MATERIALS AND METHODS

Subjects

In total, 91 temporal bones from a collection of 1,278 spec-
imens held at the Department of Otolaryngology, Fukushima
Medical University, Japan, were selected for morphometric anal-
yses. We used unilateral temporal bones from 91 different pa-
tients. We excluded subjects with history of ear diseases or oto-
toxic drug use by reviewing their medical records. Pure-tone
audiometry had been performed within 24 months of death for all
of the selected subjects. Individuals with audiograms showing a
characteristic 4,000 Hz dip (that is, thresholds greater than 25 dB
at 2 and 8 kHz), which indicates noise-induced HL, were excluded
from the study. The subjects ranged in age from 10 to 85 years,
with a mean and standard deviation of 59.7 and 16.8 years,
respectively.

For all of the chosen subjects, the temporal bones had been
removed within 48 hours of death and were fixed with 10%
formalin. After decalcification, the temporal bones were em-
bedded in celloidin and serially sectioned in a horizontal plane
at a thickness of 20 um. Every 10th section was stained with
hematoxylin-eosin. The adjacent two mid-modiolus sections were
subjected to morphometric assessments. In all the specimens
used in this study, we found no postmortem degeneration in the
SG and SV.

Audiometric Classification

The audiometric hearing-loss patterns were determined
based on the air-conductance thresholds at frequencies of 250,
500, 1,000, 2,000, 4,000, and 8,000 Hz. All audiometric patterns
with a threshold less than 25 dB were considered to be normal. A
flat pattern was defined as HL with a threshold greater than 25
dB and a maximum threshold difference of 20 dB between fre-
quencies of 250 and 8,000 Hz. A high-tone-loss pattern was
defined as HL with a threshold greater than 25 dB at 4,000 and
8,000 Hz and a difference in thresholds between 2,000 and 4,000
Hz with an increase of more than 20 dB. A descending pattern
was defined as HL with a threshold greater than 25 dB at 2,000,
4,000, and 8,000 Hz and a difference in thresholds between 2,000
and 4,000 Hz with an increase of less than 20 dB. In addition
to the audiometric hearing-loss patterns, the average bone-
conductance thresholds were determined at the following five

Area of the

stria vascularis

frequencies: 250, 500, 1,000, 2,000, and 4,000 Hz. This measure
was used as an audiometric parameter.

Morphometric Assessments

Morphometric assessments of the SV and the SG were per-
formed for each cochlear turn at the mid-modiolar level. Images
were acquired with a charged-coupling device camera connected
to a personal computer. The areas of the SV, Rosenthal’s canal,
and cochlear turn were quantified by measuring their cut sur-
faces using Image/J software (http:/www.nist.gov/lispix/imlab/
prelim/dnld.html) (Fig. 1A). The total number of nuclei in
Rosenthal’s canal was counted for each cochlear turn. The ratio of
the SV area (SV ratio) and the cell density of the SG (SG density)
were used to reduce the variance caused by differences in cutting
directions among the cochlear specimens. The SV ratio was de-
termined by dividing the SV area by that of the cochlear turn. The
SG density was determined by dividing the number of nuclei in
Rosenthal’s canal by its area.

Statistics

The Pearson’s correlation coefficient with Fisher’s z trans-
formation was used to examine the relationships between the
following variables: age and average bone-conductance threshold;
age and SV ratio or SG density for each cochlear turn; and
average bone-conductance threshold and SV ratio or SG density.
Differences in the SV ratio and SG density according to audio-
metric pattern were examined by a single factorial analysis of
variance. A P value less than .05 was considered statistically
significant.

RESULTS

Figure 2 shows the distribution of average bone-
conductance thresholds according to age. A significant
correlation was discovered between age and average au-
ditory threshold (Fig. 2) (r = 0.47, P < .0001). This indi-
cated that aging had a significant effect on the elevation of
auditory thresholds among the members of the study

group.
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Fig. 1. Morphology of human cochleae. (A) Basal turn of cochlea of 38-year-old male. Area of cochlear turn (black line). Area of SV (dotted line).
Area of Rosenthal’s canal (gray section). (B) Stria vascularis (SV) of 19-year-old male showing no atrophic changes. (C) Spiral ganglion (SG)
of a 37-year-old female exhibiting numerous neurons. (D) SV of 79-year-old male, which is more atrophic than that shown in B. (E) SG of a
77-year-old female, which shows relatively few neurons. Scale bars = 100 um.
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Fig. 2. Relationship between auditory threshold and age. x-axis
shows age (years) and y-axis shows average bone-conductance
thresholds (dB) at five frequencies (250, 500, 1,000, 2,000, and
4,000 Hz). Significant correlation was detected between average
auditory threshold and age using the Pearson’s correlation coef-
ficient with Fisher’s z transformation (r = 0.47, P < .0001).

Figure 3 shows the distribution of SV ratios for each
cochlear turn according to age. A trend for the SV ratio
to decrease with age was seen at every cochlear turn.
A significant correlation between age and the SV ratio
was found in the basal cochlear turn (Fig. 3A) (r = —0.36,
P = .0003) and the apical cochlear turn (Fig. 3C) (r
—0.28, P = .025). By contrast, no significant correlation
was observed in the middle cochlear turn (Fig. 3B). Figure
4 shows the distribution of SG densities for each cochlear
turn according to age. Although the SG densities tended
to decrease with age, none of the cochlear turns showed
a statistically significant correlation between these
variables.

The subjects of the present study were divided into
four groups according to their audiometric patterns, as
follows: 37 subjects showed a normal pattern, 25 subjects
showed a descending pattern, 19 subjects showed a flat
pattern, and 10 patients showed a high—tone-loss pattern.
The means and standard errors of the SV ratios and SG
densities for each audiometric-pattern group are shown in
Figure 5. There were no significant differences in either
the SV ratios or the SG densities among the audiometric
pattern groups for each cochlear turn. We also examined
the relationship between the average auditory threshold
and the SV ratio or the SG density at each cochlear turn.
No significant correlations were observed between these
parameters.

DISCUSSION

The study group in the present analysis was screened
to exclude individuals with hearing impairments caused
by ototoxic pathogens other than aging by reviewing their
medical records and pure-tone audiograms. Morphometric
analysis of the 91 selected subjects revealed a significant
correlation between auditory threshold and age, which
indicated that aging had important effects on hearing
performance, at least within our study population.
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Fig. 3. Relationship between stria vascularis (SV) ratio and age in
basal (A}, middle (B}, and apical (C) cochlear turns. x-axis shows age
(yn) and y-axis shows SV ratio. Significant correlations between SV
ratio and age were observed in basal and apical cochlear turns
according to Pearson’s correlation coefficient with Fisher’s z trans-
formation (r -0.36, P = .0003 and r -0.23, P = .025,
respectively).

Our present findings demonstrated a significant
correlation between SV atrophy and aging in human
cochleae. This was consistent with previous findings
reported for animal models. A series of studies on ger-
bils that were maintained under quiet conditions indi-
cated that SV degeneration was the most prominent
age-related histologic change in their cochleae.5-8 Age-
related SV degeneration in these gerbil models was
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Fig. 4. Relationship between spiral ganglion (SG) density and age in
basal (A), middle (B), and apical (C) cochlear turns. x-axis shows age
(yr) and y-axis shows SG density. No significant correlations were
observed between SG density and age in basal, middle, and apical
cochlear tumns.

usually found to originate in both the base and the apex
of the cochleae. Our present results also identified sig-
nificant aging effects on SV atrophy in the basal and
apical portions of human cochleae. These findings
support the hypothesis that SV degeneration is a
morphologic characteristic of age-induced cochlear
degeneration.

Schuknecht and Gacek* described degeneration of
the SV as the most prominent morphologic characteristic
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of age-related HL based on their observations of human
temporal bones. Recent morphometric analysis of human
temporal bones2° also supported this hypothesis. Nelson
and Hinojosal? controversially concluded that SV atrophy
was not specific to aged human cochleae with flat audio-
metric patterns of HL based on a precise morphometric
analysis. The present study found no significant correlation
between SV atrophy and audiometric patterns of HL or
thresholds, although a significant correlation was detected
between SV atrophy and aging. Previous studies on human
subjects have indicated a poor correlation between audio-
metric patterns of HL and cochlear histopathology.15-18
We therefore conclude that SV atrophy is an anatomic
characteristic of age-induced cochlear changes but suggest
that it is difficult to discern cochlear histopathology from
conventional pure-tone audiometry.

The present study failed to find an age-dependent
decrease in SG density. By contrast, several previous
studies found significant correlations between aging and
loss of SG neurons in both humans!5.20 and animal mod-
els.11.12 These reports frequently noted a loss of SG neu-
rons coupled with a loss of cochlear hair cells. Gates and
Mills?® showed that subjects experiencing loss of cochlear
hair cells and SG neurons frequently had histories of noise
exposure, indicating that these morphologic findings in
human cochleae might have been induced by environmen-
tal noise. By contrast, in gerbils maintained under quiet
conditions, which demonstrated age-dependent SV degen-
eration, loss of auditory nerve function was indicated by
elevation of the compound action potentials of auditory
nerves.’® Recently, changes of the expression patterns
of brain-derived neurotrophic factors have been demon-
strated in the SG neurons of aged rats and gerbils.2! This
functional degeneration involved no significant loss of SG
neurons. We therefore consider that the degeneration of
SG neurons might be involved in age-related HL. How-
ever, these degenerative changes of the SG neurons can-
not be detected by conventional histopathology of human
temporal bones.

The present study failed to identify significant corre-
lations between morphologic and audiometric findings in
human subjects similar to those reported previously. One
possible explanation for this discrepancy is that histologic
findings obtained by conventional light microscopy cannot
reveal changes in the functionality of cochlear elements,
which might play critical roles in the process of age-
induced HL.

CONCLUSION

Our present analysis of 91 temporal bones indicates
that SV atrophy is the most common histopathologic fea-
ture of aged human cochleae. This conclusion is supported
by previous observations of aged animal models and hu-
man temporal bones. By contrast, age-dependent SG at-
rophy was not detected by conventional light microscopy
in the present study, although several previous studies
have indicated a correlation between functional degener-
ation of SG neurons and aging.
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Fig. 5. Means and standard errors of stria vascularis (SV) ratios (A to C) and spiral ganglion (SG) densities (D to F) of experimental groups divided
according to audiometric hearing-loss patterns. No significant differences in SV ratios or SG densities were found among experimental groups
in the basal, middle, or apical cochlear turns.
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Sensorineural hearing loss is a common disability, but treatment options are currently limited to
cochlear implants and hearing aids. Studies are therefore being conducted to provide alternative
means of biological therapy, including gene therapy. Safe and effective methods of gene delivery to
the cochlea need to be developed to facilitate the clinical application of these therapeutic
treatments for hearing loss. In this study, we examined the potential of cell-gene therapy with
nonviral vectors for delivery of therapeutic molecules into the cochlea. NIH3T3 cells were
transfected with the brain-derived neurotrophic factor (Bdnf) gene using lipofection and then
transplanted into the mouse inner ear. Immunohistochemistry and Western blotting demonstrated
the survival of grafted cells in the cochlea for up to 4 weeks after transplantation. No significant
hearing loss was induced by the transplantation procedure. A Bdnf-specific enzyme-linked
immunosorbent assay revealed a significant increase in Bdnf production in the inner ear following
transplantation of engineered cells. These findings indicate that cell-gene delivery with nonviral
vectors may be applicable for the local, sustained delivery of therapeutic molecules into the cochlea.

Key Words: gene therapy, cell transplantation, hearing loss, cochlea, brain-derived neurotrophic
factor, nonviral vector

INTRODUCTION

Sensorineural hearing loss (SNHL) is one of the most
common disabilities in industrialized countries. Defects
in the auditory hair cells, and in their associated spiral
ganglion neurons (SGNs), can lead to hearing loss or
deafness. Approximately 50% of SNHL cases have a
genetic basis, a significant proportion of which is non-
syndromic and usually inherited in an autosomal reces-
sive manner [1}. In the past decade, many genetic
mutations that cause deafness have been identified,
which may contribute to the biological sources available
for therapeutic approaches. Should the restoration of
mutated genes in the cochlea by gene manipulation
become a reality, gene therapy might be a promising
method for treating SNHL of genetic origin.

Protecting auditory hair cells and SGNs from irrever-
sible degeneration is a primary objective as inner ear cells
have limited regeneration capacity. With the recent
increase in understanding of the role of neurotrophic
factors, including brain-derived neurotrophic factor
(BDNF), on the maintenance of the mature peripheral
auditory systems, there have been numerous attempts to
define ways toreduce hair cell and SGN degeneration [2-6].

Since neurotrophins have a short serum half-life of just
minutes or hours [7], their sustained local delivery is
essential for cochlear protection. Previous studies have
used viral vectors, particularly adenoviruses or adeno-
associated viruses, to deliver neurotrophins to the cochleae
[8-13]. However, despite their high transduction effi-
ciency, high titer, and ease of production, viral vectors
involve potential toxicity.

Gene therapy could enable the long-term delivery of
several agents into the inner ear. Cell transplantation has
been used as a means of delivering peptides or proteins
into the central nervous system, demonstrating its use as
a delivery vehicle for therapeutic molecules [14-16]. In
addition, recent studies have demonstrated successful cell
transplantation into the mouse cochlea [17,18]. There-
fore, transplantation of cells that have been genetically
manipulated in vitro using nonviral vectors potentially
resolves the problem of viral vector toxicity in cochlear
gene therapy.

In this study, we conducted an examination of the
efficiency of cell-gene delivery into the cochlea for
application of therapeutic molecules to the treatment of
SNHL. We chose NIH3T3 cells as a delivery vehicle for the
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gene. NIH3T3 cells are a well-established fibroblast cell
line, so that it is easy to optimize conditions for gene
transfer and to select gene-expressing cells in vifro. In
addition, fibroblasts are available from various human
sources, which may be advantage for extending future
clinical investigations. We transfected NIH3T3 cells with
the Bdnf gene using lipofection. We then examined the
potential for transplanting transfected NIH3T3 cells into
the mouse inner ear.

RESULTS AND DiscussioN

Bdnf Gene Transfer
To determine the efficacy of gene transfection using a
nonviral vector, we performed reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis of Bdnf
mRNA levels in transfected and nontransfected NIH3T3
cells (data not shown). NIH3T3 cells transfected with the
mouse Bdnf gene (NIH3T3/BDNF) demonstrated Bdnf
mRNA expression (86-bp fragment), which was absent
from cells transfected with a vector carrying an antibiotic
resistance gene (NIH3T3/control) and from nontrans-
fected cells (NIH3T3/original). Amplification of gylcer-
aldehyde-3-phosphate dehydrogenase (Gapdh), yielding a
171-bp amplicon, was used as an internal control.
Negative control reactions that lacked reverse transcrip-
tase failed to yield amplicons of either Gapdh or Bdnf.
We carried out an enzyme-linked immunosorbent
assay (ELISA) for Bdnf protein to examine the efficacy
of Bdnf protein expression and secretion in vitro. The
mean Bdnf concentration in the culture medium of
NIH3T3/BDNEF cells, at 396.70 * 32.66 pg/ml, was signifi-
cantly higher than in the medium of either NIH3T3/
control cells (24.96 £ 5.22 pg/ml) or NIH3T3/original cells
(32.42 £ 7.09 pg/ml) (P < 0.0001). These findings de-
monstrate efficient, functional gene transfer into NIH3T3
cells in vitro by a liposome-mediated delivery method.

Cell Transplantation into Mouse Cochleae

We transfected NIH3T3 cells with the mouse Bdnf gene
tagged with a FLAG epitope (NIH3T3/FLAG) to enable
transfected, transplanted cells to be readily distinguished
from host inner ear cells. We injected suspensions of
NIH3T3/FLAG and NIH3T3/control cells into the peri-
lymphatic space of the posterior semicircular canal of
CS57BL/6 mice using a technique that we developed in
previous studies [17,18]. Although delivery of cells into
the mouse cochlea is difficult because of its small size, the
well-defined genetics of a mouse model enable a variety
of analyses of the inner ear to be performed.

We performed auditory brain stem response (ABR)
recording to evaluate the effects of the transplantation
procedure on hearing (Fig. 1). Alterations in ABR
thresholds between pre- and postoperation were limited
within 10 dB, although one animal exhibited a 20-dB
elevation in ABR thresholds at 4 kHz. Preoperative ABR
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FIG. 1. ABR thresholds before and after cell transplantation. The left lane
shows preoperative (pre op) ABR thresholds of each ear, and the right shows

those recorded on day 28 after transplantation (post op) at 4, 8, and 16 kHz.
The x axis shows ABR thresholds (dB SPL).

thresholds were 18.6+1.7 (dB SPL) at 4 kHz, 12.7+1.0
at 8 kHz, and 15.5+1.4 at 16 kHz, and those on post-
operative day 28 were 22.7 £ 2.6 at 4 kHz, 15.9 + 1.9 at
8 kHz, and 17.3 + 2.5 at 16 kHz. We identified no
significant elevation of ABR thresholds on day 28 at
frequencies of 4, 8, and 16 kHz. In addition, we ob-
served no vestibular dysfunction in the behavior of the
animals after the operation. These findings indicate the
limited surgical invasiveness of our transplantation
procedure, which is almost identical to previous obser-
vations [19,20].

Immunohistochemical analysis of FLAG expression
demonstrated the settlement and survival of grafted
NIH3T3/FLAG cells in both the cochlea and the vestibule
(Figs. 2A, 2B, 2D, 2E). The engrafted cells were clearly
distinct from the endogenous cells based on their
expression of FLAG, while control specimens that were
transplanted with NIH3T3/control cells exhibited no
expression of FLAG (Figs. 2C and 2F). Grafted cells were
localized in the perilymphatic space of cochleae or
vestibules and did not establish in the endolymphatic
space or within the inner ear tissues. These locations are
identical to those of neural stem cell-derived cells trans-
planted into the mouse inner ear through the semi-
circular canal in our previous study [17]. On day 7, we
found numerous grafted cells as cell aggregates in the
vestibule. On day 28, we still observed grafted cells in
both vestibules and cochleae, but did not see aggregation
of grafted cells. Of grafted cells located in the peri-
lymphatic space of cochleae, 91.2 = 11.1% adhered to
host cochlear tissues on day 7 and 92.3 £ 14.7% on day
28. The survival and settlement of grafted cells in the
inner ear were also demonstrated by Western blotting for
FLAG (Fig. 2G). We prepared protein lysates from the
inner ear specimens obtained on day 28. The FLAG-
tagged Bdnf transgene product (31 kDa) was detected in
specimens transplanted with NIH3T3/FLAG cells, but not
in those transplanted with NIH3T3/control cells. The p-
actin internal control was detected in both specimens at
equal density. These findings demonstrate that cells
transplanted through the posterior semicircular canal
survive and produce gene-encoded proteins in the peri-
lymphatic space of cochleae and vestibules, indicating
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sustained delivery of Bdnf from transplanted cells to the
perilymphatic space of the inner ears. Previous inves-
tigations have demonstrated that application of neuro-
trophins, including Bdnf, into the perilymph efficiently
protects hair cells or spiral ganglion neurons from various
ototoxic insults [2-6,10,11], indicating that neurotro-
phins delivered in the perilymph act on hair cells and
spiral ganglion neurons. We therefore consider that Bdnf
secreted from transplanted cells may be accessible to hair
cells and spiral ganglion neurons.

The numbers of FLAG-positive cells in the cochlea
decreased from the time point of day 7 to that of day 28.
On day 7 after transplantation, we observed 26.7+3.3
grafted cells in one midmodiolus section of cochleae,
while we found 14.4+2.3 cells on day 28. We then
analyzed infiltration of inflammatory cells into cochlear
tissues to investigate immune-mediated clearance of
grafted cells. We employed immunohistochemistry for
CD45, a leukocyte common antigen, to determine the
distribution of inflammatory cells in the cochlea. In
control cochleae, we found CD45-positive cells in the
spiral ganglion, spiral limbus, and spiral ligament (Fig.
2H). Cochleae that received transplantation of NIH3T3/
FLAG cells exhibited a similar distribution of CD45-
positive cells compared to that of control cochleae (Figs.
21 and 2J). We observed no obvious infiltration of
CD45-positive cells into the perilymphatic space of
cochleae. These findings demonstrate that infiltration
of inflammatory cells is not induced by transplantation
of NIH3T3/FLAG cells into the inner ears. Even after
xenografts into the cochlear fluid space without use of
immune suppressants, cell infiltration into the cochlear
fluid space has not been observed [21]. We therefore
consider that immune-mediated clearance may not play a
central role in elimination of transplanted cells from the
inner ear. However, further studies are required to
determine actual roles of the immune system in the
decrease in transplanted cells in the inner ears.

Efficiency of Gene Delivery

We performed an ELISA of Bdnf proteins extracted from
the inner ear to examine the efficiency of cell-gene
delivery. We collected the inner ear specimens on day 7
after transplantation and calculated the ratio of Bdnf
concentration to total protein in the sample solutions.
NIH3T3/BDNF cell-transplanted specimens showed a
significantly higher ratio (93.40 = 10.69 pg/mg total
protein) compared with NIH3T3/control cell-trans-
planted samples (46.68 = 4.41 pg/mg) (P = 0.01). There
was no significant difference between the levels of total
protein extracted from the two samples (NIH3T3/BDNF,
2.65 + 0.21 mg/ml; NIH3T3/control, 2.77 £+ 0.12 mg/ml).
These findings demonstrate that Bdnf synthesis by
engrafted NIH3T3/BDNF cells contributes to a significant
increase in Bdnf protein levels of the inner ear specimens,
suggesting that cell-gene therapy may be applicable for

local, sustained delivery of therapeutic molecules into the
inner ear.

This is the first report that demonstrates the successful
cell-gene delivery of therapeutic molecules to the cochlea
without the use of viral vectors, an encouraging result for
the extension of research into gene therapy for the inner
ear. Currently, several experiments utilize human fibro-
blasts as a delivery vehicle [22,23]. The use of autologous
bone marrow-derived stromal cells for transplants into
the inner ear has been reported [24]. Such cells eliminate
the risk of immunoresponses, and their ability to migrate
into the cochlear lateral wall and modiolus is likely to
enhance the potential for delivery of genes into these
areas of the cochlea. Future studies should be performed
to evaluate the potential of these alternative transplant
media as a vehicle for gene delivery.

In summary, we transplanted NIH3T3 cells that had
been genetically engineered to express Bdnf into the
mouse inner ear and evaluated the efficiency of trans-
plantation for local delivery of gene products. The
results demonstrated a significant increase in Bdnf
protein in the inner ear following transplantation of
engineered cells. These findings indicate that gene
therapy may be a feasible treatment option for inner
ear diseases such as SNHL. Cell-gene delivery of thera-
peutic molecules into the inner ear is suitable for
protection of inner ear cells against gradually progressive
degeneration. Presbycusis, age-related hearing loss, may
be included in targets for cell-gene therapy. BDNF
application via cell-gene delivery could be an efficient
strategy for promotion of survival of SGNs in cases of
cochlear implants (CIs), which are small devices that are
surgically implanted in the cochlea to stimulate SGNs.
BDNF transgene produced by gene-engineered cells will
support the survival of SGNs after CI surgery, which can
contribute to the maintenance of hearing benefits
provided by Cls.

MATERIALS AND METHODS

Animals. Forty-three 10-week-old male C57BL/6 mice (SLC Japan,
Hamamatsu, Japan) with normal hearing were used in the study. All
mice were maintained in the Institute of Laboratory Animals, Kyoto
University Graduate School of Medicine. All experimental protocols were
approved by the Animal Research Committee, Kyoto University Graduate
School of Medicine, and conducted in accordance with NIH guidelines for
the care and use of laboratory animals.

Vector construction. The Mus musculus (house mouse) brain-derived
neurotrophic factor cDNA clone (GenBank Accession No. BC034862) was
obtained from Invitrogen (Carlsbad, CA, USA). PCR amplification of the
cDNA using Pyrobest DNA polymerase (TaKaRa-Bio, Kyoto, Japan) was
performed with the following primer pairs: 5 primer, 5-GGAATTCGC-
CACCATGACCATCCTTTTCCTTACTATGG-3'; 3' primer 1, 5-ATAAGAA-
TAAGCGGCCGCTCATCTTCCCCTTTTAATGGTCAGTG-3'; and 3’ primer
2, incorporating two pairs of FLAG epitope, 5-ATAAGAATAAGCGGC-
CGCTCACTTGTCATCGTCGTCCTTGTAGTCCTTGTCATCGTCGTCCTT-
GTAGTCCTTGTCATCGTCGTCCTTGTAGTCTCTTCCCCTTTTAATGGT-
CAGTG-3'". PCR products were digested with EcoRI and Notl, and a 0.77-kb
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EcoRI-Notl fragment containing mouse Bdnf or mouse Bdnf with FLAG
epitope was cloned into the EcoRI-NotI site of the pIRESneo3 vector (BD
Biosciences, Palo Alto, CA, USA) using Ligation Solution (TaKaRa-Bio) to
generate plasmid pIRESneo3-bdnf (supplementary information) or pIR-
ESneo3-bdnfflag. For subsequent experiments, plasmid pIRESneo3 con-
taining the neomycin-resistant gene only (pIRESneo3-control) was also
amplified. Restriction analysis and DNA sequencing were used to confirm
the integrity of all constructs.

Cell lines and gene transfer. NIH3T3 cells were obtained from Riken Cell
Bank (RCB 0150; Tsukuba, Japan) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM; GIBCO BRL, Grand Island, NY, USA) containing
10% newborn calf serum (GIBCO), penicillin (100 U/ml), streptomycin
(100 pg/ml), and amphotericin B (0.25 ug/ml) in a humidified atmosphere
of 5% CO, at 37°C. NIH3T3 cells were plated at a density of 1x 10° cells
per 100-mm plastic dish and incubated for 48 h. Transfection was
performed with 18 pl of FuGENEG6 Transfection Reagent (Roche, Indian-
apolis, IN, USA) complexed with 9 pg pIRESneo3-bdnf, pIRESneo3-
bdnfflag, or pIRESneo3-control plasmid in DMEM per 100-mm plastic
dish at 37°C for 6 h. The medium was then replaced with conditioned
medium containing Geneticin sulfate (G418; Sigma, St. Louis, MO, USA)
for the selection of'stably transfected cell clones.

Bdnf mRNA expression in cell lines. The expression of Bdnf mRNA in the
cell lines was analyzed with RT-PCR. Total RNA was extracted from the
cultured cell lines using the RNeasy Kit (Qiagen GmbH, Germany) and
then treated with DNase I (Ambion, Austin, TX, USA). Four sets of total
RNA for each cell line were prepared. PCRs were performed using TagMan
Gold PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and
Bdnf-specific primers. Gapdh mRNA was used as the invariant control. All
reactions were performed in triplicate.

Bdnf secretion from cell lines. Bdnf protein levels in culture medium were
measured by ELISA to examine Bdnf secretion by transfected cells.
NIH3T3/BDNF, NIH3T3/control, and NIH3T3/original cells (1 x 10%) were
inoculated in 60-mm plastic dishes with 3 ml conditioned medium. The
supernatants of the conditioned media were harvested approximately
24 h after inoculation. ELISA was performed using the BDNF Emax
Immunoassay System (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Four sets of samples were prepared from each
cell line, and all reactions were performed in triplicate.

Cell transplantation. On the day of transplantation, cultured cells were
suspended at 3x10% cells/ul DMEM/F12 (GIBCO). NIH3T3/BDNF cells
were transplanted into 10 animals, NIH3T3/FLAG cells into 24 animals,
and NIH3T3/control cells into 9 animals. Cell transplantation was
performed under general anesthesia with 75 mg/kg ketamine and 9 mg/
kg xylazine. A retroauricular incision was made in the left ear, and the
posterior semicircular canal (PSCC) was exposed. A small hole was made
in the bony wall of the PSCC. A fused silica glass needle (EiCOM, Kyoto,
Japan) was then inserted into the perilymphatic space of the PSCC, and
the cell suspension was injected at the rate of 1 pl/min for 3 min using a
Micro Syringe Pump (EiCOM).

Measurement of auditory function. The auditory function of experimen-
tal animals was monitored by ABR recording. ABR measurements were
performed as previously described [25]. ABRs were recorded before cell
transplantation and on day 28 in the 11 animals that received an
engraftment of NIH3T3/FLAG cells. Thresholds were determined for
frequencies of 4, 8, and 16 kHz.

Immunohistochemistry. Under general anesthesia, the animals that had
been engrafted with NIH3T3/BDNF-FLAG cells were transcardially per-
fused with phosphate-buffered saline, pH 7.4, followed by 4% parafor-
maldehyde in phosphate buffer at pH 7.4 on day 7 (n=10) or 28 (n=10).
Immediately, the temporal bones were dissected out and immersed in the
same fixative for 4 h at 4°C. Specimens were prepared as cryostat sections.
Two midmodiolus sections were chosen from each specimen and stained
by immunohistochemistry for FLAG to distinguish transplanted cells
from host specimens. Two cochleae on day 7 after transplantation of
NIH3T3/control cells were used as controls for immunostaining for FLAG.

We counted the numbers of FLAG-positive cells and those of FLAG-
positive cells that adhered to cochlear tissues. The ratios of grafted cell
that adhered to cochlear tissues were then calculated. The emergence of
CD45-positive cells was also examined to evaluate inflammatory response
following cell transplantation. Untreated cochlear specimens were served
as controls for immunostaining for CD45. Anti-FLAG M2 mouse mono-
clonal antibody (1:230; Sigma) or anti-mouse CD45 rat monoclonal
antibody (a leukocyte common antigen, Ly-5, 1:20; BD PharMingen, San
Diego, CA, USA) was used as the primary antibody, and FITC-conjugated
goat anti-mouse antibody (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) or Alexa-Fluor 546-conjugated anti-rat antibody (1:500;
Molecular Probes, Eugene, OR, USA) was used as the secondary antibody.
Counterstaining by 4/,6-diamidino 2-phenylindole dihydrochloride
(DAPI; 1 pg/ml; Molecular Probes) was performed to demonstrate nuclear
locations.

FLAG Western blotting. The expression of FLAG-tagged Bdnf fusion
protein in the inner ear engrafted with NIH3T3/FLAG cells (n=4) or
NIH3T3/control cells (n=4) was determined by Western blotting 28 days
after transplantation. The temporal bones were homogenized in ice-cold
lysis buffer. After centrifugation of the homogenized solution, the
supernatants were assayed for proteins. The sample solutions were
electroblotted onto a polyvinyldifluoride membrane. The primary anti-
body was a mouse monoclonal anti-FLAG antibody (1:500; Sigma) or
rabbit polyclonal anti-p-actin antibody (1:200; Sigma), and the secondary
antibody was HRP-conjugated anti-mouse IgG (1:50,000; Amersham
Biopharmacia Biotech, Buckinghamshire, UK) or anti-rabbit IgG
(1:25,000; Amersham Biopharmacia Biotech). Reactions were visualized
by chemiluminescence using an ECL Plus Western blotting reagent pack
(Amersham Biopharmacia Biotech).

Measurement of Bdnf levels in the inner ear. To assess the in vivo
production of Bdnf protein by grafted cells, the inner ears engrafted with
NIH3T3/BDNF cells (n=10) or NIH3T3/control cells (11=5) were removed
on day 7 after transplantation. A Bdnf ELISA was performed using the
BDNF Emax Immunoassay System (Promega) according to the manufac-
turer’s protocol. All reactions were performed in triplicate. Total protein
concentration was measured with the Lowry assay using the Bio-Rad DC
Protein Assay (Bio-Rad, Hercules, CA, USA).

Statistical analysis. Results were expressed as means * standard error.
Statistical analyses for Bdnf levels in the cultured medium and ABR
threshold shifts were performed using one-way ANOVA followed by
Sheffe’s multiple-comparison tests. A Mann-Whitney U test was used to
compare cochlear Bdnf levels. Probability (P) values less than 5% were
considered significant.
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Objective: The aim of this experimental study was
to examine the potential of local recombinant human
insulin-like growth factor-1 (rhIGF-1) application
through a biodegradable hydrogel for the treatment
of cochleae. Methods: A hydrogel immersed with
rhIGF-1 was placed on the round window membrane
of Sprague-Dawley rats while a hydrogel immersed
with physiological saline was applied to control ani-
mals. On day 3 after drug application, the animals
were exposed to white noise at 120 dB sound pressure
level (SPL) for 2 hours. Cochlear function was moni-
tored using measurements of auditory brain stem re-
sponses (ABRs) at frequencies of 8, 16, and 32 kHaz.
The temporal bones were collected 7 or 30 days after
noise exposure and the loss of hair cells was quanti-
tatively analyzed. Results: Local rhIGF-1 treatment
significantly reduced the elevation of ABR thresholds
on days 7 and 30 after noise exposure. Histologic anal-
ysis revealed that local rhIGF-1 treatment signifi-
cantly prohibited the loss of outer hair cells. Conclu-
sions: These findings demonstrate that local IGF-1
application through the biodegradable hydrogel has
the potential for protection of cochleae from noise
trauma. Key Words: Drug delivery, cochlea, hair cell,
protection, growth factor, acoustic trauma, rat.
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INTRODUCTION

In recent years, there has been increasing interest in
the treatment of inner ear disorders using the local, rather
than systemic, application of therapeutic agents, because
the former has fewer side effects and is more target-
specific. The establishment of clinically applicable strate-
gies for the local application of therapeutic agents should
therefore open a new window for the treatment of inner
ear disorders. For methods of drug delivery to be viable in
clinical settings, it is crucial for the procedure to be tech-
nically undemanding and as minimally invasive as possi-
ble. Based on such a background, the use of biodegradable
polymers for cochlear drug delivery has been investigat-
ed.l-3 Biodegradable polymers, which enable the sus-
tained release of drugs to the cochlear fluid space, can be
applied through an intratympanic injection. Among bio-
degradable polymers, we have reported the efficacy of the
biodegradable hydrogel, which is made from porcine type-I
collagen, for delivery of brain-derived neurotrophic factor
(BDNF) into the cochlear fluid and successful protection of
spiral ganglion neurons (SGNs) from degeneration as a
result of the loss of cochlear hair cells.?

Insulin-like growth factor-1 (IGF-1) is a mitogenic
peptide that plays essential roles in the regulation of
growth and development in various parts of the body,
including the inner ear.* IGF-1 is also known to be a
neuroprotective agent.5 In addition, previous studies on
the inner ear have suggested the possibility of inner ear
protection by IGF-1.67 Moreover, recombinant human
IGF-1 (rhIGF-1) has already been approved for clinical
use. Our ultimate goal is for local neurotrophin applica-
tion to be clinically approved for the treatment of inner
ears. In the present study, we then selected rhIGF-1 as a
suitable neurotrophin for local application to the cochlea
using a biodegradable hydrogel as a vehicle for drug de-
livery. We evaluated whether the application of rhIGF-1
in this manner was effective in protecting against noise-
induced hearing loss.

lwai et al.: Local IGF-1 Treatment for the Cochlea
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MATERIALS AND METHODS

Experimental Animals

Sprague-Dawley rats (Japan SLC Inc., Hamamatsu, Japan)
at 10 weeks of age were used as experimental animals. The
Animal Research Committee of the Graduate School of Medicine,
Kyoto University, Japan, approved all experimental protocols.
Animal care was conducted under the supervision of the Institute
of Laboratory Animals at the Graduate School of Medicine, Kyoto
University. All experimental procedures were performed in ac-
cordance with the U.S. National Institutes of Health guidelines
for the care and use of laboratory animals.

Preparation of Hydrogels

The biodegradable hydrogels were prepared as described
previously.® Briefly, the gels were generated by the glutaralde-
hyde crosslinking of porcine type-I collagen (Gunze, Ayabe, Ja-
pan). The rates of degradation were determined according to the
concentration of glutaraldehyde. The present study used a hydro-
gel that was made with 60 mol/L: glutaraldehyde, which could
release basic fibroblast growth factor® and BDNF? for 7 days in
vivo.

Local Application of Insulin-Like Growth
Factor-1

RhIGF-1 was provided by Astellas Pharma Inc., Tokyo, Ja-
pan. After measuring the auditory brain stem responses (ABRs),
the otic bulla of the left temporal bone was exposed using a
retroauricular approach under general anesthesia with ketamine
(100 mg/kg intramuscularly [IM]; Sankyo Co., Tokyo, Japan) and
xylazine (9 mg/kg IM; Bayer, Tokyo, Japan). A small hole was
made on the left bulla to expose the round window niche. A
hydrogel in dry condition was cut into the size of 2 mm?® under the
microscope and immersed with rhIGF-1 (400 pg dissolved in 40
uL physiological saline) 30 minutes before application. The hy-
drogel was then placed on the round window membrane (RWM) of
the IGF group animals (n = 10). The animals applied a hydrogel-
immersed physiological saline were used as controls (n = 10).

Noise Exposure and Measurement of Hearing

On day 3 after the IGF-1 application, we measured the
ABRs to eliminate animals that showed threshold shifts of more
than 10 dB at any frequencies from the experiments. In conse-
quence, no animals showed threshold shifts over 10 dB after local
drug application in the present study. The animals were then
exposed to white noise at 120 dB sound pressure level (SPL) for 2
hours in a ventilated sound exposure chamber. The sound levels
were monitored and calibrated at multiple locations within the
sound chamber to ensure uniformity of the stimulus.

Auditory function was assessed by recording ABRs. The
measurements of ABR thresholds were performed at frequencies
of 8, 16, and 32 kHz before noise exposure and days 7 and 30 after
noise exposure. Animals were anesthetized with ketamine (100
mg/kg) and xylazine (9 mg/kg) and kept warm with a heating pad.
Generation of acoustic stimuli and subsequent recording of
evoked potentials were performed using a PowerLab/dsp (AD
Instruments, Castle Hill, Australia). Acoustic stimuli, consisting
of tone-burst stimuli (0.1 ms cos? rise/fall and 1-ms plateau), were
delivered monaurally through a speaker (ESlspc; Bioresearch
Center, Nagoya, Japan) connected to a funnel fitted into the
external auditory meatus. To record bioelectrical potentials, sub-
dermal stainless steel needle electrodes were inserted at the
vertex (ground), ventrolateral to the measured ear (active) and
contralateral to the measured ear (reference). Stimuli were cali-
brated against a Y-inch free-field microphone (ACO-7016; ACO
Pacific, Inc., Belmont, CA) connected to an oscilloscope (DS-8812

Laryngoscope 116: April 2006
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DS-538; Iwatsu Electric, Tokyo, Japan) or a sound level meter
(LA-5111; Ono Sokki, Yokohama, Japan). The responses between
the vertex and mastoid subcutaneous electrodes were amplified
with a digital amplifier (MA2; Tucker-Davis Technologies, Ala-
chua, FL). Thresholds were determined from a set of responses at
varying intensities with 5-dB SPL intervals and electrical signals
were averaged for 1024 repetitions. Thresholds at each frequency
were verified at least twice.

Histologic Analysis

On day 7 or 30 after noise exposure, five cochleae from each
experimental group were provided for histologic analysis. The
animals were anesthetized with ketamine and xylazine, and the
left cochleae were exposed. After removal of otic vesicles, 4%
paraformaldehyde in 0.01 mol/L phosphate-buffered saline (PBS)
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Fig. 1. Auditory brain response threshold shifts for recombinant
human insulin-like growth factor-1- (rhiGF-1) and saline-treated co-
chleae at 8, 16, and 32 kHz on days 7 and 30 after noise exposure.
An overall effect of local rhIGF-1 treatment is significant at 8, 16, or
32 kHz {two factorial analysis of variance). Asterisks are indicated
significant differences in pairwise comparisons with Fisher’s pro-
tected least-significant difference. Bars represent standard error
(SE).
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Fig. 2. Photomicrographs of surface preparations stained with my-
osin Vlla and phalloidin from the second turn of cochleae treated
with recombinant human insulin-like growth factor-1 (A) or physio-
logical saline (B) on day 30. Figures A and B show immunostaining
for myosin Vlla (myo), and Figures A’ and B’ show F-actin labeling
by phalloidin. Arrows indicate missing outer hair cells.

at pH 7.4 was gently introduced into the perilymphatic space of
the cochleae. The temporal bones were then excised and im-
mersed in the same fixative at 4°C for 12 hours. After rinses with
PBS, the cochleae were dissected from the temporal bones and
subjected to histologic analysis in whole mounts. We used three
regions of cochlear sensory epithelia at a distance of 30% to 40%
(apical), 50% to 60% (middle) or 80% to 90% (basal) from the apex
for quantitative assessments of hair cell loss.

Immunohistochemistry for myosin VIla and F-actin label-
ing by phalloidin were used to label the surviving inner hair cells
(IHCs) and outer hair cells (OHCs). Anti-myosin VIIa rabbit
polyclonal antibody (1:300; a gift from Tama Hasson, San Diego,
CA) was used as the primary antibody, and Alexa-594-conjugated
antirabbit goat IgG (1:400; Molecular Probe, Eugene, OR) was
used as the secondary antibody. After immunostaining for myosin
VIIa, specimens were stained with FITC-conjugated phalloidin
(1:300; Molecular Probe). Specimens were viewed using a Leica
TCS SP2 confocal microscope (Leica Microsystems Inc., Wetzlar,
Germany). Nonspecific labeling was tested by omitting the pri-
mary antibody from the staining procedures. We counted the
numbers of IHCs and OHCs in 0.2-mm long regions of the apical,
middle, or basal portion of cochleae, respectively.

Statistical Analyses

An overall effect on ABR threshold shifts of application of
rhIGF-1 was examined by the two-way factorial analysis of vari-
ance. When the interaction was significant, multiple comparisons
with Fisher’s protected least-significant difference (PLSD) were
used for pairwise comparisons. The differences in OHC numbers

day 7

O saline
IGF

OHC loss (%)

apical middle basal

B

OHC loss (%)

in each region of the cochlea between the rhIGF-1- and saline-
treated cochleae were examined using the Student ¢ test. A P
value less than .05 was considered statistically significant. Val-
ues are expressed as the mean *+ standard error.

RESULTS

Functional Protection

The time course of alterations in ABR threshold
shifts after noise exposure at 8, 16, or 32 kHz is shown in
Figure 1. Local rhIGF-1 treatment demonstrated signifi-
cant effects on ABR threshold shifts at each frequency. An
overall effect on data for 8 kHz of rhIGF-1 application was
significant (P < .001). The differences in threshold shifts
between rhIGF-1- and saline-treated cochleae on days 7
and 30 were significant at multiple comparisons with
Fisher’s PLSD (P < .001 for day 7, P = .039 for day 30). An
overall effect on data for 16 or 32 kHz of rhIGF-1 appli-
cation was significant (P < .001 for 16 kHz, P = .005 for 32
kHz). The difference in threshold shifts at 16 kHz between
rhIGF-1- and saline-treated cochleae was significant on
day 7 (P < .001), but not on day 30 (P = .051). The
difference in threshold shifts at 32 kHz between rhIGF-1-
and saline-treated cochleae was significant on day 7 (P <
.001), but not on day 30 (P = .48).

Histologic Protection

Immunostaining for myosin VIIa and phalloidin
staining demonstrated degeneration of OHCs in the api-
cal, middle, and basal portions of saline-treated cochleae
(Fig. 2B), whereas OHC degeneration was very limited in
rhIGF-1-treated cochleae (Fig. 2A). Conversely, IHC loss
was not apparent in every region of both saline- and
rhIGF-1-treated cochleae. Quantitative assessments re-
vealed the significant differences in the degree of OHC
loss between saline- and rhIGF-1-treated cochleae on days
7 and 30 (Fig. 3). The differences in the degree of OHC loss
between the saline- and rhIGF-1-treated cochleae were
significant in the apical (P = .0006), middle (P < .0001),
and basal portion (P = <.0001) of cochleae on day 7, and
in the apical (P = .0006), middle (P < .0001), and basal
portion (P = .002) of cochleae on day 30. IHC loss was 2.7
* 1.8% in the basal, 1.0 + 0.5% in the middle, or 1.1 = 0.8
in the apical portion of saline-treated cochleae, and 2.0 =
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Fig. 3. Means of the percentage outer hair cell loss in the apical, middle, and basal portions of insulin-like growth factor-1- and saline-treated
cochleae on days 7 (A) and 30 (B). Asterisks indicate significant differences with unpaired t test. Bars represent standard error (SE).
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1.4% in the basal, 1.2 *+ 0.9% in the middle, or 0.6 = 0.6 in
the apical portion of rhIGF-1-treated cochleae on day 30.
No significant differences in the loss of JHCs were identi-
fied between the two experimental groups.

DISCUSSION

Our findings demonstrate that local rhIGF-1 appli-
cation using a hydrogel before noise exposure has signifi-
cant effects on reduction of ABR threshold shifts and of
OHC loss. Our previous study has demonstrated the effi-
cacy of local BDNF delivery to the cochlea by the biode-
gradable hydrogel.? The present findings therefore indi-
cate that the biodegradable hydrogel can be used for local
rhIGF-1 application to the cochlea. Our previous findings?®
demonstrate that high concentrations of BDNF in the
cochlear fluid are maintained during days 3 to 7 after local
BDNF application using this system. We then locally ap-
plied rhIGF-1 3 days before noise exposure to obtain suf-
ficient concentrations of rhIGF-1 in the cochlear fluid. As
expected, the pretreatment with rhIGF-1 demonstrated
sufficient protective effects against noise trauma in the
present study. However, in clinical settings, drug applica-
tion after the onset of hearing loss is usually performed.
Hence, we should examine the efficacy of local rhIGF-1
treatment after onset of hearing loss in the near future.

In the present study, we focused on degeneration of
sensory hair cells in histologic analysis, because the de-
gree of hair cell loss has traditionally been used to evalu-
ate both the extent of noise-induced injury and the efficacy
of protective treatments.?1° Quantitative assessments in
the present study demonstrated significant protection of
OHCs from noise trauma by local rhIGF-1 treatment. As
for mechanisms of OHC protection by rhIGF-1, several
possible explanations are aroused. One possible explana-
tion is the rescue of OHCs from apoptosis resulting from
noise by rhIGF-1. IGF-1 is known to inhibit apoptosis by
downregulating the expression of proapoptotic genes,!!
and apoptosis is involved in OHC degeneration resulting
from noise.2 Another mechanism is the regulation of glu-
cose transporters in OHCs by rhIGF-1. The expression of
glucose transporter-5 (GLUT-5) in OHCs and its impor-
tance in their function have been reported.l®14¢ GLUTs
operate in the first step of glucose utilization by promoting
the transport of glucose across the plasma membrane.5
IGF-1 can regulate the expression of GLUT-5, thereby
promoting neuronal cell survival.’® Such mechanisms
might be involved in the rhIGF-1-induced protection of
OHCs against noise-induced injury. Further studies are
required for elucidation of detailed mechanisms for the
rhIGF-1-induced protection of OHCs.

ABR threshold shifts observed on day 7 remarkably
recovered on day 30, whereas the damage in the organ of
Corti moderately progressed until day 30. This indicates
that ABR threshold shifts observed on day 7 may be
caused not only by the damage in the organ of Corti, but
also by reversible damages in other regions of the cochlea.
In addition, the damage in the organ of Corti on day 7,
10% to 14% loss of OHCs and limited loss of IHCs, is not
compatible with over 60 dB ABR threshold shifts. Recent
studies have indicated involvement of damages in the
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cochlear lateral wall in noise-induced HL.17 Local rhIGF-1
treatment significantly reduced ABR threshold shifts on
day 7. IGF-1 has also effects on promotion of survival of
fibloblasts.18 Therefore, protective effects of IGF-1 on the
fibrocytes in the spiral ligament may be involved in mech-
anisms for significant reduction of ABR threshold shifts
on day 7.

CONCLUSION

This report demonstrates the efficacy of local rhIGF-1
application using a biodegradable hydrogel for the protection
of cochleae from noise-induced hearing loss. Because the
materials used in the present study are suitable for clinical
application, the present findings encourage us to conduct
further studies for clinical application of local rhIGF-1 treat-
ment using the biodegradable hydrogel. However, the exact
mechanisms by which rhIGF-1 acts in the cochlea are pres-
ently unclear and require further research. Furthermore,
rhIGF-1 was applied before the onset of noise-induced hear-
ing loss in the present study. The ability of rhIGF-1 to
ameliorate cochlear damages when applied locally after the
onset of hearing loss should therefore be examined in an
experimental model in the near future.
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Abstract

We have developed a technique to deliver cells to the inner ear without injuring the membranes that seal the endolymphatic and perilymphatic
chambers. The integrity of these membranes is essential for normal hearing, and the technique should significantly reduce surgical trauma during
cell transplantation. Embryonic stem cells transplanted at the internal auditory meatal portion of an atrophic auditory nerve migrated extensively
along it. Four—five weeks after transplantation, the cells were found not only throughout the auditory nerve, but also in Rosenthal’s canal and the
scala media, the most distal portion of the auditory nervous system where the hair cells reside. Migration of the transplanted cells was more
extensive following damage to the auditory nerve. In the undamaged nerve, migration was more limited, but the cells showed more signs of
neuronal differentiation. This highlights an important balance between tissue damage and the potential for repair.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Auditory nerve; Cell migration; Cell transplantation; Embryonic stem cell; Membranous labyrinth; Spiral ganglion cell

Introduction

Cell transplantation provides a potential method to replace
the irreversible loss of auditory hair cells and neurons that
accompanies many forms of permanent hearing loss. A
fundamental requisite is to deliver the potentially restorative
cells to the target, usually the site of the lesion, with minimal
trauma to the homeostasis of the host. This is particularly
difficult in the inner ear because it has a highly specialized and
complex anatomy (Fig. 1). Hair cells are an important target for
cell replacement, but they occupy a critical position at the
boundary between the cochlear chambers that enclose the
endolymph and perilymph. The differential ionic composition
of these fluids is essential for maintenance of the endocochlear
potential that provides the driving force for sound transduction.

Current surgical techniques in the cochlea break the
membranes between the chambers, a process that may disturb
or, at worst, abolish the residual hearing of the affected patients.
This issue applies not only to cell transplantation (Bianchi and

* Corresponding author. Fax: +81 75 751 7225.
E-mail address: tsekiya@ent.kuhp.kyoto-u.ac.jp (T. Sekiya).

0014-4886/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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Raz, 2004; Brown et al., 1993; Holley, 2002; Ito et al., 2001;
[zumikawa et al., 2005; Staecker et al., 2001) (Figs. 1, {1, I']~
[3]) but also to the inoculation of vectors used for gene
transfection (Bianchi and Raz, 2004; Izumikawa et al., 2005)
(Fig. 1, [1]). One alternative is to deliver materials into the
endolymphatic space through the vestibular aqueduct (Fig. 1,
[1'D. However, these procedures may potentially put endolym-
phatic structures at risk of injury. Another problem with this
technique is that the injected materials may enter not only the
cochlear but also the vestibular portion of the membranous
labyrinth (Fig. 1).

An osmotic pump can be used to deliver various materials
such as cells, viral vectors, or pharmacological agents into the
perilymphatic space (Brown et al., 1993) (Fig. 1, [2]). Although
direct damage to the endolymphatic structures may be
attenuated with this technique, this approach may not be totally
free from hearing loss due to perilymphatic fluid fistula (Minor,
2003). Another potential danger of one perilymphatic injection
technique is that the injected materials could enter the cochlear
aqueduct (Fig. 1, CA) and travel through cerebrospinal fluid to
the contralateral ear where they could cause unintended effects.
More indirectly, the round window niche has been used as the
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Fig. 1. Schematic representation of normal (a) and pathological (b, ¢) auditory nerve functional pathways and previously reported approaches ([1], [1'], [2], [3]) to
transplanting cells or neuro-regenerative substances into the membranous labyrinth. Normally (a), bipolar auditory neurons synapse with hair cells (HC) distaily and
with cochlear nucleus cells proximally. When HCs are damaged (b, red x and crosshatched hair cell), degeneration proceeds toward the spiral ganglion neurons and
cochlear nucleus cells (b, green arrows). When the auditory nerve is damaged (c) in the CP angle (red x in the middle of the figure), nerve degeneration proceeds bi-
directionally as indicated by the green arrows on either side of the x along pathway c. When the membranes enclosing an endo- or perilymphatic fluid-filled space are
mechanically breached (interventions [1], [1'], [2], [3]), hearing is compromised. CA, cochlear aqueduct; ELS, endolymphatic sac; IAC, internal auditory canal; VA,
vestibular aqueduct. Inset: three-dimensional representation of temporal bone. The blue dotted line indicates the plane of the main figure.

placement site for diffusible materials. However, diffusion of
the materials is limited to the more basal turns of the cochlea in
this technique, and doses of drugs infiltrating the perilymphatic
space are impractical to evaluate. Moreover, non-diffusible
materials such as cells cannot be transferred into the
membranous labyrinth with this technique.

Transplantation into the modiolus or auditory nerve trunk
invades the membranous labyrinth, thus also placing hearing at
the risk (Fig. 1, [3]) (Hu et al., 2004a; Regala et al., 2005).

We have developed an effective rat model for cell
transplantation in which we have aimed to minimize the damage
to cochlear function and potentially to maximize the beneficial
outcome. Our method involves transplantation to the internal
auditory meatal (IAM) portion of the auditory nerve. To test our
model, we transplanted embryonic stem (ES) cells into both
damaged and undamaged nerve tissue. We found that trans-
planted cells migrated along the entire course of the atrophic
auditory nerve, even into Rosenthal’s canal (RC), where the
spiral ganglion cells (auditory ganglion cells) had been located,
and finally to the most distal region of the auditory nervous
system, the scala media. The fact that cells reached the normal
location of the hair cells means that the technique is potentially
valuable for replacement of both hair cells and sensory nerves
without disrupting the normal balance of endolymph and
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perilymph. We also found that migration was reduced and
neuronal differentiation enhanced in the absence of damage to
the nerve. Our technique is based on that refined by the first
author over the past 20 years of research in auditory nerve
degeneration and regeneration employing more than 5000
experimental animals, including dogs, monkeys, baboons, and,
more recently, rats (Sekivya et al., 2000, 2003; Yagihashi et al.,
2005).

Materials and methods

Under normal conditions of the auditory nerve and cochlea,
spiral ganglion neurons synapse with hair cells distally and with
the cochlear nucleus cells proximally (Fig. 1, a). However,
various disturbances in nerve transmission can occur and have
been described clinically. When the hair cells are damaged, for
example, in cases of aminoglycoside ototoxity or sound
overstimulation, the spiral ganglion neurons degenerate sec-
ondarily (Sekiya et al., 2000; Yagihashi et al., 2005) (Fig. 1, b).
Another possible cause is primary pathology in the auditory
nerve, such as is seen with auditory neuropathy or with direct
surgical trauma during removal of a vestibular schwannoma
(Sekiya et al., 2000, 2003; Starr et al., 1996). Under such
conditions, the disappearance of spiral ganglion neurons is
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caused by retrograde degeneration of the auditory nerve (Fig. 1,
¢). In both pathological conditions, trans-neuronal degeneration
may extend to the cochlear nucleus and upper relay nuclei of the
auditory nervous system (Morest et al., 1997) (Figs. 1, b, ¢). The
common element in all of these disorders is degeneration of the
spiral ganglion neurons. Therefore, we first reproduced this
pathological condition in rats (Sekiya et al., 2000, 2003). In this
study, in order to induce direct, rapid, and quantifiable primary
degeneration of the auditory nerve, we performed auditory
nerve compression in the cerebellopontine (CP) angle of the rat.

Compression of the auditory nerve

All the animal experiments were conducted in accordance
with the Guidelines for Animal Experiments at Kyoto
University. The auditory nerve of the rats was quantitatively
compressed in the CP angle without permanent compromise of
the blood supply to the cochlea with the aid of intraoperative
monitoring of the compound action potentials of the auditory
nerve (CAP) as reported elsewhere (Sekiya et al., 2000, 2003).
In the present study, however, we revised the experimental
procedures in order to shorten the time during which the
labyrinthine artery was transiently compressed. Briefly, male
Sprague—-Dawley rats weighing 500-550 g each were anesthe-
tized by an intraperitoneal injection of ketamine (100 mg/ml;
Sankyo Co., Tokyo, Japan) and xylazine (9 mg/ml; Bayer,
Tokyo, Japan). After the rat had been fixed in a small animal
stereotactic frame (Model 900, David Kopf Instruments,
Tujunga, CA, USA), right suboccipital craniectomy was
performed with the aid of a surgical microscope, and the 7th
and 8th cranial nerve trunks were identified at the IAM (Sekiya
et al., 2000, 2003). An L-shaped stainless steel wire (diameter,
200 pm) was used as the compression-recording (CR) electrode.
The CR electrode was placed so that it touched the superior
edge of the TAM, and then it was shifted laterally by 7 mm so
that its tip touched and remained in contact with the bony
surface of the IAM as the electrode was advanced. As the CR
electrode was advanced, the auditory nerve was gradually
compressed between the tip of the CR electrode and the edge of
the IAM (Sekiya et al., 2000). The angle of compression was
precisely controlled to apply maximal direct pressure on the
nerve with minimal pressure on the artery by having the axis of
the electrode tilted posteriorly so the end pointed caudally at an
angle of 26.8° from the perpendicular. For the advancement of
the CR electrode, a micromanipulator driven by a pulse motor
(PC-5N, Narishige, Tokyo, Japan) was used. The operation of
this pulse motor was automatically controlled by a program-
mable controller (Sekiya et al., 2000). As the first compression
of the auditory nerve, the CR electrode was advanced at the
speed of 1 um/s until the CAP flattened, termed the “flat point”.
The CR electrode was maintained at the flat point for 100 s. The
rats in which the CAP recovered within 60 s after the flat point
was reached, while the CR electrode was maintained at the flat-
point position, were included in this study. The depth of
electrode advancement for the second compression was 400
pum, and the speed of the electrode advancement was 10 pm/s.
Sixty seconds after the start of the second advancement, the
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electrode was withdrawn at 110 pm/s. In our experimental
model, therefore, the auditory nerve and labyrinthine artery
were simultaneously compressed during the compression
procedure to injure the auditory nerve. However, the duration
of complete disappearance of CAPs was less than 60 s in each of
two compressions. This amount of CAP loss was far below the
critical limit that causes irreversible cochlear ischemia (Pujol et
al., 1993; Sekiya et al., 2000).

Electrophysiology

Before the surgical procedures and after the rats were
anesthetized, brainstem auditory evoked potentials (BAEPs)
were recorded in all rats between the base of the earlobe of the
operative side (right) and the vertex with the ground electrode at
the base of the forelimb. Click stimuli (90 dB sound pressure
level) were presented to the right ear at a rate of 9.5 pulses/s
through a tube earphone driven by a 100 us rectangular pulse
wave fed by a stimulator, and evoked potentials were amplified
with a bandpass of 50 Hz to 3 kHz and were averaged using a
processor (Synax 1100, NEC Medical Systems, Tokyo, Japan)
with a sampling interval of 20 ps and 500 data points in each
recording. The potentials to 100 successive clicks were
averaged and stored in a computer (Sekiya et al., 2000). During
the first and second compression procedures, the CAPs were
recorded between the tip of the CR electrode and the vertex with
the ground electrode placed at the base of the forelimb of the rat.
For CAP recordings, the potentials from the nerve to 5
successive clicks were averaged and stored in a computer.
This rate led to a continuous CAP recording rate of one potential
every 2.4 s before the flat point.

SDIA-treated ES cells

The mouse ES cells that we used, G4-2 (generously donated
by Dr. Hitoshi Niwa, Riken Center for Developmental Biology,
Kobe, Japan), were a subline derived from El4tg2a ES cells,
and they express the enhanced green fluorescent protein (EGFP)
gene driven by a ubiquitous strong promoter (CAG promoter)
(Kawasaki et al., 2000; Sakamoto et al., 2004). Undifferentiated
ES cells were maintained on gelatin-coated dishes in Glasgow
minimum essential medium (GMEM) (Invitrogen, Carlsbad,
CA, USA) supplemented with 1% fetal calf serum (FCS) JRH
Bioscience, Lenexa, KS, USA), 10% knockout serum replace-
ment (KSR, Invitrogen), 1 mM pyruvate (Sigma, St. Louis, MO,
USA), 0.1 mM nonessential amino acids (Invitrogen), 0.2 mM
2-mercaptoethanol (2-ME) (Wako, Osaka, Japan), and 2000 U/
ml leukemia inhibitory factor (LIF) (Chemicon, Temecula, CA,
USA) for 1 week. Then, the SDIA (stromal-cell-derived
inducing activity) method was employed for cell differentiation.
Briefly, ES cells were cultured to form differentiated colonies
on the PA6 (obtained from RIKEN Cell Bank, RCB1127; a
stromal cell line derived from newborn mouse calvaria) feeder
layer in GMEM supplemented with 5% KSR, 1 mM pyruvate,
0.1 mM nonessential amino acids, and 0.2 mM 2-ME
(differentiation medium) (Kawasaki et al., 2000). The day on
which ES cells were seeded on the PA6 feeder layer was defined
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as day 0, and, on day 6, ES cell colonies were detached en bloc
from the PA6 layer using Collagenase B (Roche Diagnostics,
Tokyo, Japan). SDIA-treated ES cells were trypsinized to
dissociate into single cells and resuspended in medium at
1 x 10° cells/ul. In the ES cell differentiation method used in the
present study, an SDIA promotes neural differentiation of
mouse ES cells in vitro before transplantation (Kawasaki et al.,
2000).

Transplantation of ES-SDIA cells

Four weeks after compression, we confirmed lack of
function of the auditory nerve electrophysiologically by
evaluating the results of recordings of BAEPs. Then, the rats
were divided into two experimental groups. In the first
experimental group (group 1, n = 9), we re-anesthetized rats,
re-opened the same craniectomy site, and placed enhanced
green fluorescent protein (EGFP)-expressing embryonic stem
(ES) cells treated with the stromal cell derived inducing activity
(SDIA) (labeled ES-SDIA cells) (Kawasaki et al., 2000) at the
previously compressed portion (IAM portion) of the auditory
nerve. Before placing the cells at the compressed portion of the
nerve, we incised the connective tissue capsule of the auditory
nerve trunk at the IAM portion in order to facilitate adequate
contact between transplanted cells and atrophic auditory nerve
fibers. We used utmost caution to avoid additional trauma to
atrophic nerve fibers.

In rats in the second experimental group (group 2, n = 3),
after exposing the auditory nerve as just described, the fused
silica tube was inserted into the auditory nerve trunk and then
was advanced toward the fundus of the IAC approximately 500
um. We then infused 5-ul portions of ES cell suspension
(1 x 10° cell/ul) in phosphate-buffered saline (PBS), using a
microinjector (Micro4, World Precision Instruments, Sarasota,
FL, USA), over a period of 5 min.

The external and internal diameters of the fused silica tube
for peri-neural transplantation (Group 1) were 170 and 100 pm,
while those for intra-auditory nerve transplantation (Group 2)
were 107 and 40 um, respectively.

In both groups of rats, when the tube was in place, we covered
the transplantation site with a small piece of absorbable gelatin
sponge (Spongel, Yamanouchi, Tokyo, Japan) followed by
fibrin glue (Beriplast P, ZLB Behring) to prevent spillage of
transplanted cells. No immunosuppressant drugs were employed
in the present study.

In order to identify differences in the biological behavior of
cells transplanted into normal or atrophic nerve, we transplanted
the same volume of the same cells to the IAM portion of an
intact auditory nerve (r = 3), using the same technique used in
group 1 rats.

After the cell transplantation procedure, the rats were kept
alive for 4—5 weeks. Then, the animals were killed, and the
temporal bones were prepared for histological study.

Another 4 rats were killed 4 weeks after compression without
cell transplantation in order to investigate the functional and
morphological states of the auditory nerve and cochlea after
compression.
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Immunohistochemistry

Four to five weeks after cell transplantation, each rat was
placed in a state of deep anesthesia and was perfused
transaortically with 4% paraformaldehyde in 0.01 M phos-
phate-buffered saline (PBS) at pH 7.4. Three hours later, both
temporal bones and the brain stem were removed en bloc. The
tympanic bulla was opened, and the specimen was then
immersed in the same fixative for 30 min at 4°C, after which
both temporal bones were removed and decalcified with 10%
ethylenediaminetetraacetic acid (EDTA) and HCI solution (pH
7.4) for 7 days at 4°C. Serial 5 pm frozen sections of each
temporal bone embedded in OCT compound (Sakura Finetech-
nical, Tokyo, Japan) were made. Among the slices made from
these procedures, the section that simultaneously included all
four RCs (basal, lower middle, upper middle, and apical) as
large as possible and the cochlear nerve with widest width
possible was selected as midmodiolar sections. The midmodio-
lar sections were mounted on glass slides, washed in PBS, and
dried in room temperature (RT) air for 30 min. The sections
were permeabilized and blocked by 10% goat serum in 0.2%
Triton X-100 (Sigma) in PBS at RT for 30 min. A primary
antibody (anti-EGFP rabbit serum, x500; Molecular Probes,
Tokyo, Japan, diluted by 10% goat serum in 0.2% Triton X-100
PBS) was applied to the sections and incubated at 4°C for 12
h followed by washing in 0.2% Triton X-100 PBS 2 times for 5
min each. A secondary antibody (Alexa Fluor 594 labeled anti-
rabbit IgG goat antibody %500, Molecular Probes, diluted by
10% goat serum in 0.2% Triton X-100 PBS) was applied to the
sections at 4°C for 6 h followed by washing in 0.2% Triton X-
100/PBS 2 times for 5 min each. For nuclear staining, the
sections were incubated in 4'-diamidino-2-phenylindole
(DAPI) (0.1 pg/ml, Roche Molecular Biochemicals, Tokyo,
Japan) solution at RT for 30 min. In several sections, nucleic
acid dye (TOTO3, x 500, Molecular Probes) was applied for 15
min to stain nuclei for confocal microscopy. They were washed
in 0.2% Triton/PBS 2 times for 5 min each. The sections were
pre-equilibrated in the SlowFade Equilibration Buffer (Molec-
ular Probes) for 30 min and mounted in SlowFade antifade
reagent (Molecular Probes). In several rats, anti-RIII-tubulin
rabbit polyclonal antibody (x300; Covance Research Product,
Berkeley, CA, USA) was used as the primary antibody to
visualize neurites. In each case, the non-operated sides of the
cochlea and auditory nerve were used as the control. A
fluorescence microscope system equipped with appropriate
filters (Olympus BX50 + BX-FLA, Olympus, Tokyo, Japan)
was used for observation. Samples were photographed with a
digital camera (Olympus DP10). For confocal microscopy, a
Leica TCS SP2 confocal laser-scanning microscope (Leica
Microsystems, Tokyo, Japan) was used. Images used for the
figures were processed with Photoshop and Illustrator software
programs (Adobe Systems, Mountain View, CA).

We also performed immunohistochemistry to convert the
EGFP into the horseradish peroxidase (HRP) reaction to
reconfirm the presence of transplanted EGFP-labeled cells in
selected cases. After inactivating endogenous peroxidase with
3% hydrogen peroxide, the sections were permeabilized with





