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Abstract: To examine if transplantation of human umbilical cord mesenchymal stem cells (UMSC) into cochlea can
be used to repair sensorineural hearing. Here we transplanted the fifth and sixth generations of UMSCs through
the subarachnoid cavity of congenital deaf albino pigs. Auditory brainstem responses (ABR) were measured before
and after UMSC transplantation. Cochlear samples were collected at 2 hrs, 3 days, 1, 2, 3, 4 and 8 weeks after
transplantation. Immunohistochemistry was used to detect the proliferated cell nuclear antigen (PCNA). The UMSCs
were found in different regions of the cochlea, including the stria vascularis, the basal membrane and the spiral
ganglions, 3 days to 4 weeks after the transplantation. UMSCs and their DNA were found also in the areas of the
brain, the heart, the liver, the kidney and the lung. ABR tests displayed a new waveform in the congenital deaf albino
pigs after the UMSCs transplantation. We conclude that human UMSCs injected into the subarachnoid space can
migrate into the inner ear, the central nervous system and the periphery organs. The presence of UMSCs in the
cochlea maybe associated with changes of ABR waveforms in the congenital deaf albino pigs.

Keywords: Human umbilical cord mesenchymal stem cells (UMSC), pigs, subarachnoid cavity, auditory brainstem
response

Introduction Using stem cell transportation to replace the
damaged SGN and auditory nerves has poten-
tial to improve cochlear implant performance.
Given the fact that the auditory nerve and audi-
tory centre floats in the cerebrospinal fluid
(CSF) compartment, which communicates with
perilymph, we hypothesized that stem cell
transplanted into the CSF could enter into peri-
lymph, and subsequently come in contact with
and repair inner ear damage. CSF is important

Hearing loss or deafness is a severe disorder
affects people’s communication and quality of
life. Sensorineural hearing loss, commonly
caused by genetic dysfunction, ototoxic drugs,
noise exposure and aging, is induced by hair
cell loss [1]. The current option to restore pro-
found sensorineural hearing loss is cochlear
implant. Cochlear implant transfers mechani-
cal signals into electric signals and delivers

electrical pulse into auditory nerves to replace in the central nervous system to maintain the
the function of hair cells. The success of cochle- metabolism, protect brain tissue and adjust its
ar implant depends on the auditory nerves that pressure. 80% of the CSF is produced by the
receive and carry the electrical signals to the choroid plexuses in the brain ventricles. After
auditory brain for further speech processing formation, CSF flows down the channel from the
and recognition. However, cochlear implant has lateral ventricles to third ventricles, and contin-
limited benefit to the patients with impaired ue to flow through the cerebral aqueduct to the

auditory nerves. fourth ventricle, then it empties into the sub-
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Transplantation of UMSC

Figure 1. UMSCs isolated from human umbilical cord. A: The first day of tissue adherence. B: Twenty days of tissue
adherence (red star). C: Original UMSC of PO generation (20x); D: Original UMSC of PO generation (10x%); E: UMSC
of PO generation ready to be passage; F: Fusiform shaped UMSCs of P1 generation (bar = 100 um).

arachnoid space (SAS). CSF is absorbed from
the SAS into the blood via the arachnoid villi
which protrudes into the venus sinuses. In addi-
tion, CSF drains along the cranial nerves and
spinal roots, and enters into the lymphatics [2].
We hypothesize that stem cells transplanted in
the CSF may flow into the SAS and ultimately
get into the inner ear.
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We had previously described a congenital deaf
albino pig (Mitf-M -/-) found in Rongchang,
Chongqing, southwest of China. Unlike the wild-
type (Mitf-M +/+) counterparts with black hair,
the congenital deaf pigs have white hairs. The
genetically mutant pigs show profound sensori-
neural hearing loss, which comparable to
human Waardenburg syndrome type Il [3-5].
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Figure 3. The gene type (Mitf-M) tested by PCR (+/+,
wild-type swine; -/-, albino swine; +/-, heterozygous
swine).
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designed to test the hypothe-
sis that transplanted human
UMSCs may reach to the inner
ear. The success of the exper-
iment may help to find a use-
ful routine for stem cell trans-
plantation in order to repair
permanent hearing loss.

Materials and methods

Figure 2. Immunophenotyping
of P6 UMSCS by flow cytometry.
A: CD73 is positive; B: CD105
is positive; C: CD45 is negative;
D: CD31 is negative; E: Blank
control.

Human UMSC preparation

Umbilical cords were obtain-
ed from human between 12
to 24 hours after baby deliv-
ery. UMSCs were later iso-
lated from human umbilical
cord after twenty days of tis-
sue adherence. These UMSCs
were repeatedly cultured till the fifth or sixth
generation of cultured cells which showed uni-
formed swirl appearance (Figure 1). Immunop-
henotyping by flow cytometry showed that
these UMSCs expressed CD73 and CD105, but
not CD31 and CD34 markers (Figure 2).

Animals

Fifteen healthy Rongchang swine (3 months
old, 6-10 kg) have been used for this study:
ten congenital deaf albino swine (Mitf-M -/-)
and five wild-type swine (Mitf-M +/+). The ABR
waves of the wild-type Rongchang swine could
be evoked by clicks and tone-burst at 0.5, 1, 4,
8, 16 and 32 kHz. The albino Rongchang pigs
could not be evoked by clicks or tone-bursts
(0.5 to 32 kHz, 100 dB SPL). The gene type

Am J Transl Res 2016;8(12):5235-5245



Transplantation of UMSC

Table 1. Human UMSCs transplantation

surgically treated without injec-

Sacrificed Cells or

Group 1 time treatment

Group 2 time

Sacrificed

tion of any cells. Swine with nor-

Mz1 2 weeks

MZ2 4 weeks 1x10"7 Wz2 1 week

MZ3 2 weeks 5x10"6 Wz3 3 weeks
Mz4 1 week 3x10"5 Wz4 4 weeks
MZ5 8 weeks 5x10"5 Wz5 4 weeks
MzZ6 3 weeks 5x10"6

Mz7 3 days 6.6x10"6

Mz8 2 hours 1x10"6

Mz9 4 weeks D-hanks

MZzZ10 4 weeks only surgery

1x10"6 Wz1 2 hours

only surgery

Cells or i
treatment mal hearing were served as con-
6.5x10"6 trols. The animals vs{ere sapnﬁced

after deep anesthetized with pen-
6x10"6 ) _ with
1x1077 tobarbital at different time inter-

vals after UMSCs transplantation
D-hanks

at 2 hrs, 3 days, 1, 2, 3, 4 or 8
weeks. Cochlea, blood, bone mar-
row cells and other organs/tis-
sues including heart, liver, spleen,
kidney and lungs were collected.
Half of samples were frozen in lig-
uid nitrogen and the other half

Table 2. Engraftment in body tissues of swine
after transplantation

Tissue 3days 1week 3 weeks
Cochlea +/- + +/-
Heart +

Liver +

Spleen +

Lung . .
Kindey . . +
Cerebra +

Cerebella +/-

Cerestem

Spinal cord +/- + +
Vein blood

Bone marrow

(Mitf-M) of all the albino swine were tested by
PCR (Figure 3). This study was carried out in
strict accordance with the recommendations of
the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.
The protocol was approved by the Committee
on the Ethics of Animal Experiments of the
University of Minnesota (Permit Number: 27-
2956). All surgery was performed under sodi-
um pentobarbital anesthesia, and all efforts
were made to minimize suffering.

Xenotransplantation

As listed in Table 1, eleven pigs (both albino
and wild-type pigs) were transplanted with fifth
or sixth generations of cultured UMSCs (conc.
of 3x10”"5 to 1x1077) by injections into the
subarachnoid cavities. Two swine were injected
with D-hanks solution and the other two were
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samples were fixed overnight in
4% formaldehyde. The cochlear
samples were assessed by immunohistochem-
istry and polymerase chain reaction (PCR) for
detection and distribution of human proliferat-
ed cell nuclear antigen (PCNA) which helped to
identify human UMSC. ABR was tested before
animals were scarified.

Cochlea and organs sample preparation and
immunohistochemistry

The cochlea was opened at the apex and 5 ml
4% formaldehyde were injected through the
perforated round window. The fixation was car-
ried out overnight at 4°C in formaldehyde. Fixed
cochleas were washed in 0.1 M PBS (pH = 7.4)
and then decalcified with EDTA solution for 30
days at room temperate. After removed from
the temporal bones, the cochlea was dehydrat-
ed with 30% and 10% sucrose. The cochlea
was then embedded in OCT gum and frozen at
-20°C for 30 minutes. Sections (10 pm) were
cut and permeabilized with Triton 0.1% in PBS,
for 30 minutes at room temperature, blocked
with 5% goat serum for 30 minutes and then
incubated with primary antibody; mice mono-
clonal IgG anti-human proliferated cell nuclear
antigen (PCNA) which is a specific marker of
human cell, (Millipore, Germany) for 12 hours at
4°C. The sections were washed with 0.1 M PBS
for 15 minutes and incubated with secondary
antibody; goat 488-conjugated anti-mouse IgG
(Invitrogen, USA) for 2 hours at room tempera-
ture, for visualization of anti-PCNA. DAPI was
employed for visualization of nuclear materials
in these sections.

Organ samples were fixed with formaldehyde
overnight at 4°C, and then dehydrated with
30% and 10% sucrose, followed by the immu-
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3 days
1 week
Jweeks il

human swine Co. H. L.

Lu. K. Cb. Cbe. Cs. Sp. B. Bm.

Figure 4. The human UMSCs detected by CETP DNA sequence (Co = cochlea, H = heart, L = liver, S = spleen, Lu =
lung, K = kindey, Cb = cerebra, Cbe = cerebella, Cs = cerestem, Sp = spinal cord, B = blood, Bm = Bone morrow).

Table 3. Engraftment in cochlea of swine
after transplantation

Time interval Stria vascularis Corti’'s organ SGN
2 hours - -

3 days + + +
1 week + + +
2 weeks + + +
3 weeks + + +
4 weeks + + +
8 weeks - -

nohistochemistry techniques as described for
the cochlea.

PCR analysis

Genomic DNA was extracted from frozen tis-
sues according to the manufacturer’s protocol
(QlAamp DNA, Mini Kit, Qiagen, Germany). This
was further analyzed by PCR for the presence
of human CETP (cholesterol ester transport
protein) as a marker for human DNA sequence,
using the forward (5-CACCCTCAAAGGCTGG-
AAAC-3’) and reverse (5-AGCTGAGAACACGG
AGCCTC-3") primers. Single positive 725-bp
PCR bands were sequenced to confirm the
presence of human CETP DNA sequence in
analyzed samples thus confirming the pres-
ence of human UMSCs in swine tissues.

Confocal scan analysis

Slides were observed under a confocal micro-
scope system (LSM780, Zeiss, Germany) and
Light Edition software (Zen 2009).

Results

Engraftment in body tissues of swine after
transplantation

PCR analysis showed that DNA isolated from

tissues taken at specific intervals from swine
treated with UMSCs, had CETP sequence. Such
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engraftments appeared more frequently in the
central neural tissues and body organs within
three weeks of transplantation (Table 2 and
Figure 4), and more frequently in the brain,
spleen, liver and lung. There was no difference
in human UMSCs distribution in tissues of wild-
type and albino swine. We found that positive
detection of human UMSCs in tissue samples
varied with time as there was more cell engraft-
ment by three days and one week than 3 weeks
post UMSCs transplantation.

Engraftment in cochlea of swine after trans-
plantation

To demonstrate the presence of human cell
within transplanted swine, we employed the
combination of immunohistochemistry confo-
cal microscopy. Using this method, we detected
human PCNA in SGN, Corti’s organ, stria vascu-
laris and spiral ligament in the cochlea of swine
infused with UMSCs. There was no difference
in the distribution pattern of UMSCs in tissues
from the wild type or deaf albino swine. Similar
to PCR findings, positive detection of human
PCNA varied with time. We detected PCNA at 3
days, 1, 2, 3 and 4 weeks, but not at very early
(2 hrs) or late (8 weeks) time points (Table 3
and Figures 5-7).

Change of ABR waveforms

Functional performance was determined by
measuring auditory brainstem evoked response
(ABR). Wave Il to V of ABR responses was gen-
erated by the cochlear nucleus and the superi-
or olivary complex cells, and they reflected neu-
ral connections with the central auditory path-
way. We tested and recorded ABR thresholds of
wild-type and albino swine at before, 2 hrs, 3
days, 1, 2, 3, and 4 weeks after transplanta-
tion. The auditory function of albino swine was
severely impaired, with thresholds were above
120 dB SPL. Control animals showed no sign of

Am J Transl Res 2016;8(12):5235-5245
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Figure 5. Human UMSCs cultured in vitro showed Anti-PCNA positive. (A) Green, second antibody was goat 488-con-
jugated anti-mouse 1gG with 488, blue nucleolus (B) dyeing with DAPI) and merge image (C). The swine cells cul-
tured in vitro showed Anti-PCNA negative (bar = 50 ym) (D).

functional recovery (for deaf albino swine).
However, in three out of eight albino animals
(37.5%) injected with UMSCs, there was a
detectable wave at the position expected
between wave lll and IV. This wave detection
started about day 3 post transplantation (Table
4; Figure 8), with its threshold lowered (sign of
improvement) to 95 dB by the 3rd week. The
most obvious maximum wave point appeared
after one week of transplantation, and this dis-
appeared after 3 weeks. This represents an
overall functional improvement of approximate-
ly 33%.
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Discussion
Determination of stem cells for study

In previous studies, embryonic stem cells (ESC)
and inducible pluripotent stem cells (IPS) have
been used in clinical treatment [9]. Recently,
mesenchymal stem cells (MSC), which have
partial differentiation potentials and are less
immunogenic than ESC and easier to be isolat-
ed and cultured [7, 10], has been used in trans-
plantation. In this study, we chose UMSCs for
transplantation, rather than auto-transplanta-

Am J Transl Res 2016;8(12):5235-5245
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Figure 6. Cochlear frozen slice under HE staining. A: Wild-type swine have normal cochlear structure; B: Cochlea of
albino Rongchang swine showed degeneration of inner ear hair cells of the organ of Corti, damaged stria vascularis
and loss of spiral ganglion neurons (SGNs) (bar = 200 um).
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Figure 7. PCNAs expressed in the cochlea (showed by arrow) were detected in spiral ligament (A), Organ of Corti (B),

stria vascularis (C) and SGNs (D) (bar = 50 pm).

Table 4. New ABR wave after transplantation

Swine 2 hours 3days 1week 2 weeks
Mz1

Mz2 . . . .
MZ3 +/- + - -
Mz4 +/- . .
MZ5 - - - -
MZ6 - +/- + +/-
MZ7 - -

Mz8 - . . .
MZ9 - - - -
MZ10 - - - -
Wz1
wz2
Wz3

N N .
N N -
Wz4 N N N
WZ5 N N N

“+” Means a new detectable wave shape at the position
expected for wave lll, “-” Means no wave, “+/-” Means
hard to judge, “N” Means normal ABR and “.” Means
swine had been executed or did not test.

z2zZ2zZ2 2 2

tion or homo-transplantation, as it was a more
convenient inoculation method. In addition, it
was relative easy to isolate enough UMSCs for
the study and to check their specific properties.
Considering about the long-term affection and
safety of patient receiving transplantation,
autotransplantation would be better choice in
clinical treatment in the future.

Determination of pathway for stem cell trans-
plantation

Stem cell transplantations can either be done
by intravenous administration [11] or by local
transplantation. For local administration of
stem cells, cells can be injected in the round
window, scala tympani or scala media, or direct
injection into the modiolus. All of these various
routes of administration have shown positive
effects on hearing loss in previous studies [9,
11, 12]. However, possible damage to the
cochlea can occur by direct or local inoculation
of stem cells, we did not use direct delivery.
Because the intravenous route of delivery
requires larger amount of stem cells as the
cells can barely bypass the blood-brain barrier,
we chose transplantation of the stems into the
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CSF through subarachnoid. The auditory nerve
and auditory centre float in the CSF environ-
ment, which communicated with perilymph.
Therefore, we assume that the transplantation
via subarachnoid cavity offers advantages si-
milar to the direct inner ear inoculation. It needs
fewer cells than the intravenous inoculation
and still has access to the blood compart-
ment.

Mehta and colleagues used subarachnoid
placement of stem cells in neurological disor-
ders [13], and carried out a prospective analy-
sis to assess the technical difficulties and
short- and long-term effects of SC infusion. In
Mehta’s study, 31.67% patients had functional
improvement. Although more than half of
patients have side effects including headache,
low-grad fever and meningism after the trans-
plantation, none of these syndrome lasted
more than 24 hours. This means the subarach-
noid stem cell transplantation is safe, less inva-
sive, and a convenient procedure. During the
experiment, we found that after the cells have
been injected, the needle tip should be left in
the same position for at least 2 minutes before
it was withdrawn to prevent any backflow.

Impact of stem cells transplantation on inner
ear and ABR

This study didn’t reveal any structural damage
of the inner ear by the 4" week after the trans-
plantation. The reason for this lack of anatomi-
cal improvement in the inner ear maybe due to
short observation time or inadequate trans-
planted stem cells. This is the area needs fur-
ther studies in the future as transplanted cells
were detected in the spiral ligament, stria vas-
cularis, organ of Corti and SGN.

ABR response cannot be recorded from Rong-
chang albino swine at up to click sound stimuli
at 120 dB SPL. After UMSCs transplantation,
there was still no evidence of ABR response in
these pigs. However, we found llI~IV waves
were recorded in 3 transplanted animals bet-
ween 3-7 days post transplantation elicited by
clicks at 95 dB SPL. These new response in
these 3 animals may be induced by stem cells
adherent to the auditory nerves. Another pos-

Am J Transl Res 2016;8(12):5235-5245
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Figure 8. The ABR wave of albino swine (WZ6) before and 3 weeks after the UMSC transplantation. A detectable
wave was found at wave lll and IV (arrow) at post-one week after transplantation. A detectable wave shape was
found at the position expected between wave Il and IV (arrow) most obviously at the point of one week later.

sible explanation for this new wave is that stem
cells may alter ion concentration of the CSF
and endolymph, thus causing changes in neu-
ral conduction and ABR wave. We suspected
that this new wave found in the 3 swine by 3-7
days has to do with the subarachnoid inocula-
tion of UMSCs into the CSF, but the mechanism
underlying this is not clear yet.

Impact of blood circulation on stem cells dis-
tribution

Once the stem cells were inoculated into the

body from irrespective routes of administra-
tion, they will reach varies organs of the body.

5243

The rate of arrival, extent of distribution and the
organ that was first reached depends on the
direct types of inoculation. The first station of
stem cells is CNS, where have most stem cells
settle.

As the delay in immune system mobilization
due to paucity of leucocyes in the CNS, increas-
es the half life of stem cells in that compart-
ment, we think that xenotransplanted stem
cells may have a high survival chance in the
CNS if the cells entered these organs. The
cochlea is thought to be able to harbour stem
cells for a considerable time as immune reac-
tion is poor in that tissue. The non-detection of

Am J Transl Res 2016;8(12):5235-5245
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human cells after 3 weeks of inoculation in
this study is thought to be due to immune clear-
ance of stem cells which ultimately set in.

As mentioned earlier, due to the transportation
role of the blood and the connection of CSF to
perilymph to blood, we found human cells in the
heart, liver and lung, with more cells located in
the lung. The large amount of stem cells in the
lung is thought to be as result of the relative
large amount of blood that gets to the lungs.
This is similar to what is found in intravenous
administration of stem cells. As may be expect-
ed of an immune organ, we did not detect any
human cells in spleen samples, after stem cells
transplantation. This result suggests that
entrance of stem cells into the blood stream
will lead to its clearance by leucocytes and
other immune cells. This may be true for allo-
genic cell transplantation found a previous
study [14]. This is not likely the same with MSCs
which have low immunogenicity [7], immune
tolerance and anti-inflammatory cytokine res-
ponse [15-17]. Therefore, MSCs, including hu-
man UMSCs, are expected to have increased
survival rate at least for a short time.

In our experiment, we also noted that swine
were stable and healthy for at least 8 weeks
after transplantation. There was no loss of
weight, fever, hair loss or movement disability.
We think the transplantation of human stem
cells at a concentration of 1077 is safe for
swine. The possibility of tumor development
[18] or other long term adverse effects [19, 20]
should be evaluated before clinical translation.

In conclusion we found that the human UMSCs,
which have been inoculated into the CSF of
young deaf albino Rongchang swine, are able to
migrate into the inner ears, the central nervous
system and peripheral organs. Importantly,
UMSCs appeared to cause some changes on
ABR response. The procedure is safe as the
animals remained healthy up to 8 weeks after
the transplantation.
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