lular atrophy and a reduction in the number of mitochon-
dria, exclusively in spiral ligament fibrocytes.®” In the
otospiralin-deficient mouse, degeneration of type Il and
IV fibrocytes is the main pathological change, and hair
cells and the stria vascularis appear normal.® Further-
more, in mouse and gerbil models of age-related hearing
loss 810 degeneration of the cochlear fibrocytes pre-
cede the degeneration of other types of cells within the
cochlea, with notable pathological changes seen espe-
cially intype I, IV, and V fibrocytes. In humans, mutations
in the connexin 26 (Cx26) and connexin 30 (Cx30) genes,
which encode gap junction proteins and are expressed in
cochlear fibrocytes and nonsensory epithelial cells, are
well known to be responsible for hereditary sensorineural
deafness.’'2 These instances of deafness related to
genetic, structural, and functional alterations in the co-
chlear fibrocytes highlight the functional importance of
these fibrocytes in maintaining normal hearing.
Recently, we developed an animal model of acute
sensorineural hearing loss attributable to acute cochlear
energy failure by administering the mitochondrial toxin
3-nitropropionic acid (3NP) into the rat round window
niche.’™' 3NP is an irreversible inhibitor of succinate
dehydrogenase, a complex Il enzyme of the mitochon-
drial electron transport chain.'®'® Systemic administra-
tion of 3NP has been used to produce selective striatal
degeneration in the brain of several mammals.’”'® Qur
model with 3NP administration into the rat cochlea
showed acute sensorineural hearing loss and revealed
an initial pathological change in the fibrocytes of the
lateral wall and spiral limbus without any significant dam-
age to the organ of Corti or spiral ganglion. Furthermore,
depending on the dose of 3NP used, these hearing loss
model rats exhibited either a permanent threshold shift or
a temporary threshold shift. In the present study, we used
doses of 3NP that induce temporary threshold shift to
explore the mechanism of hearing recovery after injury to
the cochlear fibrocytes and examined a novel therapeutic
approach to repair the injured area using mesenchymal
stem cell (MSC) transplantation. ,
MSCs are multipotent cells that can be isolated from
adult bone marrow and can be induced to differentiate
into a variety of tissues in vitro and in vivo.'® Human MSCs
transplanted into fetal sheep intraperitoneally undergo
site-specific differentiation into chondrocytes, adipo-
cytes, myocytes, cardiomyocytes, bone marrow stromal
cells, and thymic stroma.?° Furthermore, when MSCs
were transplanted into postnatal animals, they could en-
graft and differentiate into several tissue-specific cell
types in response to environmental cues provided by
different organs.?' These transplantability features of
MSCs suggested the possibility that they could restore
hearing loss in 3NP-treated rats to the normal range.
Recently, experimental bone marrow transplantation into
irradiated mice suggested that a part of spiral ligament
that consists of cochlear fibrocytes was derived from
bone marrow cells or hematopoietic stem cells.?? This
indicates that bone marrow-derived stem cells such as
MSCs may have a capacity to repair the injury of cochlear
fibrocytes. In this study, we demonstrate that MSC trans-
plantation significantly improves hearing recovery, and
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present evidence suggesting invasion of transplanted
MSCs into the injured region of the cochlear lateral wall
and repair of the interrupted gap junction network.

Materials and Methods

Rat Model of Acute Sensorineural Hearing Loss
Attributable to Cochlear Fibrocyte-Specific Injury

Experimental procedures reported in this study were ap-
proved by the Institutional Animal Care and Use Commit-
tee of the National Tokyo Medical Center. Sprague-Daw-
ley rats (Clea Japan, Tokyo, Japan) weighing between
180 and 210 g (8 to 10 weeks old) were used. Before
surgery, the animals were anesthetized with pentobarbi-
tal (30 to 40 mg/kg, i.p.; Dainippon Pharmaceutical,
Osaka, Japan), and after local administration of 1% lido-
caine (AstraZeneca PLC, London, UK), an incision was
made posterior to the left pinna near the external meatus.
The left otic bulla was opened to approach the round
window niche. The distal end of a section of PE 10 tubing
(Becton-Dickinson, Franklin Lakes, NJ) was drawn to a
fine tip in a flame and gently inserted into the round
window niche. 3NP (Sigma, St. Louis, MO) was dissolved
in saline at 300 mmol/L and the pH adjusted to 7.4 with
NaOH. Saline alone was used as a control. The solution
was administered for 2 minutes at a rate of 1.5 ul/minute
with a syringe pump. After treatment, a small piece of
gelatin was placed on the niche to keep the solution in the
niche regardless of head movement, and the wound was
closed. The right cochlea was surgically destroyed to
avoid cross-hearing during auditory brainstem response
(ABR) recording.

Auditory Brainstem Response

ABR recording was performed as previously described'®
before surgery and at 2 hours and 1, 2, 3, 7, 14, 21, 28,
35, and 42 days after surgery (or untit 14 days in the MSC
transplantation experiment). Six to 12 rats in each group
were used for the recordings. ABR was recorded using
Scope waveform storing and stimulus control software
and the PowerlLab data acquisition and analysis system
(PowerlLab2/20; AD Instruments, Castle Hill, Australia).
Electroencephalogram recording was performed using a
digital Bioamp extracellular amplifier system (BAL-1;
Tucker-Davis Technologies, Alachua, FL). Sound stimuli
were produced by a coupler type speaker (ES1spc; Bio
Research Center, Nagoya, Japan) inserted into the ear
canal. Pure tone bursts of 8, 20, and 40 kHz (0.2-ms
rise/fall time and 1-ms flat segment) were generated, and
the amplitude was specified by a real-time processor and
programmable attenuator (RP2.1 and PA5; Tucker-Davis
Technologies). Sound level calibration and frequency
confirmation were performed using a 1/4 inch free-field
mic (7016; ACO Pacific, Belmont, CA), microphone amp
(MAB; Tucker-Davis Technologies), a digital oscilloscope
(DS-8822P; Iwatsu Electronic, Tokyo, Japan), and a
sound level meter (NL32; Rion, Tokyo, Japan). The max-
imum output level was 87, 86, and 96 dB at 8, 20, and 40
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kHz, respectively. For recording, the animals were anes-
thetized with pentobarbital before stainless steel needle
electrodes were placed ventrolateral to the ears. Wave-
forms of 512 stimuli at a frequency of 9 Hz were aver-
aged, and the visual detection threshold was determined
by increasing or decreasing the sound pressure level in
5-dB steps. The effects of 3NP and/or MSC transplanta-
tion on the ABR threshold and recovery ratio of ABR
threshold (peak threshold — threshold at 14 days or 42
days/peak threshold X 100) were statistically analyzed at
each frequency using an unpaired Student’s t-test. The
significance level for all statistical procedures was set at
P < 0.05.

Bromodeoxyuridine (BrdU) Injection

To detect cell proliferation in the rat inner ear, BrdU
(Sigma) was injected (30 mg/kg i.p. per single injection)
as previously described.?® Injections were started just
after 3NP administration and continued every 12 hours for
3 or 6 days.

MSC Preparation

We previously established bone marrow MSCs and dem-
onstrate their potential to differentiate into several cell
types.2* The cells were prepared from 6- to 8-week-old
male F344 rats (Clea) as described. In brief, surgical
treatment was performed after intraperitoneal injection of
pentobarbital (30 to 40 mg/kg, i.p.). After surgery, the rats
were sacrificed by ether inhalation followed by disloca-
tion of the neck. Rat femurs and tibiae were collected and
the long bones meticulously dissected to remove all ad-
herent soft tissue. Both ends of the bones were cut away
from the diaphyses with bone scissors. The bone marrow
plugs were hydrostatically expelled from the bones by
inserting 18-gauge needles fastened to 10-ml syringes
filled with complete medium [Dulbecco’s modified Ea-
gle’s medium (Sigma), 10% fetal bovine serum (Sigma),
and 100 U/ml penicillin-streptomycin (Sigma)] into the
distal ends of the femora and the proximal ends of the
tibiae. Cells were plated on plastic culture dishes. The
nonadherent cell population was removed after 24 hours,
and the adherent layer was washed once with fresh me-
dia. The cells were then continuously cultured for 1 to 4
weeks in complete medium. Medium was completely
replaced every 3 days. When the cells were nearly con-
fluent, the adherent cells were released from the dishes
with  0.25% trypsin-ethylenediaminetetraacetic  acid
(Sigma), split 1:3, and seeded onto fresh plates. Cells
from passages 10 to 15 were stored with Cell Banker
reagent (Juji Field, Tokyo, Japan) in liquid nitrogen. The
frozen cell suspensions were thawed at 1 week before
the transplantation and cultured in complete medium at
37°C in a humidified atmosphere of 5% CO,. The poten-
tial of these cells as MSCs were previously demonstrated
as described.?* The surface marker expression of these
cells was analyzed by flow cytometry (Epics Altra with
HyPerSort cell sorting system; Beckman Coulter, Fuller-
ton, CA). At ~80 to 90% confluence, MSCs were disso-

ciated by treatment with 1X Accutase (Chemicon Inter-
national, Temecula, CA) for 15 minutes at 37°C followed
by phosphate-buffered saline (PBS) washout, centrifuga-
tion at 1200 rpm for 10 minutes, and resuspension in
Hanks’ balanced salt solution (HBSS)* medium [HBSS™
medium (Invitrogen Japan, Tokyo, Japan) with 2% fetal
bovine serum and 10 mmol/L 2-[4-(2-hydroxyethyl)-1-
piperazinyl]lethanesulfonic acid (HEPES) buffer (Invitro-
gen Japan)]. MSCs were incubated with antibodies
against CD45, CD31, CD29, CD44H, CD54, CD73, and
CD90 (BD PharMingen, San Diego, CA) for 30 minutes on
ice and spun down. At the end of the staining, MSCs were
resuspended in ice-cold HBSS™ medium containing 2
pg/mi propidium iodide for discrimination of dead cells.
To detect the MSCs after injection, cultured MSCs were
incubated with 5 umol/L BrdU for 2 days before trans-
plantation as previously described.?®

MSC Transplantation

Before transplantation, cultured MSCs were released
from the dishes with 0.25% trypsin-ethylenediaminetet-
raacetic acid and washed by centrifugation with Dulbec-
co’s phosphate-buffered saline (D-PBS; Invitrogen Ja-
pan) and resuspended to prepare MSC suspension (1 X
10° cells in 20 wl of D-PBS) for the following transplanta-
tion. Three days after 3NP administration, the rats were
anesthetized with pentobarbital (30 to 40 mg/kg, i.p.) and
by local administration of 1% lidocaine. Incisions were
made as described for NP administration, the surfaces
of the posterior and lateral semicircular canals were ex-
posed, and a small hole was made in each canal. A small
tube (Eicom, Kyoto, Japan) was inserted into the lateral
semicircular canal toward the ampulla. Through this tube,
the perilymph was perfused with an MSC suspension
(1 X 10° cells in 20 ul of D-PBS) for 10 minutes at a rate
of 2 ul/minute using a syringe pump with drainage from
the hole made on the posterior semicircular canal. The
tube was then removed, the holes on the semicircular
canals were sealed with a muscle and fibrin adhesive
(Beriplast P Combi-set; CSL Behring, King of Prussia,
PA), and the wound on the neck was closed. An equal
volume of vehicle (D-PBS) was also injected into the
semicircular canal of 3NP-treated rats as control.

Tissue Preparation

The rats were sacrificed at 3 days (three rats for 3NP and
three rats for saline control) and 42 days (five rats for 3NP
and three rats for saline control) after 3NP treatment and
11 days after MSC transplantation (12 rats for 3NP with
MSC transplantation, seven rats for MSC transplantation
only, and five rats for 3NP followed by vehicle injection).
They were deeply anesthetized with pentobarbital and
transcardially perfused with 0.01 mol/L phosphate buffer,
pH 7.4, containing 8.6% sucrose followed by a fixative
consisting of freshly depolymerized 4% paraformalde-
hyde in 0.1 mol/L phosphate buffer (pH 7.4). After de-
capitation, the left temporal bones were removed and
immediately placed in the same fixative. Small openings
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were made at the round window, oval window, and the
apex of the cochlea. After overnight immersion in fixative,
the temporal bones were decalcified by immersion in 5%
sucrose, 5% ethylenediaminetetraacetic acid, pH 7.4,
with stirring at 4°C for 14 days. The specimens were
dehydrated through graded concentrations of alcohol,
embedded in paraffin blocks, and sectioned into 5-um-
thick slices. The sections were stained with hematoxylin
and eosin (H&E) as generally described, by terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end labeling (TUNEL) and by immunohistochemistry for
BrdU, Cx30, or Cx26 as described below.

TUNEL Assay

TUNEL assays were performed using an ApopTag Fluo-
rescein Direct in situ apoptosis detection kit (Chemicon
International) according to the manufacturer’s instruc-
tions. In brief, specimens were digested with 20 ug/ml
proteinase K in 0.01 mol/L PBS, pH 7.4, for 5 minutes,
incubated with TdT and fluorescein-labeled nucleotide in
a humid atmosphere at 37°C for 1 hour, and then incu-
bated with 2 umol/L. TOPRO-3 iodide (Molecular Probes,
Eugene, OR) for 5 minutes. The specimens were viewed
with a confocal laser microscope (LSM510; Carl Zeiss,
Esslingen, Germany; or Radiance 2100; Bio-Rad, Her-
cules, CA), and each image was analyzed and saved by
ZeissLSM image browser (Carl Zeiss). Negative controls
included proteinase K digestion but did not include TdT
so that nonspecific incorporation of nucleotide, or non-
specific binding of enzyme-conjugate, could be as-
sessed. Distilled water was substituted for TdT enzyme
reagent in negative controls.

Immunohistochemistry

After pretreatment with 2 mol/L. HCI at 37°C for 30 min-
utes, incubation with 20 ng/ml proteinase K in PBS for 5
minutes, and incubation with blocking solution (1.5% nor-
mal goat serum in PBS) for 30 minutes at room temper-
ature, tissue sections were incubated with anti-BrdU an-
tibody (DAKO, Glostrup, Denmark) diluted 1:100 in PBS
for 30 minutes, then with biotin-conjugated anti-mouse
1gG (Vector, Burlingame, CA) diluted 1:200 in PBS for 30
minutes, followed by horseradish peroxidase (HRP)-con-
jugated streptavidin-biotin complex (streptABComplex-
HRP, Vectastain Elite ABC kit standard; Vector) for 1 hour
at room temperature. Sections were stained in DAB-H,0,
(Vector) for 3 minutes and hematoxylin for 1 minute and
then rinsed and covered with a coverslip. For BrdU and
TUNEL double staining, Alexa568-conjugated anti-
mouse IgG (1:600; Molecular Probes) was used as a
secondary antibody in the BrdU staining after the TUNEL
procedure. For double-staining of BrdU with Cx30 or
Cx26, rabbit anti-Cx26 (1:300; Zymed Laboratories,
South San Francisco, CA) or rabbit anti-Cx30 (1:400;
Zymed Laboratories) antibody and anti-BrdU antibody
were used as a primary antibody cocktail, and Alexa488-
conjugated anti-rabbit 1gG (1:400; Molecular Probes)
with Alexa568-conjugated anti-mouse IgG were used as
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a secondary antibody cocktail. For nuclear staining, TO-
PRO-3 iodide (2 mumol/L; Molecular Probes), 4,6-dia-
midino-2-phenylindole (1 ug/ml; Dojindo Laboratories,
Kumamoto, Japan) or propidium iodide (1 png/ml; Molec-
ular Probes) was used. Negative controls were per-
formed without primary antibodies to assess nonspecific
binding of the secondary antibody or of the streptAB-
Complex-HRP. Inner ear sections that were not injected
with BrdU were also used as negative controls. Back-
ground autofluorescence was not observed in the co-
chlear sections with the tissue preparation methods used
in the present study.

Results

Long-Term Observation of Temporary
Threshold Shift and Hearing Recovery after NP
Administration

We monitored ABR thresholds in 3NP-treated rats at 8,
20, and 40 kHz for 42 days after 3NP administration
(Figure 1, A-C) to examine the potential for hearing re-
covery. At all frequencies, the ABR thresholds peaked 1
day after 3NP administration and then gradually recov-
ered. At 8 kHz (n = 7), the threshold reached within a
normal threshold level (11 dB) 42 days after 3NP admin-
istration. However, the ABR threshold at 40 kHz showed
only a mild recovery after 14 days. The hearing recovery
ratio, which is described in Materials and Methods, was
calculated for each tested frequency (Figure 1D). At 14
days, the recovery ratios were 73.4 + 5.5% for 8 kHz (n =
11), 57.0 = 11.2% for 20 kHz (n = 11), and 37.5 £ 7.7%
for 40 kHz (n = 12). At 42 days, they were 97.2 + 9.4%
for 8 kHz (n = 7), 67.0 = 16.4% for 20 kHz (n = 7), and
32.3 £ 7.7% for 40 kHz (n = 7). Throughout the recovery
time course, the recovery ratios at the lower frequencies
always tended to be higher than those at the highest
frequency. At 42 days, the recovery ratio for 8 kHz was
significantly higher than that for 40 kHz (P = 0.005).
Between 14 and 42 days after 3NP administration, the
hearing level for 40 kHz did not show significant recovery,
but the recovery ratios for 8 and 20 kHz showed 24 and
10% increases, respectively.

Apoptosis and Regeneration of the Cochlear
Fibrocytes after SNP Administration

To analyze the pathological changes associated with the
acute hearing loss observed in the 3NP-treated rats, we
performed H&E staining and TUNEL reaction to detect
apoptosis. No histological changes were observed in the
organ of Corti and spiral ganglion of rats with 3NP ad-
ministration as shown in Figure 2, A and B. However,
severe apoptosis, with chromatin condensation and
apoptotic bodies, was observed only in the lateral wall
and the spiral limbus at 3 days after 3NP administration
(Figure 2, C and D). These severe apoptotic regions
included more than 30% TUNEL-positive or apoptotic
cells and were clearly demarcated as shown in Figure 2,
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E and F. These areas contain cochlear fibrocytes that
participate in the potassium recycling route within the
cochlea. The typical distribution pattern of TUNEL-posi-
tive cells after 3NP treatment is shown in Figure 2E, but a
few rats with more severe hearing impairment (with ~55
dB elevation of the ABR threshold) demonstrated more
prominent histological changes, with focal cell loss in the
center surrounded by TUNEL-positive cells (Figure 2, G
and H). On light microscopic observation of H&E-stained
sections, histological changes suggesting inflammation
were not evident in the lateral wall and spiral limbus. As
for cochlear turns, lateral wall in basal turn had more
severe damage than the middle turn as shown in Figure
4, G, |, and J, and the apical turn had little damage in the
lateral wall.

To analyze the mechanism of hearing recovery after
damage to the cochlear lateral wall, we performed a
BrdU incorporation assay in addition to the TUNEL assay
(Figure 3). BrdU-positive cells were observed mainly in
the lateral wall fibrocytes and occasionally observed in
spiral limbus, Schwann cells, and Reissner’'s membrane.
At 3 days after 3NP administration, the BrdU-positive cell
count around the area of apoptosis in the lateral wall was
6.2 = 0.7 cells (19 cross sections from three rats) com-
pared with 0.5 = 0.1 cells (12 cross sections from three
rats) for the control (Figure 3, A-C). Furthermore, a few
TUNEL-positive dying cells that take up BrdU were de-
tected, indicating that some fibrocytes that regenerated
after 3NP administration also became apoptotic 3 days
after 3NP administration (Figure 3C, arrow). To trace the
cells regenerated after the early injury, the rats were
continuously injected with BrdU during the first 6 days
after 3NP administration and sacrificed 42 days after 3NP
administration for detection of BrdU-positive cells. Few
TUNEL-positive cells were detected, but a number of
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BrdU-positive cells could be detected in the central part
of the lateral wall in the middle turn of the cochlea (Figure
3, D-F). At 42 days after 3NP administration, 2.6 + 0.8
BrdU-positive cells were detected in a cross section of
the lateral wall of the middle turn in 3NP-treated rats (26
cross sections from five rats) compared with 0.2 = 0.2
cells in saline-treated controls (12 cross sections from
three rats). In contrast, only a few BrdU-positive cells
were detected in the spiral limbus at 3 and 42 days after
3NP administration.

Characterization of MSCs

For the MSC transplantation into inner ear, we used rat
bone marrow-derived cells, which we previously estab-
lished and demonstrated their capacity for differentiation
as MSC.?* Flow cytometry of these MSCs before the
transplantation demonstrated surface expression of
CD29, CD44H, CD54, CD73, and CD90, but not of CD31
or CD45. This surface expression pattern was similar to
human and murine MSCs.%%:27

Transplantation and Detection of MSCs in the
Inner Ear Tissue

To improve the hearing recovery of high-frequency (40
kHz) sounds, we transplanted BrdU-labeled MSCs into
the inner ear of 3NP-treated rats using perilymphatic
perfusion with MSC suspension from the lateral semicir-
cular canal. Eleven days after transplantation, a number
of BrdU-positive cells were observed along the ampullary
crest surface facing the perilymph in the lateral semicir-
cular canal that was closest to the site of MSC injection
(Figure 4A, arrow), suggesting that the transplanted
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Figure 2. Apoptosis in the rat cochlea at 3 days after 3NP administration.
A-D: H&E staining of the cochlea. Severe focal apoptosis showing chromatin
condensation and apoptotic bodies (arrows) was observed in the lateral
wall (C) and the spiral limbus (D), whereas no morphological changes were
observed in the organ of Corti (A) and the spiral ganglion (B). E and G:
TUNEL staining (green) of the cochlea in rats showing moderate (~35 dB
elevation of ABR threshold for 8 kHz, E) and severe (~55 dB elevation of
ABR threshold for 8 kHz, G) hearing impairment. E: The areas of apoptosis
indicated by TUNEL-positive cells (arrows) were clearly demarcated in the
lateral wall and spiral limbus. Nuclei were stained by TOPRO-3. G: Acellular
areas (arrowheads) corresponded to the apoptotic areas in E, and severe
apoptosis was observed in the area around the acellular site (arrows).
Schematic illustration of the areas of apoptosis and cell loss in E and G are
shown in F and H, respectively. Areas of apoptosis including more than 30%
of TUNEL-positive cells or apoptotic cells are indicated in green, and areas of
loss of fibrocytes are indicated in gray. SL, spiral limbus; LW, lateral wall; OC,
organ of Corti. Scale bars = 50 um.

MSCs survived there even 11 days after injection. Some
of these BrdU-positive cells were attached to the surface
of the ampullary crest (Figure 4B, asterisk) and a number
of cells had invaded the tissue (Figure 4B, arrow) al-
though a few of the invading cells displayed morpholog-
ical features suggesting rejection by the host tissue. Ag-
gregations of MSCs were frequently observed on the
bone surface in the scala tympani (Figure 4, C and D). In
the apical part of the lateral wall facing the scala vestibuli,
a number of BrdU-positive cells were detected within the
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tissue (Figure 4E). These cells showed the morphological
features of pretransplantation MSCs, ie, large and round
(Figure 4F). Many BrdU-positive cells were also observed
in the middle part of the lateral wall (Figure 4G) injured by
3NP treatment. The shape of these MSCs resembled that
of the cochlear fibrocytes. In the hook region of the co-
chlea, a large number of BrdU-positive cells were also
detected in the area neighboring the lateral wall injury
(Figure 4, H and I). In the lateral wall of the middle turn,
BrdU-positive cells were occasionally observed without a
loss of fibrocytes in the corresponding area, suggesting
that the MSCs that had invaded the lateral wall supple-
mented the injured area to repair damage (Figure 4J). In
contrast to the lateral wall, only a few BrdU-positive cells
were detected in the spiral limbus (Figure 4K, arrow). No
morphological changes were observed in any cochlear
hair cells in every group.

We used 12 3NP-treated rats and seven nontreated
rats for BrdU-labeled MSC transplantation. BrdU-positive
cells were detected in all of the inner ear tissues of the
examined rats. Successful invasion of the lateral wall by
MSCs was observed in 6 of the 12 rats treated with 3NP
and one of the seven control rats (Table 1). Thus, the rats
with lateral wall injury had a higher rate of MSC invasion
of the lateral wall than those without injury. BrdU-positive
cells were counted in five cross sections of the cochlear
middle turn in each rat that showed invasion of MSCs into
the lateral wall after 3NP and MSC treatment, and the
approximate mean values of BrdU-positive cells ob-
served in a cross section of the cochlear middle turn
distributed between 11 and 15 in scala tympani, between
6 and 10 in apical part of lateral wall, middle part of lateral
wall, and scala vestibuli, less than one in spiral limbus,
and not detected in the organ of Corti and the spiral
ganglion.

Expression of Gap Junction Proteins in
Transplanted MSCs

To investigate the functional contribution of MSCs de-
tected in injured and uninjured areas of the lateral wall,
we analyzed expression of the gap junction proteins
Cx30 and Cx26 in the transplanted MSCs. Gap junctions
between cochlear fibrocytes play an important role in the
cochlear potassium recycling system, and breaks in the
gap junction network because of loss of fibrocytes are
thought to be a main cause of the 3NP-induced hearing
loss. In both normal and 3NP-treated rats, both Cx30 and
Cx26 had the same expression pattern in most fibrocytes
of the whole part of the lateral wall. Immunostaining for
Cx30 or Cx26 showed punctuate cytoplasmic staining
and strong spots of staining mainly at the sites of attach-
ment to adjacent fibrocytes (Figure 5, A-L). All of the
MSCs invaded into the lateral wall showed the expression
of Cx30 and Cx26. The expression patterns of Cx30 and
Cx26 in cochlear fibrocytes were the same between api-
cal part and middle part of lateral wall, but only the
invaded MSCs in the apical part of lateral wall showed
different expression patterns. The MSCs detected in the
apical part also expressed Cx30 and Cx26; however,
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Figure 3. Regeneration and apoptosis of rat cochlear fibrocytes after 3NP administration. Double staining of BrdU (red) and TUNEL (green) assay 3 days (A—C)
and 42 days (D-F) after 3NP administration. B and E: Schematic illustration for A and D. Green areas indicate the areas of apoptosis and red points indicate
BrdU-positive cells. C and F: Higher magnification of the squared areas in A and D. A BrdU- and TUNEL-double-positive cell (yellow) was also observed (arrow).
Nuclei (blue) were stained by TOPRO-3. SL, spiral limbus; LW, lateral wall; OC, organ of Corti. Scale bars = 50 pm.

expression of Cx30 was very weak (Figure 5, A-C), and
these cells did not show the punctate staining pattern at
the site of contact with neighboring fibrocytes suggestive
of gap junction connections (Figure 5C). Likewise, Cx26
staining spots at attachment sites to neighboring fibro-
cytes were not clearly observed (Figure 5, D-F). The
transplanted MSCs occasionally displayed a morphology
of dividing cell, suggesting that the MSCs can proliferate
after their invasion into the lateral wall (Figure 5B). In
contrast, within the middle part of the lateral wall near the
injured region, most of the BrdU-positive cells and neigh-
boring BrdU-negative fibrocytes strongly and similarly
expressed Cx30 in the cytoplasm (Figure 5, G-I). In this
area, Cx26 was also expressed by BrdU-positive cells in
a similar staining pattern to BrdU-negative neighboring
fibrocytes (Figure 5, J-L). BrdU-positive cells were ob-
served even in the area where fibrocytes were not found
(ie, the area without blue nuclear staining) and demon-
strated Cx26 expression at the tips of their cytoplasmic
processes (Figure 5, K and L; arrowheads). Moreover,
these cells occasionally showed a morphology of the
dividing cell (Figure 5, K and L; arrows). Nuclei of some
MSCs appeared small and irregular, but signs of apopto-
sis such as fragmentation of nuclei were not detected in
such MSCs. In addition, MSCs showed immunostaining
of both Cx30 and Cx26 not only in cytoplasm and cell
membrane but also in a part of nucleus, although these

proteins were not distributed in nuclei of normal cochlear
fibrocytes (Figure 5, C, F, |, and L).

A summary of the histological observations shown in
Figures 2, 4, and 5 and our hypothesis for the movement
of transplanted MSCs are represented in the schematic
illustration in Figure 6. In brief, after the perilymphatic
perfusion with MSC suspension, MSCs settled on the
surface of the scala tympani and the scala vestibuli within
the cochlea. The injuries to cochlear fibrocytes caused
by 3NP induced secretion of some chemokines from the
injured area. With these stimulating signals, MSCs in the
scala vestibuli invaded the lateral wall while maintaining
their round shape. Then these MSCs migrated toward the
injured area while maintaining the capacity for prolifera-
tion. The MSCs that reached the injured area continued to
proliferate and repaired the disconnected gap junction
network.

Acceleration of Hearing Recovery by MSC
Transplantation

To evaluate the effect of MSC transplantation on hearing
recovery in 3NP-treated rats, we monitored the ABR thresh-
olds for 2 weeks after 3NP administration. In rats in which
MSCs were transplanted without previous 3NP treatment
(Figure 7, A-C), no significant threshold shift was recorded,
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Table 1. Number of Rats in Which Mesenchymal Stem Cells
(MSCs) Were Observed in the Cochlear Tissue 11
Days after MSC Transplantation

Rats MSC Invasion into

tested survival lateral wall
3NP + MSC 12 12 6
MSC only 7 7 1
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Figure 4. MSCs prelabeled with BrdU and transplanted into the inner ear of
3NP-treated rats at 11 days after the transplantation. B, D, F, G, and I are
high-magnification images of the squared area of the left panels (A, C, E, and
H). A number of BrdU-positive cells were observed (A, arrows), and some
BrdU-positive cells were attached to the surface of the ampullary crest (B,
asterisk) or had invaded the tissue (B, arrow). An arrowhead indicates
BrdU-positive cells that appeared to be rejected by the recipient tissue. C and
D: In the scala tympani, a mass of MSCs (arrows) was observed on the bone
surface. In the cochlear lateral wall, MSCs were detected within the tissue (E,
asterisk indicates the injured area). A number of MSCs were detected in the
apical part of the lateral wall (F), and many MSCs were detected within the
injured area of the cochlear lateral wall (G, arrows). Hand It A large number
of BrdU-positive cells were detected near the injured area (asterisk) of the
lateral wall at the hook region of the cochlea. J and K: Immunofluorescent
staining of MSCs in the middle turn of cochlea. Only one MSC was observed
in the spiral limbus (K, arrow). Arrowheads indicate MSCs that appear to
be attached to the surface of the basilar membrane. Nuclei were stained with
propidium iodide (red). PL, perilymph; EL, endolymph; SV, scala vestibuli;
CD, cochlear duct; ST, scala tympani; LW, lateral wall; OC, organ of Corti.
Scale bars = 50 pum.

indicating that there was no significant hearing loss caused
by the transplantation operation itself. Of the 12 rats that
received MSC transplantation after 3NP treatment, the six
rats who demonstrated MSC invasion of the lateral wall by

3NP + MSC, rats in which MSC transplantation was performed 3
days after administration of 3NP; MSC only, control rats into which
MSCs were transplanted without previous 3NP administration; MSC
survival, the number of rats in which surviving MSCs were detected
within the cochlea; and invasion into lateral wall indicates the number
of rats showing MSC invasion into the lateral wall.

histological analysis, and thus were most likely to experi-
ence recovery of hearing, were selected for ABR data col-
lection. At 14 days after BNP administration, the ABR thresh-
olds both of rats receiving MSC transplantation after 3NP
treatment (SNP + MSC, n = 12 for 8 and 20 kHz and n = 7
for 40 kHz) and of 3NP-treated rats that demonstrated MSC
invasion of the lateral wall (3NP + MSC/LW, n = 6 for 8 and
20 kHz and n = 3 for 40 kHz) selected from 3NP 4+ MSC in
the following histochemical analysis were lower than those
of 3NP-treated rats without MSC transplantation (Figure 7,
A-C) for 8, 20, and 40 kHz. A remarkable decrease in the
ABR threshold at 40 kHz was detected in 3NP-treated rats
with MSC invasion of the lateral wall compared with the
3NP-treated group lacking transplantation at 14 days, al-
though little difference had been seen at 7 days (Figure 7C).
This result suggests that an even greater effect on the ABR
threshold by MSC transplantation may be expected with a
longer observation period. The 3NP-treated rats with MSC
transplantation also had higher recovery ratios than the
3NP-treated rats without MSC transplantation at all tested
frequencies 14 days after 3NP administration (Figure 7D).
Moreover, the rats with lateral wall invasion of MSCs tended
to show a higher recovery ratio than the other two groups.
The difference between the 3NP-treated rats showing inva-
sion of MSC into the lateral wall and 3NP-treated rats without
transplantation was greater for higher frequencies: at 40
kHz, the recovery ratio was significantly higher (~23%, P =
0.036) for the rats with lateral wall invasion of MSCs. To
examine the effect of surgical manipulation, an equal vol-
ume of vehicle (D-PBS) was also injected into the semicir-
cular canal of 3NP-treated rats as control. These control
experiments showed that the vehicle injection did not
change the time course of ABR thresholds at 8 kHz but
aggravated the ABR thresholds at 20 kHz at 7 days after
3NP administration and aggravated the ABR thresholds at
40 kHz at least at 7 and 14 days after BNP administration in
comparison with 3NP-treated rats with or without MSC
transplantation.

Discussion

Apoptosis and Regeneration of Cochlear
Fibrocytes in SNP-Treated Rats

In this study, we demonstrated that acute hearing loss
in rats treated with the mitochondrial toxin 3NP corre-
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Figure 6. A summary of the histological observations shown in Figures 2, 4,
and 5 and our hypothesis for the movements of the transplanted MSCs. The
transplanted MSCs are represented in red. Yellow arrows indicate the
hypothetical route of MSC migration to the injured area (a). Some MSCs (b)
formed a cell mass around the scala tympani. A number of MSCs (¢)
successfully invaded the lateral wall. The invading MSCs (d) proliferated in
the lateral wall. The MSCs that reached the injured area (e) continued to
proliferate and repaired the disconnected gap junction network. SV, scala
vestibuli; CD, cochlear duct; ST, scala tympani.

lated with a severe foci of apoptotic cochlear fibrocytes
in the lateral wall and spiral limbus, both of which are
indispensable to the potassium recycling system of the
cochlea. The active uptake and passive conductance
of K* by Na,K-ATPase and the gap junctions, respec-
tively, maintain the endocochlear potential of the en-
dolymph to generate acoustic depolarization of co-
chlear hair cells through a mechanically gated cation
channel.?® Furthermore, Na,K-ATPase is highly ex-
pressed in type Il fibrocytes located lateral to the spiral
prominence epithelium and suprastrial region.?® In the
case of a cochlear energy shortage induced by 3NP, it
is assumed that the active uptake of K* by Na,K-
ATPase would not continue but the passive conduc-
tance of K* via gap junctions would be maintained,
resulting in an overall decrease of cytosolic [K*] in a
part of the lateral wall and spiral limbus. Because
potassium deprivation is a well-known cause of apo-
ptosis,®° the apoptosis of the cochlear fibrocytes we
observed is likely because of low cytosolic [K™].

In the BrdU incorporation assay, active regeneration of
the fibrocytes was observed near the apoptotic area in
the lateral wall, suggesting that reconstruction of the
potassium recycling route by cellular regeneration led to
normalization of endocochlear potential and hearing re-
covery. Thus, regeneration of cochlear fibrocytes may be
an essential process for hearing recovery after acute
cochlear energy shortage (such as sudden hearing loss
attributable to inner ear ischemia). These spontaneously
regenerated cells are thought to be mainly generated by
the mitosis of cochlear fibrocytes around the injured area.
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However, the recent report suggests that bone marrow
cells also have the capacity to migrate into the lateral wall
and differentiate into the cochlear fibrocytes.??
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Figure 7. Hearing recovery after MSC transplantation. Thresholds of ABR for
8 (A), 20 (B), and 40 kHz (C) were recorded at 2 hours, 1 day, 2 days, 3 days,
7 days, and 14 days after 3NP administration. A—C: ABR thresholds are shown
for rats with 3NP administration only (3NP, black circle), rats with MSC
transplantation at 3 days after 3NP administration (3NP + MSC, blue trian-
gle), rats with MSC transplantation at 3 days after 3NP administration and
after histological confirmation of MSC invasion into the lateral wall (3NP +
MSC/LW, red square), rats with MSC transplantation without 3NP adminis-
tration (MSC, black square), and rats with vehicle injection (3NP + D-PBS,
green circle). D: Hearing recovery ratios were calculated from ABR recov-
ery thresholds at 2 weeks. The recovery ratios of 3NP + MSC rats (blue) and
3NP + MSC/LW rats (red) were higher than 3NP rats (black) at all frequen-
cies. *P < 0.05.
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Transplantation of MSCs Accelerated Hearing
Recovery

The 3NP-treated rats showed complete hearing recovery
at low frequencies; however, there remained a residual
hearing loss at higher frequencies. Considering that the
cochlear fibrocytes that were injured in this model are
mesenchymal in origin, we transplanted rat MSCs into the
cochlea to attempt to rescue the residual hearing loss.
We used MSCs, which we previously established and
demonstrated their potential as MSCs, and we further
confirmed the surface antigen expression of the cells
used for transplantation in flow cytometry, which showed
similar expression pattern to human and murine MSCs.
This suggests that the cells maintained the capacity as
rat MSCs at the moment of transplantation. Because
there is no barrier in the inner ear perilymph between the
cochlear and vestibular compartments, cells delivered
from the lateral semicircular canal by perilymphatic per-
fusion are considered to have reached the cochlea.
Within the perilymph of the cochlea, these cells presum-
ably spread through the scala vestibuli toward the apical
turn of the cochlea, and then, after passing through the
helicotrema where the scala vestibuli communicates with
the scala tympani, kept moving through the scala tym-
pani toward the basal turn. There is no other way in which
MSCs can spread within the cochlear perilymph.

Our study clearly demonstrates that rat MSCs were
successfully transplanted into the inner ear of 3NP-
treated rats by perilymphatic perfusion from the lateral
semicircular canal. A number of MSCs were detected on
the surface of the ampullary crest facing the perilymph
and some of them were detected within the tissue of the
ampullary crest, indicating that MSCs survived at least for
11 days after the perfusion and had maintained their
ability to invade and migrate into the inner ear tissue. A
small number of MSCs appeared to have been rejected
by the host tissue in the ampullary crest. This may be
attributable to differences between the F344 and
Sprague-Dawley rat strains used. In the cochlea, a num-
ber of MSCs formed cell masses on the surface of the
scala timpani, where the majority of the surrounding tis-
sue is bone tissue, suggesting that these MSCs did not
invade the cochlear tissue. In the scala vestibuli, a small
number of MSCs were also found attached to the surface
of the bone and the Reissner membrane. However, in the
apical part of the lateral wall, a number of MSCs were
observed within the tissue, suggesting that MSCs had
successfully invaded the lateral wall from the perilymph.
This area may be an optimum site for MSC invasion.

Furthermore, some of MSCs within the tissue appeared
to be undergoing mitosis and forming cell clusters, sug-
gesting that MSCs can proliferate in the injured lateral
wall to substitute for the fibrocytes lost through injury. Itis
likely that the MSCs that invaded the tissue from the
apical part of the lateral wall migrated to the injured area
in the middle part of the lateral wall. Invasion of MSCs into
the lateral wall was observed in half of the rats that had
3NP treatment and MSC transplantation but in only one of
seven rats that underwent only MSC transplantation,

demonstrating that rats with injury in the lateral wall had a
higher rate of MSC invasion than those without injury. The
approximate number of BrdU-positive cells in the whole
lateral wall with 3NP treatment and MSC transplantation
estimated from the immunostained cross sections is 3000
to 5000 cells in single cochlea, and it is 3 to 5% of total
cells transplanted by the cell perfusion. It is known that
transplanted stem cells are recruited to injury sites by
chemokines.®! Recently, we performed DNA microarray
analysis of the cochlear lateral wall RNAs in 3NP-treated
rats and found a significant increase in the expression of
the small inducible cytokine A2 gene encoding monocyte
chemoattractant protein 1 (MCP1, data not shown), which
has been reported as a chemokine that induces migra-
tion of neural stem cells.®2 This may suggests that the
MSC migration to the injured area of the lateral wall in this
study may also be induced by chemokines because most
MSCs were observed in the lateral wall in basal turn,
which had a prominent damage, but not in the apical turn.

One of the most important roles of the cochlear fibro-
cytes is potassium ion transport for the potassium recy-
cling system within the cochlea, and the gap junction
network is essential for ion movement in this system.
Thus, we analyzed the expression and distribution of the
gap junction proteins Cx30 and Cx26 after MSC trans-
plantation and found that some MSCs within the tissue in
the middle part of the lateral wall showed a distribution of
Cx30 and Cx26 similar to that of normal cochlear fibro-
cytes in the same part of the lateral wall. We also ob-
served that MSCs that had invaded the injured area had
processes that protruded toward neighboring fibrocytes
with condensed Cx26 expression at the tips of the pro-
cesses, suggesting that these cells invaded the injured
area and reconstructed a new gap junction network with
the remaining fibrocytes in the area. Moreover, these
cells occasionally showed a morphology of dividing cells,
suggesting that invading MSCs in the injured area could
still proliferate. On the other hand, MSCs observed in the
apical part of the lateral wall, which probably represented
newly invading MSCs, did not show gap junction connec-
tions with their neighboring fibrocytes. The MSCs forming
a cell cluster in this region had a round shape without
attachments to other fibrocytes, suggesting that these
MSCs may still have had stem cell potential and migra-
tory abilities and did not contribute to ion transport. Nu-
clear expression of connexins in MSCs may indicate that
such MSCs were not completely differentiated as co-
chlear fibrocytes. Nuclear expression of other connexins
has been reported in the other types of cells. 3335 Al-
though functional significance of nuclear expression of
connexins is primarily unknown, a recent study reported
that nuclear expression of connexins might exert effects
on gene expression and cell growth.3® In this study,
invasion of the injured lateral wall by MSCs was histolog-
ically confirmed in only 50% of the treated rats, but the
rate of MSC invasion of the target area could be improved
by using isogenic or autologous transplantation. Other-
wise, the addition of appropriate growth factors or con-
tinuous transplantation of MSCs may also improve the
rates of MSC invasion.
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A recent study reported that BrdU could be transferred
from prelabeled grafted bone marrow cells to host neu-
ronal precursors and glia.®” Because BrdU was used to
label MSCs in this study, the origin of BrdU-positive cells
detected in the cochlea after MSC transplantation needs
to be addressed. In the 3NP-treated rats without MSC
transplantation, regenerating fibrocytes were confined
around the area of apoptosis, which was clearly demar-
cated in the center of cochlear lateral wall. On the other
hand, in the 3NP-treated rats with MSC transplantation,
BrdU-positive cells were dispersed from the apical part to
the central part within the lateral wall. Furthermore, mor-
phology of BrdU-positive cells was different from neigh-
boring fibrocytes of host tissue in both the apical part and
the central part (especially in apical part as shown in
Figure 4F). These findings indicate that most of BrdU-
positive cells detected within the lateral wall were MSC-
derived cells. However, there remains a possibility that a
part of BrdU-positive cells around the area of apoptosis
may be regenerating fibrocytes taking up BrdU from
grafted MSCs. This question will be answered by future
studies using MSCs with stable expression of green flu-
orescent protein by transfection of lentivirus-green fluo-
rescent protein as donor cells.

In this study, we demonstrated that MSC transplanta-
tion into cochlea damaged by an acute energy shortage
caused a significant improvement in hearing. In particu-
lar, the recovery ratio of the ABR threshold at 40 kHz was
~23% higher in the 3NP-treated rats that showed inva-
sion of the lateral wall by MSCs than in 3NP-treated rats
without MSC transplantation. This hearing recovery is
thought to be caused by the supplement of fibrocytes
differentiated from transplanted MSCs in the lateral wall in
the basal and middle turn of cochlea. There may be an
alternative possibility that the invaded MSCs induced the
fibrocellular regeneration in the injured area in lateral
wall. In the cochlea, the apical turn receives low-fre-
quency sound and basal turn receives high-frequency
sound such as ultrasound at least 80 kHz in rat. The
cochlear region, which receives 40 kHz sound, in rat is
thought to be around middle to basal turn. In this study, a
number of BrdU-positive cells were found in the basal
turn including the hook region, as shown in Figure 4, and
this might result in the higher recovery ratio shown in 40
kHz. Without therapeutic intervention, the ABR thresholds
for 40 kHz showed no improvement between 14 and 42
days after 3NP administration, suggesting that hearing
loss for high-frequency sound was permanent. Thus, the
MSC transplantation proved to be an effective therapy for
this permanent hearing loss.

Because the vehicle injection instead of MSC suspen-
sion aggravated ABR thresholds at high frequencies,
accelerated hearing recovery by MSC transplantation
was considered to be induced by the effect of trans-
planted MSCs but not by the effect of surgical manipu-
lation. We assume that the aggravated ABR thresholds at
high frequencies may be caused by washout of secreted
growth factors within the perilymph. The difference in the
effects on ABR thresholds at high and low frequencies
may be explained by the distinct distances from the
semicircular canals where perilymphatic perfusion was
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conducted. It is likely that the washout effect of perilym-
phatic perfusion was bigger in the high frequency area
than in the low-frequency area because the high-fre-
quency area is located closer to the semicircular canals.

Recently, stem cell transplantation directly into the in-
ner ear has been reported in several animal experi-
ments®83%; however, data demonstrating successful im-
provement of hearing after these transplantations have
not been reported. In addition, few reports have shown
any convincing evidence that transplanted cells have
invaded the injured region and repaired the structure and
function. The failure to improve hearing in the previous
studies may be related to the surgical methods used to
deliver stem cells into the cochlea. In this study, we
transplanted MSCs by cell perfusion from the lateral
semicircular canal with drainage to the posterior semicir-
cular canal to minimize the surgical effects on the co-
chlea. This method is similar to a recently reported tech-
nique that demonstrated the integrity of hearing function
after delivery of stem cells to the inner ear*® and con-
firmed that the operation produced no significant hearing
defects in normal control rats.

Bone marrow MSCs have greater advantages for clin-
ical use in human patients than other multipotential stem
cells, such as embryonic stem cells because MSCs can
be collected from the patient’s own bone marrow for an
autologous transplantation with little physical risk, no re-
jection risk, and few ethical problems. In the present
transplantation, many MSCs were confirmed to have in-
vaded the lateral wall and to have contributed to recovery
of hearing loss despite transplantation between different
rat strains. Therefore, we expect that autologous trans-
plantation of bone marrow MSCs would be even more
effective in treating hearing loss caused by injuries to the
cochlear fibrocytes. In addition, significant improvement
of hearing by MSC transplantation between different rat
strains indicates a possibility of allogenic transplant.
Even temporary effects by allogenic transplant may
cause difference in the final outcome of hearing recovery
by promoting regeneration or viability of host fibrocytes
during acute period of injury.

This is the first report demonstrating that MSC trans-
plantation improves incomplete hearing recovery with
evidence that transplanted MSCs actually invaded
the injured area and contributed to the structural
reorganization of the injured cochlea. Cell therapy target-
ing regeneration of the cochlear fibrocytes may therefore
be a powerful strategy to cure sensorineural hearing loss
that cannot be reversed by current therapies.
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