCs

15 o

_
o
T

Cells/10,000 pm?

:

HBSS NI-hMSCs o

Fig. 4. Hematoxylin and eosin staining at eight weeks after neural-induced human mesenchymal stem cells (NI-hMSCs) transplantation. (A, B)
All turns of cochlea were studied and basal one was magnified as a box, individually. (A) In a Hanks balanced salt solution (HBSS) alone-in-
jected animal, severe loss of sensory hair cells in the organ of Corti and the degeneration of spiral ganglion neurons were observed. (B) How-
ever, cochlea of a NI-hMSCs-injected guinea pig demonstrated relatively preserved organ of Corti and spiral ganglion. (C) Quantification of
spiral ganglion cell counts demonstrated that cochleae of NI-hMSCs-injected animals exhibited a significant increase in the number of cell
body compared to HBSS alone-injected animals (n=8, **P<0.01). Normal animals (n=10) were used as a control. OC, organ of Corti; SG, spi-
ral ganglion; SM, scala media; ST, scala tympani; SV, scala vestibule; IHC, inner hair cell; OHC, outer hair cell. Scale bars indicate 50 pm.
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Fig. 5. Localization and in vivo differentiation of transplanted human mesenchymal stem cells (hMSCs). (A-D) Immunohistochemical study was
performed eight weeks after neural-induced hMSCs (NI-hMSCs) transplantation into 10% neomycin-treated guinea pig inner ear. (A) Trans-
planted hMSCs stained with human nuclei (hNuclei; red) were found along the cochlear nerve fibers close to the organ of Corti. (B) Human
nuclei expressing transplant derived-hMSCs (red) were located in the inner hair cell layer (arrow) and supporting cell layer (arrowhead). (C)
NI-hMSCs (green) migrated into the damaged spiral ganglion were stained with microtubule-associated protein (MAP2) (red), and merged as
yellow. These results depict that NI-hMSCs have the capacity not only to survive and localize in the inner ear, but also to regenerate or replace
the damaged cochlear cell types. (D) Quantification of spiral ganglion neuron (MAP2*) and transplant-derived cell (hNuclei*) counts indicated
that transplanted hMSCs were transdifferentiated into mature neurons in the spiral ganglion. CN, cochlear nerve fibers; OC, organ of Corti; SG,
spiral ganglion; SL, spiral limbus; SM, scala media; ST, scala tympani; SV, scala vestibule.

found in every turns of the cochlea, implicating a spread within
the fluid compartments.

DISCUSSION

This study presents the novel demonstration of a therapeutic ap-
proach leading to substantial recovery of cochlear cells using neu-
ral differentiated MSCs in deaf mammals. It has been reported
that the neural induction of MSCs is required for better treatment
in animal models of neurological dysfunction such as Parkinson
disease, stroke, and brain ischemia [10,12]. Neural differentiation
has been achieved with different experimental protocols using
chemical agents [12] or cocultures with astroglial cells [21]. Our
results have shown that bFGF and forskolin induces the differen-
tiation of bone marrow-derived hMSCs into functional neural
cells which had the morphological and phenotypical characteris-
tics. Similar to neuronal cells derived from other MSCs or embry-
onic stem (ES) cells [22], in vitro-transdifferentiated hMSCs ex-
hibited immunocytochemical and electrophysiological properties
of neuronal cells. NI-hMSCs were identified to generate TTX-sen-
sitive voltage-dependent sodium current, a hallmark of mature
neurons and crucial for signal transmission in the nervous system,
and to exhibit about -64 mV of resting membrane potential, indi-
cating that the hMSCs also have functional characteristics of neu-
rons. It has been known that undifferentiated hMSCs express the
TTX-sensitive sodium channel gene (NE-Na), potassium channel
genes (MaxiK, Kv1.4, Kv4.2, Kv4.3, Eagl) and calcium channel
gene (CACNA1C) [23]. Our study provides the evidence that the
level of these ion channel mRNA expressions is increased after
neural induction, further demonstrating differentiation of hMSCs
toward neuronal cells. In addition, we identified novel informa-
tion that two functional ion channel genes (Eag2 and CACNA1G)

were expressed in hMSCs after neural differentiation (Fig. 3).

Also, we transplanted NI-hMSCs into deaf guinea pig cochleae
and proved that hMSCs survived up to eight weeks and spread
to the scala media, scala vestibule, organ of Corti, SG and along
the nerve fibers. As shown in Fig. 5, transplanted NI-hMSCs were
predominantly located within the SG and a basal membrane.

There are few previous reports of experiments on the trans-
planting MSCs into the cochlea [24-26]. These studies used the
primary undifferentiated MSCs and showed that primary MSCs
can survive in normal or damaged inner ear. However, the distri-
bution of transplant-derived MSCs was different from the experi-
ments. In detail, engrafted MSCs were localized mostly in the
perilymphatic space of cochleae in normal mice [24]. However,
in the animal of damaged cochlea, stem cells were found mainly
in the modiolus and lateral wall [25,26]. The present study is
consistent with these studies in terms of migration and distribu-
tion of transplanted stem cells since engrafted NI-hMSCs were
localized predominantly around SG, organ of Corti, and cochlear
nerve fiber in the damaged cochlea. After transplantation into
the scala tympani, the NI-hMSCs probably spread through the
scala tympani toward the apical turn of cochlea, and then after
passing through the helicotrema, the cells move through the scala
vestibule toward the basal turn. In addition, although bone mar-
row-derived MSCs were shown to survive, previous studies did
not report the survival of MSCs more than 4 weeks. The de-
creased survival rate of stem cell transplantation at later stage is
supposed to relate with lack of nutrition or local growth factor in
the cochlea [27]. In the present study, however, the survival cells
were found in all animals at 8 weeks.

In this study, the number of SGNs was increased in NI-hMSCs
injection group compare to HBSS alone group (Fig. 4), and the
grafted hMSCs also were positively stained for MAP2, a mature
neuronal marker, in SG (Fig. 5C). These results suggest that the
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hMSCs differentiate into neuron and replace the lost or dam-
aged neuronal cells in the SG. It is known that damaged cells
and tissues of the host brain are capable of releasing molecules
that stimulate production of neurotrophic factors in transplanted
MSCs [28]. Previous studies have also shown that neural stem
cells migrated to the site of lesion and differentiated into pyra-
midal cortical neurons and glia, effectively replacing the targeted
cells and reversing neuronal loss [29]. Our results suggest that
the differentiation of transplanted MSCs could be influenced by
the cues or signals in the damaged tissue.

Taken together, this study provides the evidence of advantages
of NI-hMSCs in the development of new strategies for treating
sensorineural hearing loss. In addition, since presence of some
hair cells and cochlear nerve enhances cochlear implant func-
tion, regeneration of SGNs and replacement of hair cells via NI-
hMSC transplantation would also improve the therapeutic effect
of cochlear implantation. These results could enhance further re-
search about the development of a stem cell based therapy for
hearing impairment.
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