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Abstract
Excessive noise, ototoxic drugs, infections, autoimmune diseases, and aging can cause loss of spiral gangli-
on neurons, leading to permanent sensorineural hearing loss in mammals. Stem cells have been confirmed 
to be able to differentiate into spiral ganglion neurons. Little has been reported on adipose tissue-derived 
stem cells (ADSCs) for repair of injured spiral ganglion neurons. In this study, we hypothesized that trans-
plantation of neural induced-human ADSCs (NI-hADSCs) can repair the injured spiral ganglion neurons 
in guinea pigs with neomycin-induced sensorineural hearing loss. NI-hADSCs were induced with culture 
medium containing basic fibroblast growth factor and forskolin and then injected to the injured cochleae. 
Guinea pigs that received injection of Hanks’ balanced salt solution into the cochleae were used as controls. 
Hematoxylin-eosin staining showed that at 8 weeks after cell transplantation, the number of surviving 
spiral ganglion neurons in the cell transplantation group was significantly increased than that in the 
control group. Also at 8 weeks after cell transplantation, immunohistochemical staining showed that a 
greater number of NI-hADSCs in the spiral ganglions were detected in the cell transplantation group 
than in the control group, and these NI-hADSCs expressed neuronal markers neurofilament protein and 
microtubule-associated protein 2. Within 8 weeks after cell transplantation, the guinea pigs in the cell 
transplantation group had a gradually decreased auditory brainstem response threshold, while those in 
the control group had almost no response to 80 dB of clicks or pure tone burst. These findings suggest 
that a large amount of NI-hADSCs migrated to the spiral ganglions, survived for a period of time, re-
paired the injured spiral ganglion cells, and thereby contributed to the recovery of sensorineural hearing 
loss in guinea pigs. 
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stem cell transplantation; brainstem auditory evoked potential; neural differentiation

Introduction
According to the World Health Organization (WHO, http://
www.who.int), more than 270 million people are affected 
by hearing loss, with estimates that up to 900 million people 
will experience some form of deficit by 2050. Hearing loss 
can be classified as either conductive or sensorineural. In 
particular, sensorineural hearing loss can be caused by the 
loss of hair cells, the loss of sound transducing sensory cells 
of the cochlea, or the loss of spiral ganglion neurons (SGNs). 
SGNs whose cell bodies lie in the spiral ganglion (SG) deliver 
auditory signals from cochlear hair cells to the central ner-
vous system through the cochlear nerve. There are 30,000–
40,000 SGNs in each inner ear, but these neurons are poorly 
regenerated in mammals (Holley, 2005; Schettino and Lauer, 
2013; Geleoc and Holt, 2014; Wong and Ryan, 2015). Dam-
age to SGNs can occur as the result of both genetic and envi-

ronmental factors, and loss of these neurons, along with the 
associated damage to cochlear synapses, has been identified 
as a major cause of sensorineural hearing loss (Sergeyenko et 
al., 2013). The efficacy of cochlear implantation, a procedure 
whose main therapeutic benefit is replacement of nonfunc-
tional cochlea, relies heavily on the degree of preservation 
of SGNs, and the restoration or replacement of degenerated 
SGNs is an important step in the treatment of sensorineural 
hearing loss (Incesulu and Nadol, 1998; Geleoc and Holt, 
2014).

Stem cell replacement therapy is a prime candidate for the 
treatment of neurological disorders. Currently, several re-
search strategies focus on developing viable means of stem cell 
transplantation, with the aim of replacing and restoring the 
neural elements that have degenerated as a result of hearing 
loss. To date, bone marrow-derived mesenchymal stem cells 
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(MSCs) (Sharif et al., 2007; Jang et al., 2015b), neural stem 
cells (NSCs) (Okano et al., 2005; He et al., 2014), embryonic 
stem cells (ESCs) (Corrales et al., 2006), induced pluripotent 
stem cells (Ishikawa et al., 2015), and inner ear stem cells (Li 
et al., 2003) have all been studied in this regard. However, 
since the use of ESCs and NSCs is limited by various ethical 
and logistical constraints, adult peripheral tissues provide 
a more easily studied, alternative source of stem and pro-
genitor cells. Adipose tissue provides a source of stem cells 
that can be easily obtained via lipoaspiration. Furthermore, 
adipose tissue-derived stem cells (ADSCs) have the ability to 
self-renew and can differentiate alongside several lineages of 
mesenchymal tissue, including adipocytes, osteoblasts, my-
ocytes, chondrocytes, endothelial cells, and cardiomyocytes 
(Zuk et al., 2002; Gimble et al., 2007). ADSCs may also be 
induced into neurospheres, neural stem cell-like cells, and 
functional neural cells in vitro (Nagase et al., 2007; Jang et 
al., 2010; Zhang et al., 2014).

In the present study, we transplanted neural induced-hu-
man ADSCs (NI-hADSCs) into the inner ear of the deaf 
guinea pig and investigated whether NI-hADSCs have the 
potential to not only regenerate or replace the lost SGNs, but 
also to promote recovery of hearing ability.

Materials and Methods 
Preparation of hADSCs and in vitro neural induction
According to the protocol described in our previously pub-
lished study (Jang et al., 2010), we cultured hADSCs and dif-
ferentiated them into NI-hADSCs, which have the potential 
to become functional neuronal cells when supplemented with 
basic fibroblast growth factor (bFGF; Invitrogen, Carlsbad, 
CA, USA) and forskolin (Sigma-Aldrich. St. Louis, MO, USA) 
in vitro. Fat tissue (50–100 µL) from the human earlobe, 
which could easily be taken during inner ear operations, was 
obtained from seven healthy donors 7–20 years of age ac-
cording to the guidelines established by the Ethics Committee 
of the Chonnam National University Medical School (IR-
B:I-2009-03-016). The donors provided the written informed 
consent. There were no significant differences in fat tissue 
between children and adults. Human ADSCs were grown as 
adherent cultures in Dulbecco’s modified Eagle’s medium 
(Hyclone, Logan, UT, USA) with 10% fetal bovine serum 
(Hyclone) and 1% penicillin-streptomycin (Hyclone) in an 
incubator with 5% CO2. The cells were incubated with bFGF 
and forskolin for 2 weeks for neural induction and were then 
confirmed to have the function of neuron-like cells through 
molecular and immunocytochemical analyses.

Immunocytochemistry 
After 2 weeks of neural induction, immnucytochemical 
determination of cell type-specific markers in hADSCs 
and NI-hADSCs was performed as previously described 
(Jang et al., 2015b). Cells were fixed for 15 minutes with 4% 
paraformaldehyde (Sigma-Aldrich) in phosphate-buffered 
saline (PBS; Amresco Inc., Solon, OH, USA) and blocked for 
20 minutes with 0.5% Triton X-100 (Sigma-Aldrich) con-
taining 10% normal goat serum (Vector Laboratories Inc., 

Burlingame, CA, USA) in PBS. The cells were then incubated 
for 2 hours in antiserum diluted in PBS at 1:300 for rabbit 
anti-neurofilament L polyclonal antibody (NFL), 1:300 for 
rabbit anti-neurofilament M polyclonal antibody (NFM), 
and 1:300 for rabbit anti-neurofilament H polyclonal an-
tibody (NFH). These primary antibodies were purchased 
from Millipore (Billerica, MA, USA). After washing three 
times with PBS for 15 minutes each, appropriate biotinylated 
goat anti-rabbit IgG secondary antibody and VECTASTAIN 
ABC kits (Vector Lab, Burlingame, CA, USA) were used, and 
the immunoreaction was visualized with diaminobenzidine 
(Sigma-Aldrich). Staining was observed using a Zeiss AXIO 
Vert.A1 inverted microscope (Carl Zeiss, Jena, Germany). 

Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis
To analyze the relative expression of different mRNAs be-
tween primary hADSCs and NI-hADSCs, RT-PCR analysis 
was performed after 2 weeks of neural induction as previ-
ously described (Jang et al., 2015a). Total RNA was extracted 
from cultured hADSCs using the TRI reagent (Takara Bio 
Inc., Shiga, Japan), and cDNA was synthesized using a Re-
verse Transcription System (Takara Bio Inc.). Amplification 
was carried out at 94°C for 2 minutes, followed by 35 cycles 
at 94°C for 1 minute, at appropriate annealing temperatures 
for each primer for 1 minute, and at 72°C for 1 minute. The 
forward and reverse PCR oligonucleotide primers chosen to 
amplify the cDNA are listed in Table 1. RT-PCR products 
were separated via electrophoresis using 2% agarose gels 
(Sigma-Aldrich). The amount of cDNA was normalized 
based on signals from the ubiquitously expressed β-actin in 
order to analyze the relative expression of different mRNAs. 
The density was quantified using ImageJ software (Jang et 
al., 2015a).

Animal model and NI-hADSCs transplantation 
All procedures involving animals were approved by the In-
stitutional Animal Care Committee of Research Institute 
of Medical Science at Chonnam National University and 
the Ethics Committee of the Chonnam National University 
Medical School, Republic of Korea. Sixteen guinea pigs were 
used and equally randomized to two groups: transplantation 
(NI-hADSCs were transplanted into the injured cochleae) 
and control groups (Hank’s balanced salt solution (HBSS; 
Hyclone, Logan, UT, USA) was injected into the injured 

Table 1 Sequence of PCR primers

Gene Sense (5′–3′) Antisense (5′–3′)
Product 
size (bp)

Ngn1 CCG ACG ACA CCA 
AGC TCA

GGA ATG AAA CAG 
GGC GTT

336

Math1 GTG GTA GAC GAG 
CTG GGC TGC

TTC CCC TCC GCT 
GGG CGT TTG

260

Hash1 CCA ACT ACT CCA 
ACG ACT TG

GAA AGC ACT AAA 
GAT GCA GG

218

β-Actin GGA CTT CGA GCA 
AGA GAT GG

AGC ACT GTG TTG 
GCG TAC AG

234
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cochleae).
All deafening procedures were conducted 7 days prior 

to stem cell transplantation as described in our previous 
study (Jang et al., 2015b). Guinea pigs had normal audito-
ry function, which was confirmed by measuring auditory 
brainstem responses (ABRs) to broad click stimuli. Under 
general anesthesia with sodium pentothal (45 mg/kg, intra-
peritoneal injection, JW Pharmaceutical, Korea), the right 
postauricular region of each guinea pig was shaved and 
sterilized with 70% ethanol. The animal was then placed 
on a heating pad (37°C), and the right bulla was exposed 
and opened to visualize the basal cochlea. A small hole 
was made into the scala tympani using a dental burr at the 
most basal cochlear turn. To induce deafening, 5% neomy-
cin solution (Sigma-Aldrich) was then administered with 
a Hamilton syringe (Hamilton Company, Reno, NV, USA) 
and infusion pump (KD Scientific Inc., Holliston, MA, 
USA) at the speed of 2 µL/min. This procedure generally 
causes severe loss of SGNs. 

For the transplantation of NI-hADSCs, guinea pigs were 
anesthetized and placed on a heating pad to maintain body 
temperature at 37–38°C. A postauricular approach was uti-
lized to expose the tympanic bulla following the deafening 
procedure and a stereomicroscope (Carl Zeiss, Jena, Ger-
many) was used to visualize the cochlea. A 6-µL volume of 
HBSS or disaggregated NI-hADSCs, at a concentration of 1 
× 104 cells/µL in HBSS, was delivered at the speed of 2 µL/
min through the hole in the scala tympani using a Hamil-
ton syringe and infusion pump. The needle of the Hamilton 
syringe was kept in the inner ear for 10 seconds to prevent 
the NI-hADSCs from flowing out. The hole was plugged 
with connective tissue, the round window was sealed with 
adherent agents, and the incision was approximated with 
sutures.

Immunohistochemistry and hematoxylin-eosin staining
Immunohistochemistry and hematoxylin-eosin staining 
were performed 8 weeks after transplantation. The animals 
were given an overdose of pentobarbital (200 mg/kg of body 
weight, intraperitoneal injection, JW Pharmaceutical) and 
perfused intracardially with PBS followed by 10% neutral 
buffered formalin (NBF; Merck, Australia). The injured co-
chleae were carefully removed, trimmed, fixed in 10% neu-
tral-buffered formalin (NBF) overnight, and decalcified for 
16 hours in 10% EDTA in NBF according to the previously 
described procedure (Jang et al., 2015b). The decalcified co-
chleae were then embedded in paraffin wax and subsequent-
ly sliced into 3-µm-thick serial paramodiolar sections. The 
sections were mounted on glass slides, and the morphology 
of the surviving cells was observed using hematoxylin and 
eosin (Sigma-Aldrich) staining. Representative sections were 
used for fluorescent immunohistochemistry.

Immunohistochemistry was then conducted to detect the 
transplanted cells in the spiral ganglion. After blocking in 
0.5% Triton X-100 containing 10% normal goat serum in 
PBS, the sections were incubated with mouse anti-human 
nuclei monoclonal antibody (1:300), rabbit anti-micro-

tubule-associated protein 2 (MAP2) polyclonal antibody 
(1:300), and rabbit anti-NFH polyclonal antibody (1:300) 
at 4°C overnight. Then, the sections were incubated with 
secondary antibodies at room temperature for 1 hour which 
were used to visualize primary antibodies. Secondary anti-
bodies used throughout this procedure were: FITC-conjugat-
ed goat anti-mouse IgG antibody (1:300), FITC-conjugated 
goat anti-rabbit IgG antibody (1:300), Alexa Fluor 546-con-
jugated goat anti-rabbit IgG antibody (1:300), and Alexa 
Fluor 546-conjugated goat anti-mouse IgG antibody (1:300). 
Primary antibody was omitted from the reaction series as 
a means of negative control. All antibodies were purchased 
from Millipore (Billerica, MA, USA) and all images were 
acquired using a Zeiss LSM 700 confocal microscope (Carl 
Zeiss). 

ABR threshold recording
ABR thresholds were recorded as described in our previously 
published study (Jeong et al., 2014). ABR testing was con-
ducted in a sound-attenuated, electrically shielded booth un-
der anesthesia. The stimulus presentation, ABR acquisition, 
equipment control, and data management were coordinated 
using a computerized Navigator SE evoked potential system 
(Bio-logic Systems Corp., Mundelein, IL, USA). ABRs were 
recorded using three silver needle electrodes placed subder-
mally over the vertex (active) and the bilateral retroauricular 
region (ground and reference) of each guinea pig. For click-
evoked ABRs, alternative click sounds (150–3,000 kHz, stim-
ulation rate 11/s, stimulation frequency 1,024) were present-
ed to evoke an ABR, and the intensity of the stimulus varied 
in 10 dB stepwise decrements from 90 dB. An evoked poten-
tial system was used to measure the threshold of the ABR. 
To measure the 8 kHz pure tone-burst ABRs, the intensity of 
the stimulus varied in 5 dB stepwise decrements from 80 dB. 
The hearing status of all guinea pigs was assessed by mea-
surement of click-evoked and 8 kHz pure tone-burst ABRs. 
ABR thresholds were examined prior to neomycin exposure 
and at 2, 4, 6, and 8 weeks following transplantation. Prior 
to deafening, all animals exhibited responses at thresholds 
equivalent to less than 10 dB of peak sound pressure level, 
representing hearing in the normal range. The deafening 
process was considered to be successful if no ABR was de-
tected at an intensity of 80 dB.

Cell counting and statistics 
For quantification of the number of SGNs, midmodiolar 
sections were stained with hematoxylin and eosin. Trans-
planted cells identified by positive immunoreactivity to 
human nuclei antibody were also counted in the inner ear 
in which the NI-hADSCs had been engrafted. The fraction 
of SGNs that were immunopositive was examined in dou-
ble-blind fashion by superimposing a 100 × 100-µm2 box on 
the spiral ganglion image and counting the number of cells 
within each box. One-way analysis of variance (Bonferroni 
post hoc comparison) was used to analyze the differences 
between groups, with P < 0.05 being considered significant. 
All values are expressed as the mean ± SEM.
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Results
Human ADSCs underwent neurogenic differentiation in 
vitro
Human ADSCs were differentiated into the neurogenic lin-
eage using our established protocol (Jang et al., 2010), and 
then assessed for the expression of neuronal markers. The 
majority of NI-hADSCs showed the morphological char-
acteristics of neurons following neurogenic induction with 
bFGF and forskolin. The cytoplasm of the flat ADSCs re-
tracted toward the nucleus, resembling a neuron-like soma, 
and the cells exhibited bipolar or multipolar morphology 
with branched processes. NI-hADSCs expressed positive im-
mnuoreactivities to mature neuronal markers such as NFL, 
NFM, and NFH (Figure 1).

In addition, the expression of neuronal transcription fac-
tors was evaluated using RT-PCR. Neurogenin 1 (Ngn1), 
Math1, and Hash1 are known to be expressed in neuronal 
precursors during development of the nervous system and 
promote neuronal differentiation (Kageyama et al., 1997). 
The mRNA expressions of Ngn1, Math1, and Hash1 are 
significantly increased in NI-hADSCs when compared with 
those observed in primary hADSCs (Figure 2). 

Survival and localization of NI-hADSCs after
transplantation
We then assessed the potential for regeneration of SGNs 
by grafting NI-hADSCs into the animal model. To destroy 
the SGNs, neomycin was injected into the scala tympani in 
the most basal turn of the cochlea. Seven days after this in-
jection, NI-hADSCs were grafted into the same area of the 
damaged cochlea. 

In HBSS-injected control animals, neuronal degeneration 
and a decreased number of cell bodies were observed in the 
spiral ganglia (Figure 3). In NI-hADSC-engrafted animals, 
however, a significant increase (P < 0.01) was observed in 
the number of cell bodies in the spiral ganglia 8 weeks af-
ter NI-hADSC transplantation (Figure 3). The engrafted 
NI-hADSCs were found in the guinea pig cochleae up to 8 
weeks after stem cell transplantation. At 8 weeks after trans-
plantation, cells that were immunoreactive for human-spe-
cific anti-nuclei antibody were found in the spiral ganglia 
(Figure 4). To further validate the fate of the transplanted 
cells, double staining was conducted using anti-human nu-
clei antibody to specifically identify NI-hADSCs and tissue 
type-specific markers (NFH and MAP2) in the guinea pig 
cochlea. The transplanted human nuclei-positive cells locat-
ed in the SG were observed to express NFH and MAP2 (Fig-
ure 4), which is a neuronal cell-specific marker, suggesting 
differentiation of the transplanted cells into neuronal cells. 

Hearing improvement after NI-hADSCs transplantation
In the present study, we investigated the potential thera-
peutic effect of NI-hADSCs in an experimental model of 
neomycin-induced hearing loss. To evaluate the effects of 
NI-hADSC transplantation on the restoration of hearing in 
animals, we tested ABR thresholds, which were evoked by 
either click or 8 kHz pure tone-burst stimuli. Assessments 

were conducted prior to hearing loss and every 2 weeks af-
ter transplantation. All experimental animals in this study 
exhibited normal hearing with ABR thresholds of 0 ± 10 dB 
prior to hearing loss. After deafening procedure, the guinea 
pigs were shown to be profoundly hearing impaired, display-
ing almost no response to 80 dB of clicks or tone burst. This 
condition was maintained for up to 8 weeks in HBSS-inject-
ed control group (Figure 5A). Following transplantation of 
NI-hADSCs, progressive improvements in hearing as mea-
sured by ABR thresholds were observed for 8 weeks (Figure 
5). Eight weeks after stem cell administration into damaged 
cochleae, the ABR thresholds were decreased from 76.11 ± 
3.80 dB to 45 ± 5.04 dB to click evoked stimuli or from 77.10 
± 2.12 dB to 56.66 ± 9.27 dB to 8 kHz pure tone-burst stim-
uli in NI-hADSC transplantation group (Figure 5B).

Discussion
In the present study, hADSCs induced toward neurogenic 
differentiation were transplanted into an animal model of 
hearing impairment and the following results were obtained: 
(1) The number of cells in the damaged SG increased fol-
lowing transplantation of NI-hADSCs compared with the 
number observed in HBSS-injected control group; (2) hu-
man nuclei-positive cells were localized in the SG region and 
expressed neuronal markers; (3) improvements in hearing 
ability were observed in the NI-hADSCs-injected group over 
the 8-week period after transplantation. 

Stem cell therapy is one of the most promising ways of 
treating hearing impairment; it aims to replace damaged 
or degenerated cells with healthy functional ones. Earlier 
studies have shown that transplantation of undifferentiated 
MSCs into the inner ear serves to repair injured cochlear 
fibrocytes in animal models of mitochondrial toxin-induced 
acute sensorineural hearing loss (Kamiya et al., 2007) and 
improve cell survival in the modiolus of ouabain-treated 
cochleae (Matsuoka et al., 2007). NSCs transplanted into the 
sound-damaged scala tympani of animal models have been 
reported to survive and express markers of hair cells and 
SGNs (Parker et al., 2007). More recently, transplantation 
of otic progenitor cells differentiated from human ESCs has 
been observed to improve auditory-evoked response thresh-
olds in a model of auditory neuropathy (Chen et al., 2012).  

ADSCs are of particular clinical interest among the various 
types of stem cells because they can be easily isolated from 
the patient’s own adipose tissue. We previously reported 
on the ability of bFGF and forskolin to induce neurogenic 
differentiation of hADSCs (Jang et al., 2010). Ngn1, Math1, 
and Hash1 are known as basic helix-loop-helix transcrip-
tion factors that promote neuronal differentiation (Kageya-
ma et al., 1997) and Ngn1 is reported to be initially ex-
pressed in developing SGNs (Lu et al., 2011). In this study, 
the mRNA expressions of these neuronal transcription 
factors were significantly increased following neurogenic 
induction. 

The objective of this study is to demonstrate the scien-
tific basis of NI-hADSC transplantation as a therapeutic 
approach that may lead to recovery of hearing in deaf 
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mammals. The application of neomycin to the inner ear is 
a well-known method of inducing the death of or reducing 
the number of hair cells or spiral ganglion cells (Jang et al., 
2015b). In this study, the number of SGNs in NI-hADSC 
transplantation group increased than that in the HBSS-in-
jected control group. Furthermore, the injected NI-hADSCs, 

which were positive to human-specific anti-nuclei antibody, 
were found in the SG area and observed to express neuronal 
markers including NFH and MAP2. These results indicate 
that a number of NI-hADSCs migrate to the SG region and 
differentiate into neuronal cells, replacing lost or damaged 
neural cells in the SG. Previous studies suggested that SGN 

Figure 1 In vitro neurogenic differentiation of human adipose tissue-derived stem cells (hADSCs).
Human ADSCs were induced to differentiate into neurons through supplementation with basic fibroblast growth factor and forskolin. Immunocy-
tochemistry revealed that the immunoreactivities of neurofilament-L (NFL), neurofilament-M (NFM), and neurofilament-H (NFH) in neural-in-
duced hADSCs (NI-hADSCs) were increased when compared with levels observed in primary hADSCs. Scale bars: 20 µm.

Figure 2 Reverse transcription-polymerase chain reaction 
(RT-PCR) for neuronal transcription factors in human 
adipose tissue-derived stem cells (hADSCs).
mRNA expressions of neuronal transcription factors in 
primary hADSCs and NI-hADSCs were determined after 2 
weeks of neural inductions. (A) RT-PCR data demonstrate 
that the expression of mRNA for neuronal transcription 
factors, Neurogenin 1 (Ngn1), Math1, and Hash1 is in-
creased following neurogenic differentiation. (B) The 
intensity of each gene was normalized to that of β-actin, 
and these results were repeated at least three times. **P < 
0.01, vs. primary hADSCs. One-way analysis of variance 
(Bonferroni post hoc comparison) was used to analyze the 
differences between groups. All values are expressed as the 
mean ± SEM. NI-hADSCs: Neural induced-human adipose 
tissue-derived stem cells. 

Figure 3 Hematoxylin-eosin staining of the injured 
cochlea after transplantation of neural induced-human 
adipose tissue-derived stem cells (NI-hADSCs). 
Hematoxylin-eosin staining was performed 8 weeks after 
transplantation. (A) Cross-sections through the basal turn 
of the cochlea, shown above, include boxes around the spi-
ral ganglion regions, which are shown at higher magnifica-
tion. In the Hank’s balanced salt solution (HBSS)-injected 
control guinea pig, severe loss of spiral ganglion neurons 
(SGNs) was observed. However, a relatively increased num-
ber of SGN cells was observed in the NI-hADSCs-engrafted 
animal. Scale bars: 100 µm. (B) Quantification of SGNs 
demonstrates that the cochleae of NI-hADSCs-engrafted 
animals exhibit a significant increase in the number of cell 
bodies when compared to the cochlea of HBSS-injected 
control animals (n = 8, **P < 0.01). All values are ex-
pressed as the mean ± SEM. One-way analysis of variance 
(Bonferroni post hoc comparison) was used to analyze the 
differences between groups. 
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Figure 4 Localization and differentiation of transplanted neural induced-human adipose tissue-derived stem cells (NI-hADSCs).
Immunohistochemistry 8 weeks after NI-hADSCs transplantation. (A) Transplanted NI-hADSCs stained with human nuclei (hNuclei: green) were 
found in the spiral ganglion region and were double stained with neurofilament-H (NFH; red), and results were merged, displayed in yellow. (B) 
Transplanted NI-hADSCs (red) were stained with microtubule-associated protein (MAP2: green). Merged results are shown in yellow. Scale bars in 
A, B: 20 µm. (C) Quantification of neuronal cells (NFH, MAP2) and transplant-derived cells (hNuclei) in the spiral ganglion region indicates that 
NI-hADSCs have the capacity not only to survive in the spiral ganglion region, but also to replace the spiral ganglion neurons in the damaged inner 
ear (n = 8). All values are expressed as the mean ± SEM. One-way analysis of variance (Bonferroni post hoc comparison) was used to analyze the 
differences between groups. 

Figure 5 Auditory brainstem response (ABR) threshold change 
in deaf guinea pigs after transplantation of neural induced-
human adipose tissue-derived stem cells (NI-hADSCs).
(A) The ABR thresholds for click and pure tone-burst were not 
recovered over the 8-week period in the Hank’s balanced salt 
solution (HBSS)-injected control animals. However, the hearing 
ability in the NI-hADSCs-transplanted guinea pig gradually in-
creased over the same period, and the animals showed response to 
about 45 dB of click-evoked ABRs and 57 dB of tone-burst ABRs. 
(B) The average thresholds of click- (closed circle) and tone-burst 
(opened circle) ABR were recorded for 8 weeks after NI-hADSC 
transplantation (n = 8). NI-hADSC transplantation significantly 
decreased ABRs for click and tone stimuli in a time-dependent 
fashion (##P < 0.01) when compared with the HBSS injection 
alone (**P < 0.01). All values are expressed as the mean ± SEM. 
One-way analysis of variance (Bonferroni post hoc comparison) 
was used to analyze the differences between groups. W: Week(s).
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in the injured cochleae provide a more permissible environ-
ment than do normal cochleae for stem cells to survive and 
migrate to the injured tissue (Sekiya et al., 2006) and that 
neuronal differentiation is enhanced in injured cochleae 
when compared with normal cochleae (Hu et al., 2005). Our 
results were consistent with the results of these studies. This 
suggests that the NI-hADSCs can adapt to the cochlear en-
vironment and gives hope for treatment of damaged cochlea 

and sensorineural hearing loss. 
The ultimate goal of the type of stem cell therapy presented 

in the study is not only replacement of SGNs, but also resto-
ration of hearing ability following damage to the area. In the 
present study, the decreased average ABR thresholds for click 
and pure tone stimuli indicate that NI-hADSCs transplan-
tation is an effective therapeutic approach for sensorineural 
hearing loss. This significant recovery demonstrated in animal 
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models might make such stem cell therapies more attractive 
to hearing-impaired patients. Since the presence of some 
SGNs is recognized to enhance cochlear implant function, 
supporting or replacing the SGNs using NI-hADSCs would 
also improve the therapeutic effect of cochlear implantation 
(Coleman et al., 2007; Boulet et al., 2016).

In conclusion, this study demonstrates that NI-hADSCs 
have the ability to replace the damaged SGNs and promote 
restoration of hearing function in an animal model of hear-
ing impairment. In addition, these results could enhance 
further research regarding the development of stem cell-
based therapies for hearing impairment.
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