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Abstract: Objective: Stem cell transplantation is an effective method for treating sensorineural hearing loss (SNHL),
but its safety needs further study. This study aimed to reveal the differentiation outcome of induced pluripotent
stem cells (iPSCs) after they were transplanted into cochleae. Methods: iPSCs were labelled with CM-Dil and iden-
tified by flow cytometry. Twenty 6-8-week-old ICR mice were divided into experimental (A) and control (B) groups.
Ten mice were microinjected with CM-Dil-labelled iPSC suspension (group A) or an equal volume DMEM (group B)
into the left ear cochlea. The tthresholds of all mice were tested by auditory brainstem response (ABR) at 1 week
pre-surgery and 4 weeks post-surgery. Differentiated cells were identified by immunohistochemical staining for neu-
ronal cell markers (nestin, neurofilament-M), and teratoma formation was determined by HE staining. Results: The
ABR thresholds in groups A and B at one week pre-surgery (24.50+5.50 vs. 26.00+6.15 dB SPL) and at 4 weeks
post-surgery (70.50+4.97 vs. 68.00+5.37 dB SPL) were not significantly different; however, in both groups, the
thresholds were lower at pre-surgery than at 4 weeks post-surgery. In group A, CM-Dil-labelled iPSCs were observed
in the cochlear perilymph, endolymph, and modiolus, and some red fluorescence-labelled cells expressed neural
cell markers. In group B, no fluorescence was observed in the cochleae, but teratomas were observed in some
cochleae. A teratoma was observed in each of two cochleae after iPSCs transplantation by HE staining. Conclusion:
Mouse iPSCs can differentiate into cells with neuronal cell markers 4 weeks post-cochlear transplantation, and
transplanted undifferentiated iPSCs may form teratomas. However, in the short-term, hearing loss in mice caused
by cell transplantation through round window pathways cannot be improved by cochlear iPSC transplantation.
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Introduction

Deafness is the most frequent sensory disor-
der [1]. Millions of individuals worldwide suffer
from disabling hearing loss. According to the
World Health Organization’s latest assessment,
in 2013, 600 million individuals suffered from
hearing loss, of which 360 million have dis-
abling hearing loss and account for 5% of
the world’s population. Many factors including
viruses, bacteria, noise, and ototoxic drugs can
cause sensorineural deafness. Currently, most
cases of deafness are due to sensorineural
hearing loss (SNHL), which is a common otolar-
yngological condition. Many reports have impli-
cated pathological changes in cochlear hair
cells and a lack of spiral ganglion neurons in
SNHL [2, 3]. Therefore, to recover hearing after

hearing impairment, a method for the repair or
replacement method for inner ear hair cells and
spiral ganglion neurons must be developed,
which can be expected to cure SNHL.

Cell transplantation is a promising treatment
for SNHL. We previously reported that newborn
mouse cochleae contain sphere-forming cells
capable of differentiating into cells that express
hair cell markers [4]. However, it is difficult to
clinically apply this technique because of the
difficulty in obtaining these cells. Recently,
many studies have confirmed that transplanted
stem cells can be used to treat certain diseas-
es: e.g., induced pluripotent stem cell trans-
plantation has been used to treat Parkinson’s
disease [5] and myocardial stem cell transplan-
tation to treat SHNL [6-8] Induced pluripotent
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Figure 1. A. Mouse induced pluripotent cells (miPSCs) (Scale bar = 500 um). B. miPSCs that form cell groups with
a strong edge refraction were undifferentiated (Scale bar = 50 um). C. Cells display a strong red fluorescence after
CM-Dil labelling (Scale bar = 500 um). D. Labelling efficiency of CM-Dil indicated by results of flow cytometry.

stem cells (iPSCs) have a multi-directional dif-
ferentiation potential similar to that of embry-
onic stem cells (embryonic stem cells, ESCs),
i.e., they can be induced by specific environ-
ments to differentiate into a wide variety of
cells from specific lineages [9]. The present
study confirmed that iPSCs can differentiate
into any cell type in the body [10], including
functionally mature nerve cells, hematopoietic
cells, pancreatic cells, liver cells, myocardial
cells, endothelial cells, and osteoblasts. Trans-
planting iPSCs into the inner ear to repair dam-
aged hair cells and spiral ganglion cells is an
ideal way to treat SNHL.

Since iPSCs were discovered in 2006, little
research has been conducted on iPSC differen-
tiation in inner ear hair cells and spiral ganglion
cells. We previously confirmed that mouse
iPSCs can be induced to differentiate into inner
ear hair cells and spiral ganglion cells in vitro
[11]; however, the distribution, migration, and
survival of undifferentiated iPSCs after trans-
plantation into the inner ear remains to be stud-
ied. In this study, we microinjected CM-Dil-
labelled iPSCs through the round window of
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normal adult cochleae of ICR mice to observe
changes occurring after stem cell transplan-
tation.

Methods and materials
Cells and animals

Mouse iPSCs (C402B-0S-1) were obtained
from the Guangzhou Institutes of Biomedicine
and Health, Chinese Academy of Sciences [12].
SPF CD-1 (ICR) mice were obtained from Vital-
river (Beijing, China; certification number: SCXK
(Jing) 2012-0001). This study was conducted in
strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.
The animal use protocol was reviewed and
approved by the Institutional Animal Care and
Use Committee of the First Affiliated Hospital of
Nanchang University (Nanchang, China).

CM-Dil-labelled iPSCs

Once the mouse iPSCs were cultured to a high
confluency, the medium was removed by suc-
tion and the cells were washed twice with PBS
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Figure 2. ABR hearing threshold was (A) 20 dB SPL at one week pre-surgery
and (B) 70 dB SPL before the mice were sacrificed at four weeks post-sur-
gery.

solution. This was followed by digestion in
0.25% trypsin resulting in a single cell suspen-
sion. By performing differential adherence for 1
h, the MEFs were isolated from the iPSCs. Next,
the iPSCs were counted post separation, and 1
x 108/ml cells were resuspended in knockout
DMEM. Dimethyl sulfoxide (DMSO) (2 ul/ml)
was added to this cell suspension followed by
CM-Dil at a concentration of 1 ml/ml. The sus-
pension was then stored at 37°C for 1 h. After
incubation, the cells were washed 3 times with
PBS, and then resuspended in DMEM, obser-
ved, and eventually photographed under a fluo-
rescence microscope.

Transplantation into the cochleae

To examine the outcome post transplantation
into the mouse cochleae, CM-Dil-labelled-
iPSCs were transplanted into the left cochleae
of 6-8 weeks old CD1/ICR mice (n = 20). The
surgery was performed under general anesthe-
sia with 10% chloral hydrate and local anesthe-
sia with 0.5% lidocaine. The left otic bulla of
each mouse was opened to expose a round
window, through which the iPSC suspension (4
x 106 cells in 1 yl knockout DMEM) was micro-
injected using a microsyringe pump (UMP3-1,
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WHPI Inc., USA: injection speed
of 10 nl/ms). The small hole in
the round window was covered
with a small piece of muscle
tissue, followed by intraperito-
neal injection of sodium cefox-
itin saline to prevent infection,
once a day for 3 consecutive
days.

Testing auditory function

The auditory thresholds of all
mice were tested by auditory
brainstem response (ABR) at
one week before surgery and 4
weeks after surgery. The bilat-
eral external auditory meatus
cerumen was cleared before
the test under general anes-
thesia with 10% chloral hy-
drate. We used the ABR detec-
tion system, with stimulus for
a click, for a duration of 0.1
ms, a repetition rate of 11.1
times/s, a superposition of
1024, and sweeps period of
10 ms. In ABR, lll wave was used as a standard
to determine the ABR threshold.

Immunohistochemistry

At 4 weeks post-transplantation, all mice were
sacrificed under anesthesia, and the cochleae
were fixed with 4% paraformaldehyde. Cryostat
sections (8 mm in thickness) were immunos-
tained for neurofilament-M and nestin. At the
end of immunostaining, the nuclei were stained
with 4’,6-diamino-2-phenyl-indole (DAPI). Pri-
mary antibodies used were as follows: anti-
neurofilament-M rabbit polyclonal antibody
(1:500; Santa Cruz, USA), anti-nestin mouse
polyclonal antibody (1:200; Santa Cruz, USA).
The secondary antibodies used were FITC-
labelled anti-mouse or rabbit antibodies (1:
100). Specimens were viewed using a ZEISS
confocal laser-scanning microscope (ZEISS Inc.
LSM 700, Germany).

Data processing and statistical analyses

SPSS 18.0 was used to process the data. All
data in the figures are presented as the mean
+ standard error of the mean (SEM). The ABR
thresholds for the two groups were analyzed by
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Table 1. ABR (click) test results (x + u dB SPL)

Rosenthal’s canal and the translabyrin-

1 week before  After 4 weeks
T value

Groups ; .
P transplantation transplantation

P value

thine surgical approach [15, 16]. The
cochleae of the ICR mice are small and

groupA  24.50+5.50 70.50+£4.97
group B 26.00+6.15 68.00+£5.37
T value 0.575 1.080

P value P=0.572 P=0.295

31.659 P<0.001
24.711 P<0.001

brittle. Moreover, below the round win-
dow niche is the stapes artery that can
be easily nicked during surgery, resulting
in transplantation failure. Hence, we

Data were compared using the t-test. At = 1.789, P = 0.090 > 0.05.

the unpaired Student’s t-test. A value of P <
0.05 was considered statistically significant.

Results

In total, 96.42% of the mouse iPSCs were suc-
cessfully labelled by the fluorescent dye (CM-
Dil) (Figure 1A-D).

One week before the transplantation, the ABR
response threshold in group A and B was
24.5045.50 dB SPL and 26.00+6.15 dB SPL,
respectively; The difference in these ABR thre-
sholds between group A and B was not statisti-
cally significant (P = 0.572 > 0.05). Additionally,
the ABR response threshold at 4 weeks post-
surgery was 70.50+4.97 dB SPL in group A and
68.0045.37 dB SPL in group B with no statisti-
cally significant difference (P = 0.295 > 0.05).
However, the difference between the values
before and after transplantation was statisti-
cally significant (P < 0.05) (Figure 2A, 2B and
Table 1).

In group A, CM-Dil-labelled iPSCs were seen
inside and outside the lymph and modiolus of
the cochlea. Some red fluorescence-labelled
cells expressed neural cell markers (nestin,
neurofilament-M). No red fluorescence was
observed in the cochlea of group B (Figures 3
and 4).

A teratoma was observed in two cochleae
transplanted with miPSCs at four weeks. The
tumour contained both undifferentiated cells
and differentiated cells such as mesenchymal
cells and duct-forming epithelial cells (Figure
5).

Discussion

There are many methods available for cell
transplantation into the mouse inner ear, su-
ch as injection of the transplants through the
round window [13], the lateral semicircular
canal and the cochlear lateral wall [14, 15], and
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chose a relatively simple pathway
through the round window [15, 171].

Preoperative ABR hearing thresholds ranged
between 15 dB SPL to 35 dB SPL, and postop-
erative ABR hearing thresholds ranged be-
tween 55 dB SPL to 75 dB SPL (Figure 2). The
ABR response thresholds before surgery were
significantly lower than they were at 4 weeks
post-surgery in the two groups, and the differ-
ence was statistically significant (P < 0.001)
(Table 1). This shows that the round window
pathway for surgical access to the cochlea
could cause hearing loss in mice, which is simi-
lar to that observed by Bogaerts et al. [17]. In
our study, the low amount of microinjected cell
suspension (1 ul cell suspension) and the use
of the micropipette pump in the experiments
reduced the migration of the vestibular mem-
brane damage and retained the sound conduc-
tion portion of the cochlea.

We also investigated the proliferative and mi-
gration activity of the cells after cochlear trans-
plantation by immunostaining for nestin and
neurofilament-M. At four weeks after transplan-
tation, transplanted cells with proliferation
activity were present in the cochleae of all ex-
perimental groups, including the cochlear duct
and modiolus. Cells also fluoresced red and
green. This indicates that mouse iPSCs could
differentiate into cells with neural cell markers
at 4 weeks after transplantation into the
cochlea of mice (Figures 3 and 4). The results
indicate that transplanting undifferentiated
iPSCs can repair the cochlear SGNs. However,
the specific mechanism of how induced pluripo-
tent stem cells migrate to the cochlear axis
and differentiate into the spiral neuronal cells
remains to be further studied. This conclusion
is similar to Nishimura'’s report [18].

We observed teratomas in two cochleae at 4
weeks after transplantation (Figure 5), as indi-
cated by HE staining of the scala tympani,
which showed undifferentiated cells, stromal
cells, and duct-like structures. Nishimura et al.
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Figure 3. In vivo iPSC differentiation. CM-Dil-
positive iPSCs were found in the scala tympani,
scala media, modiolus, and scala vestibule (ar-
rowheads in E). Blue fluorescence shows nuclear
labelling with 4’,6-diamino-2-phenyl-indole (DAPI).
Inside the modiolus, red fluorescence-labelled iPS
cells express neuronal markers, neurofilament-M.
Scale bars = 100 um (A-D), 500 um (E). ST, scala
tympani; SM, scala media; SV, scala vestibuli; MO,
modiolus.
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Figure 4. In vivo iPSC differentiation. Immunohis-
tochemical analysis of neuronal markers (nestin)
in ICR mouse cochleae at 4 weeks after trans-
plantation. CM-Dil-positive iPSCs were found
in the modiolus (arrowheads in E). Blue fluores-
cence shows nuclear labelling with 4’,6-diamino-
2-phenyl-indole (DAPI). Inside the modiolus, red
fluorescence-labelled iPSCs expressed neuronal
markers, nestin. Scale bars = 100 ym (A-D), 500
um (E). ST, scala tympani; SM, scala media; SV,
scala vestibuli; MO, modiolus.
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confirmed teratoma formation in one of five
cochleae transplanted with TTF-derived iPSCs
[19], which is in line with our results. Miura et
al. had previously indicated that association
with undifferentiated cells is a key feature in
tumorigenesis of iPSCs [20]. Because the sam-
ple size in this study was small, and undifferen-
tiated iPSCs with specific tumorigenicity were
observed after the cochlear transplant, further
investigation is needed.

This study confirmed that undifferentiated
iPSCs can be processed in the cochlea and live
for at least 4 weeks, and mouse iPSCs can dif-
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Figure 5. Teratoma formation at 4 weeks post transplan-
tation. The specimen was fixed with 4% paraformalde-
hyde (PFA), embedded with OCT compound, sectioned,
and stained with hematoxylin and eosin (HE). (A, D) A
midmodiolar section of the cochlea. (B, C) Higher mag-
nification of (A). (E) Higher magnification of (D). Arrows
in B, C, and E indicate undifferentiated cells, mesenchy-
mal cells, and ducts, respectively. Scale bars = 25 ym
(A), 50 uym (D), 100 um (B, C, E). ST, scala tympani; SM,
scala media; SV, scala vestibuli; MO, modiolus.

ferentiate into cells expressing neural cell
markers after transplantation. This study also
examined the potential of iPSCs as a source of
transplants for SNHL. However, the risk for
tumorigenesis resulting from transplanting
undifferentiated iPSCs into the cochlea is a cru-
cial problem that remains to be examined. The
eradication of iPSC tumorigenesis remains to
be further studied.
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