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Objective: Aging is a common cause of acquired
hearing impairments. This study investigated
age-related morphologic changes in human co-
chleae, with a particular focus on degeneration of
the stria vascularis (SV) and the spiral ganglion
(8G). Study Design: Retrospective case review.
Methods: The study group comprised 91 temporal
bones from individuals aged 10 to 85 years who
had no history or audiometric findings suggestive
of specific causes of cochlear degeneration. We
quantified the SV and SG atrophy at each co-
chlear turn using morphometric measurements.
Correlations of the SV and SG atrophy with age,
audiometric patterns of hearing loss, and audi-
tory thresholds were statistically investigated.
Result: The SV and the SG both showed a tendency
for progressive atrophy to develop with age. How-
ever, statistically significant correlations were ob-
served between aging and SV atrophy only in the
apical and basal cochlear turns. These findings
were consistent with those reported previously in
gerbils. No significant correlations were detected
between SV or SG atrophy and audiometric find-
ings. Conclusion: SV atrophy appears to be the most
prominent anatomic characteristic of aged human
cochleae. Key Words: Aging, atrophy, cochlea, hu-
man, pathology, spiral ganglion, stria vascularis.

Laryngoscope, 116:1846-1850, 2006

From the Department of Otolaryngology (T.s., Y.N., N.K., H.O., Y.S.,
K.0.), Fukushima Medical University, School of Medicine, Fukushima, and
the Department of Otolaryngology~Head and Neck Surgery (T.N., J.L),
Kyoto University Graduate School of Medicine, Kyoto, Japan.

Editor’s Note: This Manuscript was accepted for publication June
14, 20086.

This study was supported by Health and Labour Science Research
Grants for Research on Sensory and Communicative Disorders from the
Ministry of Health, Labour, and Welfare, Japan.

Send correspondence to Dr. Koichi Omori, Department of Otolaryn-
gology, Fukushima Medical University, School of Medicine, Hikarigaoka 1,
Fukushima 960-1295, Japan. E-mail: omori@fmu.ac.jp; or Dr. Takayuki
Nakagawa, Department of Otolaryngology-Head and Neck Surgery, Grad-
uate School of Medicine, Kyoto University, Kawaharacho 54, Shogoin,
Sakyo-ku, 606-8507 Kyoto, Japan. E-mail: tnakagawa@ent.kuhp.kyoto-
w.acjp

DOI: 10.1097/01.m1g.0000234940.33569.39

Laryngoscope 116: October 2006
1846

65

INTRODUCTION

Age-related degenerative hearing loss (HL) is known
as presbycusis and is the most common cause of hearing
impairments in adults. As human populations age, this
condition is expected to become more prevalent. At
present, the therapeutic options for presbycusis are lim-
ited to the use of hearing aids. Until recently, mammals
were thought to be unable to regenerate cochlear ele-
ments; however, recent medical advances have high-
lighted the potential for the regeneration of cochlear ele-
ments through gene or cell therapy.12 In addition, animal
experiments have identified various molecules that might
be applied therapeutically to protect cochlear cells.3-5 Al-
though these experimental findings have not yet been
applied clinically, they could help to establish novel ther-
apeutic strategies for presbycusis.

It is crucial to determine the cells or tissues in aged
cochleae that should be targeted by future therapies. Sev-
eral animal experiments have indicated that degeneration
of the stria vascularis (SV) or the spiral ganglion (SG) is
a prominent pathologic, age-related cochlear change.6-12
However, studies on human temporal bones will be nec-
essary to confirm the precise targets for therapeutic strat-
egies. Previous research has demonstrated several age-
related histopathologic changes in human cochleae.3-18
However, the general features of aged cochleae have not
yet been established for humans. This is partly because
the subjects of previous studies have tended to include
patients with ear diseases or profound hearing impair-
ments. In such cases, cochlear degeneration might be
caused by ototoxic pathogens or an ototoxic internal envi-
ronment, which makes it difficult to distinguish the spe-
cific abnormalities caused by aging. Recently, two arti-
cles9:20 carefully excluded temporal bones of subjects with
a history of ear diseases. However, previous authors have
examined insufficient numbers of human temporal bones
to allow the general histopathologic characteristics of aged
cochleae to be determined. To address these issues, we
conducted a quantitative analysis of age-related histopatho-
logic changes of the SV and SG using a large sample of
human temporal bones.

Suzuki et al.: Age-Related Changes in Human Cochleae



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.

Area of the

cochiear turn

100 um

T

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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auditory threshold (dB)

age (years)

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 (- = 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 =
—0.23, 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 { = ~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.t-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 turns.

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!4 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 bones?® 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 humans5-2¢ and animal mod-
els.1112 These reports frequently noted a loss of SG neu-
rons coupled with a loss of cochlear hair cells. Gates and
Mills?8 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.l0 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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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. Inmunohistochemistry 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 to reduce 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 vitro. 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.

REsSULTS 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/BDNF 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
C57BL/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

4 kHz R kHz jLS 1374

E
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T
p=d
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ABR thresholds (4B SPL)
ot

@
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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 -
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 CDA45-
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 CS7BL/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
c¢DNA using Pyrobest DNA polymerase (TaKaRa-Bio, Kyoto, Japan) was
performed with the following primer pairs: &' 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 pg/ml) in a humidified atmosphere
of 5% CO, at 37°C. NIH3T3 cells were plated at a density of 1 x 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 [ {(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 3 x 10* 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.

Iimmunohistochemistry. 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 (11=10) or 28 (11=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
CD43-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
(DAPL; 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 (1=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-g-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 I1gG
(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 (12=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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found, in the online version, at doi:10.1016/j.ymthe.2006.
06.012.
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A New Tool for Testing Ossicular Mobility During
Middle Ear Surgery: Preliminary Report of Four Cases
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Objective: We developed an ossicular vibration tester for the
objective and quantitative assessment of ossicular mobility,
which is one of the most critical factors affecting postoperative
hearing after tympanoplasty.

Methods: Our device consists of three components: a probe
shaft with a curved tip to be attached to the target ossicle, a
vibration exciter to activate the probe, and a piezoelectric sen-
sor to detect vibrations of the probe. These components are
encased in a stainless steel holder, allowing easy hand manipu-
lation during ear surgery. The probe is activated with an
electric signal at around 1,600 Hz. The system is controlled
with a laptop computer, and the results are presented as the
ratio of the ossicular resistance (ROR) to a reference value as
a percentage. One measurement takes 10 ms. The device was
applied in four selected patients during ear surgery.

Results: Several measurements in two of the cochlear implant-
ees showed a greater difference in the RORs of the stapes
(15-20% in Case 1 and 35-45% in Case 2), whereas the

RORs of the malleus and incus were within the same range.
This was thought to correspond to the partial cochlear calcifi-
cation noted in Case 2. In Case 3, who underwent surgery
because of otosclerosis, the ROR of the stapes was high,
ranging from 70 to 80%. When measured for the malleus-
incus fixation anomaly (Case 4), the ROR of the malleus and
incus was in the range of 60 to 70%. Owing to the limited
surgical view, the ROR of the stapes could not be measured.
No problems related to the measurements with this device
were noted.

Conclusion: The design, principles, measuring procedures, and
preliminary results of our new tool for testing ossicular mo-
bility are reported. Measuring the ossicular mobility during
surgery may provide important information for deciding the
surgical procedures. Key Words: Ossicular mobility—
Otosclerosis—Postoperative hearing—Tympanoplasty— Vibration
tester.

Otol Neurotol 27:592-595, 2006.

Hearing does not always improve satisfactorily after
tympanoplasty. The outcome depends on a variety of
factors such as middle ear disease, tubal function, the
surgeon’s skill, and the type of ossicular reconstruc-
tion. The mobility of the ossicles, especially of the
stapes, is thought to be one of the most critical factors
affecting postoperative hearing (1). When stapes fixa-
tion is observed in surgery for chronic otitis media,
conventional tympanoplasty is usually insufficient to
restore hearing, even when the inflammatory disease
is eradicated. Good hearing is expected only when
the mobility of the stapes remains intact or is improved
by the surgical procedure. Most otologic surgeons
assess the ossicular mobility by placing an ear pick
on the ossicle and activating it manually. This maneu-
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ver provides only a rough estimate, and the results
are subjective.

In 1963, Lau et al. (1) reported an ossicular mobil-
ity checker called Schallsonde, but the device did
not become popular because its clinical significance
was not fully recognized at the time. In 1997, we
developed an ossicular vibration tester using a pair
of ceramic elements (2,3). Although it provided im-
portant information on ossicular mobility, clinical
assessment of the device revealed the following intrin-
sic drawbacks:

1. the ceramic tip was so fragile that it could not

tolerate hard use during surgery;

2. the device had to be held stable with its tip in

contact with the ossicle for 8§ s:

3. measurements were often influenced by electric

noise in the operating room; and

4. many additional instruments were required, such

as an electric stimulator, amplifier, and spectrum
analyzer.
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In 2001, Wada et al. (4) introduced a new measuring
system using a single ceramic element and a micropres-
sure sensor to evaluate stapes mobility. Although the
system seemed promising, they had applied it only in
guinea pigs and rabbits, suggesting that a clinical trial of
their system seemed premature.

Recently, we developed a new ossicular mobility tester
using an electromagnetic driver and a piezoelectric sen-
sor. The probe is small enough to be manipulated easily
during ear surgery, taking advantage of its handheld
design (Fig. 1). The handpiece is reusable after ethylene
oxide gas sterilization. The device is a computer-
controlled system, and it overcomes most of the draw-
backs of our previous system. This article reports the
structure, principles, and measuring procedures for our
new tool and shows preliminary results in four patients.

PRINCIPLES OF THE MEASURING DEVICE

The ossicular vibration tester consists of three com-
ponents, as shown in Figure 2: a pair of probe shafts
with one end designed to be attached to a target ossicle,
a piezoelectric force sensor incorporated between the
probe shafts, and a vibration exciter for activating the
probe shafts. The probe shaft is composed of stainless
steel, with a diameter of 3.0 mm and bends at a 20-degree
angle 20 mm from the tip. It tapers toward the tip, where
it is shaped like a ball with a diameter of 0.5 mm. Except
for the probe shaft, all of these components are encased in
a handheld stainless steel holder. The moving parts,
including the probe shaft, tip, and sensor, are suspended
with springs. An exciter consisting of a moving-coil-type
electromagnetic transducer makes the probe shaft vibrate
along its long axis. Under the control of a laptop com-
puter, the vibration exciter makes the probe shaft vibrate
at the resonance frequency, which is around 1,600 Hz.
When the vibration exciter is activated, a force sensor
picks up the vibration of the shaft tip and transforms it
into an electric signal. On activating the exciter with the
shaft tip attached to a target ossicle, the output voltage

FIG. 1. The handheld ossicular mobility tester.
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FIG. 2. Schema of the measuring system.

from the sensor changes in relation to the magnitude of
the ossicular resistance. Therefore, by measuring both
with the tip free of load and with it attached to an ossicle,
we can calculate the mechanical impedance of the ossicle,
which is thought to correspond to the inverse of the os-
sicular mobility. The details of the principle of this mea-
suring device were reported in association with our
previous article (5).

MEASUREMENTS

All the measuring procedures were performed under
an operating microscope to avoid damaging the inner
ear. After exposure of the auditory ossicles, the tester
was handheld at an appropriate angle, and baseline data
were obtained via activating the probe without touching
the tip to the ossicle. This procedure is important for
tuning the vibration mode of the exciter, which varies
with the angle of the handpiece to the target. The tip of
the shaft was carefully placed on the ossicle, and the
probe was activated with an electric signal (Fig. 3).
One measurement took only 10 ms. The data were ana-
lyzed by sampling 512 points, and the dispersion of the
data was calculated. When the dispersion exceeded
10%. the data were rejected automatically. Afterward,
consecutive steady-wave responses were used to assess
ossicular mobility. The loading electric current to the
probe was set to 0.15 mA, which caused reciprocal
vibration of the shaft around 50 nm. The amplitude cor-
responded to the vibration of the stapes at 100 dB SPL at
1,600 Hz (6). The computer calculated the ratio of os-
sicular resistance (ROR) as a percentage of a reference
value. A low percentage indicates a low resistance of the
ossicle and good ossicular mobility, and a high percent-
age indicates the opposite.

PATIENTS AND RESULTS

As a preliminary experiment, ossicular mobility was
evaluated in four patients who agreed to undergo clinical
testing during surgery. The institutional review board of
Ehime University School of Medicine approved the
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FIG.3. Measuring procedure. Exposing the ossicles (A). Baseline measurement (B). Touching the probe tip to the side of the stapes head (O).

study design. Table 1 summarizes the patients’ profiles,
surgical procedures, and results of the measurements.
Surgery and measurements were performed under gen-
eral anesthesia in Patients 1 and 2 and under local an-
esthesia in Patients 3 and 4.

Patient 1 was a 45-year-old woman who had developed
bilateral idiopathic sudden deafness 7 years earlier. At the
time of cochlear implant surgery, the auditory ossicles
seemed to move normally on manual manipulation. Ten
measurements of each ossicle using the device gave
RORs of 8 to 10%, 20 to 25%, and 15 to 20% for the
malleus, incus, and stapes, respectively. All the active elec-
trodes of the Nucleus 24 implant system (Cochlear Ltd.,
Lane Cove, Australia) were inserted.

Patient 2 was a 68-year-old man who underwent a
cochlear implant for bilateral postmeningitic deafness
that developed at age 10 years. His cochlea was partly
ossified, and the ossicular mobility was somewhat
reduced on manual manipulation using an ear pick.
The RORs ranged between 25 and 35%, between 20
and 30%, and between 35 and 45% for the malleus,
incus, and stapes, respectively. In this case, 12 of the
22 electrode arrays of the Nucleus 24 implant system
could be inserted into the scala tympani.

Patient 3 was a 67-year-old woman with otosclerosis.
The stapes was exposed via a transcanal approach, and
the probe was carefully attached to the posterior side of
the stapes head before disrupting the incudostapedial joint
(Fig. 3). Manual manipulation of the ossicles revealed
that the stapes was fixed. As expected, the ROR ranged
from 70 to 80% on 10 successive measurements. After
stapedotomy, the ossicle was reconstructed with a Teflon-
piston wire, and the hearing result was excellent.

Patient 4 was an 18-year-old man. The malleus and
incus were congenitally fixed to the surrounding bone,
whereas the stapes moved normally. After exposure of
the ossicles via the ear canal, the probe was applied to
the malleus. In this case, the ROR ranged from 60 to
70%. Testing the mobility of the stapes was not feasible
owing to the limited surgical field. No complications
related to the measurements with this device were noted.

DISCUSSION

The mobility of the auditory ossicle can be analyzed
using a variety of equipment such as laser Doppler vibro-
meters (6,7), capacitive probes (8), and -y-ray counters
(9,10). Most of these measuring systems can be applied
only in the laboratory because of their size and the safety
issues involved. Recently, laser Doppler vibrometer has
been introduced in some otologic clinics as a tool for
measuring ossicular mobility (11-13); however, it is still
unpopular, mainly because of its high cost. Furthermore, it
requires sound delivery equipment to activate the tympa-
nic membrane, which often annoys the surgeon. Our
device has several advantages over these devices: 1) it
has a simple design and is handy and durable; 2) it is
applicable even when the tympanic membrane has a per-
foration; 3) it does not need a sound delivery system;
4) ossicular mobility can be assessed in total or in part
without disrupting the ossicular chain.

In this study, we measured the ROR as an indicator of
ossicular mobility. According to Iwakura et al. (5), the
ROR is correlated with the mechanical impedance of the
target on a logarithmic scale; ROR values of 15, 45, and

TABLE 1. Results of ossicular mobility in four patients

Case 1 Case 2 Case 3 Case 4
Age (yr) sex 45/female 68/male 67/female 18/male
Diagnosis Idiopathic deafness Postmeningitis deafness Otosclerosis Congenital ossicular fixation
Surgery Cochlear implant Cochlear implant Stapedotomy Ossiculoplasty
Malleus (%) 8-10 25-35 NA 60-70
Incus (%) 20-25 20-30 NA NA
Stapes (%) 15-20 35-45 70-80 NA

NA, not applicable.
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