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Novel Therapy for Hearing Loss: Delivery of
Insulin-Like Growth Factor 1 to the Cochlea
Using Gelatin Hydrogel

*1Kyu Yup Lee, *Takayuki Nakagawa, *Takayuki Okano, *Ryusuke Hori,
*Kazuya Ono, 7Yasuhiko Tabata, $Sang Heun Lee, and *Juichi Ito
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Hypothesis: Local application of recombinant human insulin-
like growth factor | (rhIGF-1) via a biodegradable hydrogel
after onset of noise-induced hearing loss (NIHL) can attenuate
functional and histologic damage.

Background: The biodegradable gelatin hydrogel makes a
complex with drugs by static electric charges and releases
drugs by degradation of gelatin polymers. We previously
demonstrated the efficacy of local rhIGF-1 application via
hydrogels before noise exposure for prevention of NIHL.
Methods: First. we used an enzyme-linked immunosorbent
assay to measure human IGF-1 concentrations in the cochlear
fluid after placing a hydrogel containing rhiGF-1 onto the
round window membrane of guinea pigs. Second, the function-
ality and the histology of guinea pig cochleae treated with

local rhiGF-1 application at different concentrations after
noise exposure were examined. Control animals were treated
with a hydrogel immersed in physiologic saline alone.
Results: The results revealed sustained delivery of rhiGF-1 into
the cochlear fluid via the hydrogel. The measurement of audi-
tory brainstem responses demonstrated that local thIGF-1 treat-
ment significantly reduced the threshold elevation from noise.
Histologic analysis exhibited increased survival of outer hair
cells by local rthIGF-1 application through the hydrogel.
Conclusion: These findings indicate that local rhIGF-1 treat-
ment via gelatin hydrogels is effective for treatment of NIHL.
Key Words: Biomaterial—Drug delivery—Growth factor—
Noise trauma—Round window.

Otol Neurotol 28:976-981, 2007.

Sensorineural hearing loss (SNHL) is one of the
most common disabilities, but therapeutic options are
limited to hearing aids and cochlear implants. Many
investigations have therefore examined novel therapeu-
tic molecules for SNHL and have discovered several
agents exerting therapeutic activity against SNHL.
Despite such progress in basic research, translation of
these basic findings into clinical use is very rare. The
lack of safe and effective methods for drug delivery to
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the cochlea has formed a considerable obstacle to clin-
ical applications. Systemically applied drugs have great
difficulty reaching cochlear cells because of 1) the
blood-fabyrinth barrier (1) acting as an obstacle to
the transter of drugs from serum to cochlear cells
and 2) the limited blood flow to the cochlea (2). The
development of local drug delivery systems to the
cochlea thus remains crucial for the clinical application
of basic findings in this field.

Several methods of local drug delivery to the cochlea
have been reported (3). Implantable minipumps has fre-
quently been used for local drug delivery to the cochlea in
animal experiments (4). In addition, several clinical
reports have described the efficacy of local steroid appli-
cation using a semi-implantable minipump (5,6). How-
ever, the use of implantable minipumps has not been
widely adopted because of the need for surgical proce-
dures similar to tympanoplasty. Local drug delivery using
biodegradable polymers has thus gained attention as an
alternative to implantable minipumps. In general. biode-
gradable polymers containing therapeutic molecules are

Copyright © 2007 Otology & Neurotology. Inc. Unauthorized reproduction of this article is prohibited.

81



IGF-1 HYDROGEL THERAPY 977

placed on the round window membrane (RWM), and
therapeutic molecules released from the polymers trans-
fer into the perilymph of cochleae through the RWM
(3,7). We have reported the efficacy of gelatin hydrogel
for sustained delivery of brain-derived neurotrophic fac-
tor (BDNF) to the cochlear perilymph in guinea pigs (8).
Brain-derived neurotrophic factor delivered by gelatin
hydrogels efficiently protect spiral ganglion neurons
from secondary degeneration caused by hair cell loss.
However, BDNF is not currently clinically applicable.
Insulin-like growth factor 1 (IGF-1) is a mitogenic pep-
tide that plays essential roles in the regulation of growth
and development in the inner ear. The gelatin hydrogel
system was examined as a vehicle to deliver recombinant
human IGF-1 (rhIGF-1) to the cochlea because this drug
has already been approved for clinical use. Local thIGF-1
application through the gelatin hydrogel before noise
exposure significantly protects cochleae from functional
and histologic losses induced by noise trauma (9).

Our goal is the clinical use of local rhIGF-1 applica-
tion via the gelatin hydrogel as a therapeutic option for
the treatment of SNHL. The current study examined
whether posttraumatic application of rhIGF-1 to the
cochlea through gelatin hydrogel attenuates noise-
induced hearing loss (NIHL). In addition, we examined
IGF-1 concentrations in cochlear periltymph after pla-
cing rhIGF-1-containing hydrogel onto the RWM of
guinea pigs to determine the efficiency of the gelatin
hydrogel system for cochlear application of rhIGF-1.

MATERIALS AND METHODS

Experimental Animals

Twenty-six adult female Hartley guinea pigs weighing 250 to
300 g (Japan SLC, Hamamatsu, Japan) served as experimental
animals. 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 accordance with the National Institutes of Health
guidelines for the care and use of laboratory animals.

Biodegradable Gelatin Hydrogel

A biodegradable hydrogel has been developed for sustained
delivery of peptides, including growth and trophic factors (10).
In this approach, a positively charged protein is electrostatically
complexed with negatively charged polymer chains, which
form the components of the biodegradable hydrogel. The bio-
degradation of the polymer chains leads to the release of pep-
tide. Biodegradable hydrogels are generated by glutaraldehyde
cross-linking of gelatin. The rates of degradation are determined
according to the concentration of glutaraldehyde. A previous
analysis of in vitro IGF-1 release profiles from hydrogels has
demonstrated that a hydrogel made with 10-mmol/L glutaralde-
hyde allows for optimal IGF-1 delivery (11). We therefore used
this type of hydrogel in the present study.

In Vivo IGF-1 Release Profile
Guinea pigs were anesthetized using ketamine (dose, 80 mg/kg
intramuscularly; Sankyo, Tokyo, Japan) and xvlazine (dose, 9
mg/kg intramuscularly; Bayer, Tokyo, Japan). A sheet of hydro-

gels in dried condition was cut to a size of 1.5 to 2 mm’ under
microscopy. A piece of hydrogel immersed in thIGF-1 (amount,
400 p.g dissolved in 40-pL physiologic saline; Astellas, Tokyo,
Japan) was positioned on the left RWM of each animal in the
treated group. Perilymph was collected on Days 1,3.0r 7 (n =4
each) after drug application in treated groups and from nontreated
animals (n = 4). For each animal. a small hole was made in the
basal turn of the cochlea 2 mm from the RWM, under general
anesthesia, and 3 WL of perilymph was collected through the hole
using a micropipette. The same amounts of cerebrospinal fluid
(CSF) and serum were obtained from each animal. Insulin-like
growth factor 1 proteins were quantified using enzyme-linked
immunosorbent assay (ELISA), performed using a Quantikine
human IGF-1 immunoassay kit according to standard protocols
(R&D Systems, Minneapolis. MN, USA). Triplicate measure-
ments were averaged.

Noise Exposure and Drug Application

Baseline auditory brainstem response (ABR) thresholds
were measured within 7 days before initial noise exposure.
Animals were then exposed to 4-kHz octave band noise at
120-dB sound pressure level for 5 hours in a ventilated
sound exposure chamber. Sound levels were monitored and
calibrated at multiple locations within the sound chamber to
ensure stimulus uniformity. Under general anesthesia with
ketamine and xylazine, a piece of hydrogel immersed in
rhIGF-1 at a concentration of | or 10 pg/pL in 40 pL physio-
logic saline (n = 5 for each concentration) was placed on the
RWM in the left ear of animals 5 hours after noise exposure;
then, the hydrogel immersed in physiologic saline was placed
on the RWM of the right ear.

Functional Analysis

Auditory function was assessed by using ABR recordings.
Measurements of ABR thresholds were performed at frequencies
of 4, 8, and 16 kHz before noise exposure and on Days 3, 7, 14,
and 21 after drug application. The animals were anesthetized
using ketamine and xylazine and were kept warm with a heating
pad. Generation of acoustic stimuli and subsequent recording of
evoked potentials were performed using a PowerLab/4SP data
acquisition system (ADlInstruments, Castle Hill, Australia).
Acoustic stimuli, consisting of tone-burst stimuli (0.1-ms cos 2
rise/fall and 1-ms plateau), were delivered monaurally through a
speaker (ES Ispc; Bioresearch Center, Nagoya, Japan) connected

—C— Perilymph
— & -CSF

1800

1600 |
| *

5§88

IGF-1 concentration (ng/mi)
g

400

0 & &= +*
Control POD% POD3 POD7

FIG. 1. Graph showing concentrations of human IGF-1 in
cochlear perilymph and CSF. A significant increase in concentra-
tion of IGF-1 is found on postoperative Day 1 for perilymph (*p <
0.05), whereas no significant changes are observed in concentra-
tions of IGF-1 in CSF. Bars represent SEM. POD indicates post-
operative day.
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FIG. 2. Graphs showing time courses of alterations in threshold
shifts of ABRs in cochleae treated with 1-pg/pl thiIGF-1 and
cochleae treated with saline at frequencies of 4, 8, and 16 kHz.
No significant differences are present in ABR threshold shifts
between rhiGF-1- and saline-treated cochleae at any frequen-

cies. Bars represent SEM.

to a tunnel fitted into the extemal auditory meatus. To record
bioelectric potentials, subdérmal 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 calibrated against a Yi-inch free-field microphone
(ACO-7016; ACO Pacitic. Belmont. CA, USA) connected to an
oscilloscope (DS-8812 DS-538; Iwatsu Electric, Tokyo. Japan) or
a sound level meter (LA-5111; Ono Sokki, Yokohama. Japan).

Orology & Neurotology. Vol. 28, No. 7, 2007

The responses between the vertex and the mastoid subcutaneous
electrodes were amplified using a digital amplifier (MA2;
Tucker-Davis Technologies, Alachua, FL, USA). Thresholds
were determined from a set of responses at varying intensities
with 5-dB sound pressure level intervals: then, electnic signals
were averaged for 1,024 repetitions. The thresholds at each fre-
quency were verified at least twice.
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FIG. 3. Graph showing time courses of alterations in threshold
shifts of ABRs in cochleae treated with 10-ug/pl rhiGF-1 and
cochleae treated with saline at frequencies of 4, 8, and 16 kHz.
The differences in ABR threshold shifts at 4 kHz between rhIGF-
1- and saline-treated cochleae on Days 14 and 21 are significant,
and the difference in ABR threshold shifts at 8 kHz on Day 14 is

significant {*p < 0.05). Bars represent SEM.
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Histologic Analysis

On Day 21 after drug application, the animals were anesthe-
tized with ketamine and xylazine, and the cochleae were
exposed. After removal of the stapes, 4% paraformaldehyde
in 0.01-mol/L phosphate-buffered saline (PBS) at pH 7.4 was
gently introduced into the perilymphatic space of the cochleae.
Temporal bones were then excised and immersed in the same
fixative at a temperature of 4°C for 4 hours. After rinsing with
PBS, cochleae were dissected from temporal bones and were
subjected to histologic analysis in whole mounts. Three
regions of cochlear sensory epithelia were used at a distance
of 30 to 50% (apical), 50 to 70% (middle), or 70 to 90% (basal)
from the apex for quantitative assessments of hair cell loss.

Immunohistochemistry for myosin VIla and F-actin labeling
by phalloidin were used to label the surviving inner hair cells
(IHCs) and the outer hair cells (OHCs). Anti-myosin VIla rabbit
polyclonal antibody (dilution, 1:500; Proteus BioSciences.
Ramona, CA. USA) was used as the primary antibody,
and Alexa 546—conjugated goat anti—rabbit immunoglobulin
G (dilution, 1:400: Molecular Probe, Eugene, OR, USA)
was the secondary antibody. After immunostaining for myo-
sin VIla, the specimens were stained with fluorescein
isothiocyanate—conjugated phalloidin (dilution, 1:300;
Molecular Probe). Specimens were viewed under confocal
microscopy (TCS SP2; Leica Microsystems. Wetzlar,
Germany). Nonspecific labeling was tested by omitting the
primary antibody from the staining procedures. The numbers
of [HCs and OHCs in 0.2-mm-lonig regions of the apical, mid-
dle, or. basal portion of cochleae were counted by the 3
authors (K.Y.L., T.N,, and T.O.), The average of the values
was used as the data for the animal.

Adverse Effects
We examined the incidence of loss of body weight at times of
sample collection compared with weight at the beginning of the
experiments. As a local adverse effect, incidence of otitis
media was examined at times of sample collection. Otitis
media was considered present if effusion was identified in
the middle ear cavity.

‘mycipha

% saline
Z

A

Statistics

The overall effects of rthIGF-1 application on ABR threshold
shifts were examined using two-way factorial analysis of var-
iance. When interactions were significant, multiple compari-
sons using the Fisher protected least significant difference test
were performed for pairwise comparisons. Differences in [HC
and OHC numbers in each region of the cochlea between rhIGF-
1- and saline-treated cochleae were examined using Student ¢
test. Values of p less than 0.05 were considered statistically
significant. Values are expressed as mean z standard error of
the mean (SEM).

RESULTS

In Vivo IGF-1 Release Profile

Enzyme-linked immunosorbent assay analysis of
human IGF-1 proteins of the perilymph was performed
to examine in vivo IGF-1 release profiles of hydrogels
(Fig. 1). Very limited levels (mean £ SEM, 454 + 31.0
ng/mL) of IGF-1 proteins were detected in samples
obtained from nontreated cochleae. A marked increase
in IGF-1 protein levels was observed on postoperative
Days 1 (mean = SEM. 1278 £ 413 ng/mL) and 3 (mean *
SEM, 801.6 = 456 ng/mL). The IGF-1 protein levels
then decreased to the control level by postoperative
Day 7 (mean £ SEM. 23.7 £ 17 ng/mL). Differences
in IGF-1 protein level between control and postoperative
Day 1 and between postoperative Days | and 7 were
significant (control versus postoperative Day 1, p =
0.619: postoperative Days 1 versus 7, p = 0.017).
Level of IGF-1 protein in the CSF of each experimen-
tal group was almost the same as that in the perilymph
of control animals (Fig. 1), and no significant differ-
ences in IGF-1 protein level were observed among
experimental groups. The IGF-1 protein levels in the
serum were undetectable in each experimental group.
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FIG. 4. Image showing immunostaining for myosin Vlla (myo [red]) and F-actin labefing with phalloidin (pha [green]) of cochlear sensory
epithelia in the basal portion of cochleae. Severe loss of OHCs is observed in the saline-treated cochlea (A). Surviving OHCs in the
specimen treated with 1-ug/pl recombinant human insulin-like growth factor 1 (rhIGF-1) exhibit scattered distribution (8; arrows). In
cochleae treated with 10-i.g/ul rhIGF-1, OHCs are comparatively preserved (C). Bar represents 50 um.
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FIG. 5. Graphs showing numbers of surviving inner and outer hair cells in apical, middle, and basal portions of cochleae. No significant
differences in numbers of OHCs (A} or IHCs (B) are found between saline- and 1-n.g/pl rhiGF-1-treated cochleae. Differences in numbers
of surviving OHCs between saline- and 10-pg/p! rhIGF-1-treated cochleae are significant in basal and midd'e portions of cochleae (C; *p <
0.05), whereas significant differences in numbers of {HCs are not found between the 2 groups (D). Bars represent SEM.

Auditory Function
Time courses of alterations in ABR threshold shifts
after drug application at 4, 8 and 16 kHz are shown in
Figures 2 and 3. Local rhIGF-1 treatment at the concen-
tration of 1 pwg/uL demonstrated no significant effects
on ABR threshold shifts at each frequency, althcugh a
trend toward lower threshold shifts was observed in
comparison with controls (Fig. 2). Conversely, the over-
all effect of rhIGF-1 application on ABR threshold shifts
at a concentration of 10 pwg/uL was significant at 4 and
8 kHz, but not at 16 kHz (Fig. 3; p = 0.014 for 4 kHz,
0.005 for 8 kHz, and 0.074 for 16 kHz). Differences in
threshold shifts at 4 kHz between 10-pg/uL rhIGF-1-
and saline-treated cochleae on Days 14 and 21 were sig-
nificant at multiple comparisons using the Fisher protected
least significant difference test (Day 14, p=0.01; Day 28,
p = 0.01), and the difference in threshold shifts at 8 kHz

on Day 14 was significant (p =0.016).

Histologic Damage

Immunostaining for myosin VIIa and phalloidin stain-
ing demonstrated severe degeneration of OHCs in the
apical, middle, and basal portions of saline-treated
cochleae. Surviving OHCs were rarely found in middle
and basal portions of saline-treated specimens (Fig. 4A).
Outer hair cells degeneration in 1-png/nL rhIGF-
l-treated specimens was also severe. Surviving OHCs
exhibited scattered distribution (Fig. 4B). In specimens
treated with 10-pg/wL rhIGF-1, loss of OHCs was still
observed; however, the degree of OHC degeneration
was moderate (Fig. 4C). Inner hair cells were well main-
tained in all the experimental groups (Fig. 4, A-C).
Quantitative assessments revealed no significant differ-
ences in numbers of surviving OHCs in any cochlear
portion between saline- and 1-pg/uL rhIGF-1-treated
cochleae (Fig. SA). Differences in numbers of surviving
OHCs between saline- and 10-pg/pL rhIGF-1-treated
cochleae were significant in basal and middle portions
of cochleae but not in the apical portion (Fig. 5C; basal
and middle turns, p = 0.009; apical turn, p = 0.387). No
significant differences were observed in numbers of sur-

Ouwlogy & Neuroiology. Vol. 28, No. 7, 2007

viving IHCs between saline- and |- or 10-pg/uL rhIGF-
1-treated cochleae (Fig. 5, B and D).

Incidence of Adverse Effects
No experimental animals exhibited loss of body weight.
Scar formation was identified at the surgical site of the
bulla, but no cochleae exhibited collection of effusion in
the middle ear cavity indicative of otitis media.

DISCUSSION

These findings demonstrate that local rhIGF-1 treat-
ment using gelatin hydroge! is effective for the treatment
of NIHL in guinea pigs. Enzyme-linked immunosorbent
assay in the present study revealed sustained delivery of
rhIGF-1 to the cochlear fluid for 3 days, which is reason-
able given the previous findings regarding the in vitro
release profile of the hydrogel (11). The hydrogsl used
in the present study releases approximately 80% of
IGF-1 into PBS for 3 days in the presence of collage-
nase, which is also present in the middle ear (12,13).
The present findings from ELISA measurements also
demonstrated no influences of cochlea rthIGF-1 appli-
cation on levels of IGF-1 in CSF or serum. In addition,
no systemic or local adverse effects were found in
experimental animals. These findings indicate that
rhIGF-1 application using the hydrogel offers safe
and efficient delivery to the cochlea.

In the present study, ABR measurements exhibited
significant effects of local rhIGF-1 treatmeat through
gelatin hydrogels on attenuation of threshold shifts due
to noise exposure. Although a tendency toward reduced
threshold shifts was observed, local thIGF-1 application
at I-pg/nL concentration showed no significant reduc-
tion in threshold shifts, whereas local rhIGF-1 applica-
tion at 10-pwg/wL concentration (the concentration
recommended by the supplier for clinical use) exhibited
significant attenuation of threshold shifts at trequencies
of 4 and 8 kHz. Local rhIGF-1 application via hydrogels
also exhibited significant histologic protection. Similar
to functional protection, local rthIGF-1 treatment at a

Copyright © 2007 Otology & Neurotology. Inc. Unauthorized reproduction of this article is prohibited.
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concentration of 10 wg/uL significantly increased the
numbers of surviving OHCs, whereas treatment at a
concentration of 1 pg/puL had no significant effect on
the numbers of surviving OHCs. These findings indicate
dose dependency for the effects of tocal thIGF-1 treat-
ment on the attenuation of NIHL.

Previous studies have demonstrated that several
agents ameliorate NIHL when they are applied before
noise exposure; however, only limited agents show pro-
tective effects by postexposure administration. Local
application of p-JNK-1 peptide, an inhibitor of c-Jun
N-terminal kinase, 12 hours after noise exposure attenu-
ates NIHL (14). The efficacy of p-JNK-I peptide has
been demonstrated by application via an osmotic mini-
pump or a hyaluronic acid gel. Postexposure adminis-
tration of edaravone, a free-radical scavenger, also
rescues cochleae from NIHL (15). Locally applied edar-
avone via an osmotic minipump can rescue OHCs even
when it is applied 21 hours after noise exposure. In
addition, these agents offer stronger protection of
cochleae than does rhIGF-1. The drug delivery system
via a gelatin hydrogel may be used for cochlear delivery
of p-JNK-1 peptide because the gelatin hydrogel is suit-
able for sustained delivery of peptides (7-11). However,
p-JNK-1 peptide is not clinically applicable. On the
other hand, edaravone is clinically available; however,
how to deliver edaravone into the cochlea continuously
is an obstacle for clinical use. Gelatin hydrogels are not
suitable for sustained delivery of edaravone because
edaravone is not soluble in water (7). Therefore, other
drug delivery systems that are fit for delivery of water-
insoluble agents, including encapsulating in polylactic/
glycolic acid particles (16), may be required for sus-
tained delivery of edaravone.

The present findings indicate the effectiveness and
safety of local rhIGF-1 treatment using gelatin hydro-
gels for NIHL. Clinical use of gelatin hydrogel as a
drug delivery system has already started for angiogen-
esis of the inferior limb in Japan (17). In addition,
thIGF-1 is clinically applicable. The present findings
may help advance the clinical application of local
rhIGF-1 treatment using gelatin hydrogel for the treat-
ment of SNHL. )
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Drug delivery systems for the treatiment of sensorineural hearing loss
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Abstract

Sensorineural hearing loss is one of the most common disabilities in our society. Experimentally, many candidates for
therapeutic molecules have been discovered. However, the lack of safe and effective methods for drug delivery to the cochlea
has been a considerable obstacle to clinical application. Local application of therapeutic molecules into the cochlea has
been used in clinic and in animal experiments. Advances in pharmacological technology provide various drug delivery
systems via biomaterials, which can be utilized for local drug delivery to the cochlea. Recent studies in the field of otology
have demonstrated the potential of synthetic and natural biomaterials for local drug delivery to the cochlea. Although
problems still remain to be resolved for clinical application, introduction into clinical practice of these controlled-release
systems may be reasonable because of their certain advantages over previous methods.

Keywords: Drug delivery, topical application, hearing loss, inner ear, biodegradable material

Introduction

Sensorineural hearing loss (SNHL) is one of the most
common disabilities in industrial countries. Excessive
noise, ototoxic drugs, genetic disorders and aging can
all inidate SNHL. Endolymphatic hydrops-asso-
ciated diseases including Meniere’s disease also cause
SNHL. Severe to profound SNHL affects 1 in 1000
newborns, and another 1 in 2000 children before
they reach adulthood. About 60% of individuals
older than 70 years will manifest SNHL. Despite
the high prevalence of SNHL in our society, ther-
apeutic strategies for the treatment of SNHL today
are limited to hearing aids and cochlear implants.
These therapeutic tools do not provide complete
restoration of hearing ability, although they have
significant clinical benefits. Based on such back-
grounds, many attempts have been made to provide
alternative means of biological therapy, which have
identified a number of candidates for therapeutic
molecules. Experimentally, protective effects of neu-
rotrophins have been demonstrated {1,2], and in-
hibitors of apoptosis and glutamate antagonists have
also shown the ability to promote hair cell survival
[3-5]. Recently, local application of genes by virus
vectors was shown to induce hair cell regeneration in

the mammalian auditory epithelium [6,7], and silen-
cing the mutant gene by RNA interference restored
hearing loss in a genetic mouse model [8].

These therapeutic strategies are attractive and
promising for restoring SNHL. However, clinical
application is still limited. The problem of how to
deliver therapeutic molecules to the inner ear has
been a considerable obstacle to the development of
treatments for SNHL. The systemic application of
drugs carries the risk of unwanted side effects. In
addition, the blood—inner ear barrier, which inhibits
the transport of therapeutic molecules from the
serum to the inner ear, represents a fundamental
obstacle to systemic application [9]. The inner ear
tissues are isolated from the surrounding organs by a
bony construction, which allows the topical intro-
duction of therapeutic molecules by local applica-
tion. Therefore, development of strategies for local
delivery into the inner ear is crucial for developing
clinical therapies based on the experimental findings.

Previous methods for local application

Substances are applied intratympanically under the
premise that they will enter the scala tympani (ST)
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through the round window membrane (RWM) and

then be distributed throughout the inner ear fluids.
The idea of a topical application of medicine to the
inner ear is not new. Decades ago local anesthetics
and aminoglycosides were applied through the
tympanic membrane into the tympanic cavity to
treat inner ear disorders [10—12]. Intratympanic
injections have been used for local application of
aminoglycosides or steroids in the therapy of Me-
niere’s disease and sudden hearing loss. There are a
number of clinical reports showing the efficacy of
intratympanic injections of these drugs (reviewed by
Salt et al. [13]). However, it-is very difficult to
predict the amounts of drugs that reach the inner ear
fluid space. Some reports have indicated that this
method led to varying results in the therapy of
Meniere’s disease {14—16]. An intratympanic injec-
ton is a sirhple and easy method; however, con-
trolled and sustained release of drugs cannot be
achieved by this method.

Recent animal studies have indicated the efficacy
of growth factors, neurotrophins [1,2], antioxidants
[5], and apoptosis inhibitors [3,4], which are locally
applied to the inner ear, for otoprotection. Sustained
treatment of inner ears by local viral gene transfer
represents sufficient protection of inner ears from
noise, drug toxicity, and reperfusion injury [17-21].
While basic studies have represented the benefits of
local treaument with these substances, no cases have
been approved for clinical application. Adenoviral
vectors or adeno-associated viral vectors are being
used most widely today for cochlear gene transfer.
Despite their high efficiency for transfection, avail-
ability of high titers, or ease of production, they do
not integrate into the genome, leading to transient
expression, and their use potentially initiates an
immune response resulting in destruction of recipi-
ent cochlear cells. ’

A controlled release system, in which the rate of
release is determined by the design of the device, is
required for certain biological effects of therapeutic
molecules and elimination of unwanted side effects.
For this purpose, implantable osmotic mini-pumps
have been used for inner ear drug delivery in animal
experiments [2,22]. This method, however, requires
surgical treatment in the middle and inner ear, which
may limit its clinical application. Previously, clinical
efficacy of an implantable mini-pump, which deli-
vers drugs via diffusion across the round window,
has been described [23]. However, this technique
has not been widely used in a clinical setting,
because it requires surgical invasiveness almost equal
to tympanoplasty. There remains intense interest in
the development of safe and effective drug delivery
systems for the inner ear, with a number of groups
working on intracochlear catheter-based application
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systems. One approach has been to combine drug
delivery with an existing device, such as by incorpor- -
ating a drug delivery cannula into a cochlear implant
electrode [24].

Candidates for therapeutic molecules for the
treatment of SNHIL are being discovered. It is
therefore necessary to develop appropriate strategies
for local delivery of therapeutic molecules. For
clinical application, safe, effective, and direct meth-
ods for delivery of therapeutic molecules to the inner
ear need to be developed.

Controlled-release systems

In the past decade, pharmaceutical technologists
have paid increasing attention to the controlled or
sustained release technology via biomaterials for the
delivery of drugs in order to avoid side effects and
achieve sufficient drug levels in tissues. Such tech-
nology is utilized not only for drug delivery but also
for gene delivery [25]. In an effort to develop
controlled-release systems, a variety of methods
using synthetic and natural materials have arisen.
Recent publications have reported on the use of
controlled-release systems for local drug delivery to
the inner ear. Two synthetic materials, siloxane-
based polymers [26] and poly lactic/glycolic acid
(PLGA) polymers [27], and one natural material,
gelatin-hydrogels [28,29], have been used for this
purpose. Although these materials have been in-
cluded in biomaterials for controlled-release sys-
tems, mechanisms for loading and releasing drugs
apparently differ among these materials (Figure 1).
In siloxane-based polymer systems, the drug dis-
solves in the polymer and then moves by diffusion
[30]. For PLGA polymers, the drug is encapsulated
in PLGA polymers and then released by hydrolysis
of PLGA [31]. In gelatin-based release systems, the
drug binds to gelatin carriers by polyion complexa-
tion and is released by enzymatic hydrolysis of
gelatin polymers [32].

Siloxane-based polymers

Siloxane-based polymers have been used for years in
medical applications in contact with the human
body. Silicone-transdermal patches have been widely
used in clinic. The drug release in this system is
controlled by its diffusion through the silicone net-
work [30]. The releasing rate in this system is
determined by the composition of the polymer.
This system is particularly suitable for application
of lipophilic and low-molecular weight molecules.
Arnold et al. [26] have utilized this system for local
application of beclomethasone into cochlear fluids.
A silicone-microimplant was placed onto the RWM
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Figure 1. Mechanisms for controlled release of therapeutic molecules from biopolymers. (A) Therapeutic molecules dissolved in siloxane-
based polymers move into the scala tympani by diffusion. A silicone sheet remains on the round window membrane (RWM). (B) Poly lactic/
glycolic acid (PLGA) nanoparticles containing therapeutic molecules penetrate through the RWM. Therapeutic molecules are released from
nanoparticles by their hydrolysis. (C) Therapeutic molecules bind to gelatin carriers by polyion complexation and are released by enzymatic
hydrolysis of gelatin polymers.

Therapeutic moleclle

of guinea pigs. Liquid chromatography demon- functional and histological damage in the cochlea.
strated release of beclomethasone from the sili- Therefore, repeated treatment requires extirpation
cone-microimplant into cochlear fluids. In this of the material that had been used previously. In
system, a silicone-microimpiant remains on the addition, only a limited number of molecules can be

RWM (Figure 1A), although it does not induce used in this system.
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PLGA nanoparticles

Encapsulating bioactive molecules in PLGA or
polylactic acid (PLA) particles has been used
as a method for controlled-release application.
Water-insoluble, low-molecular weight agents were
encapsulated in PLGA or PLA microparticles and
nanoparticles, and provided for clinical use [33,34].
However, recent advances in this field enable en-
capsulation of water-soluble, low-molecular weight
“agents in PLLGA nanoparticles [31]. Tamura et al.
{27] have examined the potential of PLGA nano-
particles for drug delivery to the cochlea using
guinea pigs. The distribution of PLGA nanoparticles
encapsulating rhodamine (140-180 nm in diameter)
in the cochlea following local application onto the
RWM was evaluated. PLGA nanoparticles contain-
ing rhodamine were observed in the cochlea, in-
dicating that PLGA nanoparticles can penetrate
through the RWM. Rhodamine will be released
from PLGA nanoparticles after penetration of
PLGA nanoparticles through the RWM (Figure
1B). On the other hand, systemic application of
PLGA nanoparticles has no significant effects on
sustained, targeted delivery of rhodamine into the
cochlea. These findings indicate that encapsulating
therapeutic molecules in PLGA nanoparticles is
suitable for local drug delivery to the cochlea.

In comparison with a silicone-microimplant,
PLGA nanopartcles have advances including the

ability of repeated application, because PLGA is .

dissolved by hydrolysis. Various therapeutic mole-
cules for inner ear diseases can be encapsulated in
PL.GA nanoparticles, and applied as intratympanic
drugs. The efficacy of encapsulating betamethasone
phosphate in PLLGA nanoparticles has already been
confirmed using animal models for rheumatoid
arthritis and autoimmune uveoretinitis [35,36].
Local gentamicin application has been used for the
contrel of intractable vertigo in Meniere’s disease
[14-16]. PLGA nanoparticles can be utilized for
controlled release of gentamicin. However, PLGA
nanoparticles are not suitable for delivery of proteins
or peptides. Hence, this system cannot use for
controlled delivery of neurotrophins or growth
factors. :

Gelatin hydrogel

Gelatin is a commonly used natural polymer that is
derived from collagen. Gelfoam, which is prepared
from porcine-skin gelatin, has been used for drug
delivery to the cochlea [37]. Recently, gelatin-based
controlled-release systems have been developed [32].
The isoelectric point of gelatin can be modified
during the fabrication process to yield either a
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negatively charged acidic gelatin or a positively
charged basic gelatin, which allows electrostatic
interactions to take place between charged therapeu-
tic molecules and gelatin of the opposite charge,
forming polyion complexes. The significance of this
system is the ability for application of proteins and
plasmid DNA. Previous reports have demonstrated
its efficacy for controlled release of various growth
factors or plasmid DNA in other fields [25,38,39].
In this system, therapeutic molecules are released by
enzymatic degradation of gelatin (Figure 1C), the
rates of which are determined by the crossiinking
density of gelatin hydrogels.

Endo et al. [28] have demonstrated sustained
release of brain-derived neurotrophic factors
(BDNFs) into cochlear fluids by a gelatin hydrogel.
BDNF concentrations in the cochlear fluid after
placing a hydrogel containing this agent onto the
RWM of guinea pigs were measured by enzyme-liked
immunosorbent assay (ELISA), which reveals sus-
tained delivery of BDNF into the cochlear fluid via
the hydrogel. In addition, local BDNF delivery using
a gelatin hydrogel sufficiently protects spiral gang-
lion neurons in functionality and histology. More
recently, Iwai et al. (29) have described significant
protection of auditory hair cells from noise trauma in
rats using local application of insulin-like growth
factor I via gelatin hydrogels. These findings demon-
strate that the gelatin-based controlled-release sys-
tem is a useful method for sustained delivery of
neurotrophins and growth factors into the cochlea.
Repeated applications using this system are possible.
This system has several advances in comparison with
the other two controlled-release systems: (1) easy
loading of therapeutic molecules into btopolymers,
(2) it is applicable for delivery of proteins, peptides,
or plasmid DNA. These advances are favorable for
the treatment of SNHL, because the efficacy of
neurotrophins or growth factors and the potential of
gene therapy for treaument of SNHL have been
demonstrated.

Conclusions for clinical application

The results in experimental studies using controlled-
release systems are preferable; however, the delivery
protocol in humans is likely to differ from that in
animal experiments. The distribution of drugs ap-
plied in the cochlear fluid space depends on dispersal
diffusion, which is influenced by the length and
volume of the cochlear fluid space [13]. In addition,
the round window niche membrane covers the round
window niche in 57% of human subjects [40].
Therefore, it is necessary to remove tissues over-
laying the RWM for drug penetration through the
RWM in some cases. However, introduction into
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clinical practice of these controlled-release systems
may be reasonable since they have certain advan-
tages over previous methods and implantable de-
vices.
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Recent studies using explant cultures have demonstrated that
pharmacological inhibition of Notch signaling by y-secretase
inhibitors generates supernumerary hair cellsin embryonic or neo-
natal cochleae. The aim of this study was to examine the effects of
such pharmacological inhibition on mature auditory epithelia in vivo.
Normal adult guinea pig auditory epithelia exhibited weak or
no immunoreactivity for Notchl and Jaggedl, whereas ototoxic

Keywords: y-secretase inhibitor, hair cell, hearing loss, inner ear, regeneration

treatment caused the upregulation of these molecules in damaged
auditory epithelia. Local application of a y-secretase inhibitor in
damaged cochleae generated ectopic hair cells in mature auditory
epithelia. These findings indicate that pharmacological inhibition
of Notch signaling is a possible strategy for hair cell regeneration
in adult auditory epithelia. NeuroReport 18:1911-1914 © 2007
Wolters Kluwer Health | Lippincott Williams & Wilkins.,

Introduction

Hearing impairment is a common disability in industria-
lized countries. Hearing depends largely on the presence of
hair cells (HCs) in the cochlea, defects of which result in
hearing loss or deafness. HC regeneration in mammals
occurs naturally over a limited time period during devel-
opment [1], and many attempts have been made to restore
HCs in adult mammals. Recent studies have demonstrated
the existence of stem cell-like cells in the mature auditory
epithelium that have the potential to differentiate into HCs
[2,3]. Notch signaling plays a critical role during auditory
epithelium development [4-6]. Even after maturation, viral
overexpression of the Notch signaling transcription factor
Atohl induces transdifferentiation of supporting cells (SCs)
into HCs [7-9].

Atohl expression is regulated by the expression of Hes1
and Hes5 in Notch signaling [10]. In general, the binding of
Notch ligands to their receptors induces the release of Notch
intracellular domains from the plasma membrane to the
nucleus, resulting in the activation of RBP-J in the nucleus
[11]. This induces Hesl and Hes5 transcription, which, in
turn, suppresses Atohl expression. Therefore, suppression
of Hesl and Hes5 expression by inhibition of Notch
signaling causes an increase in Atohl expression [12].

Gamma secretase plays a crucial role in the proteolytic
release of Notch intracellular domains from the cytoplasmic
membrane. Thus, the pharmacological inhibition of this
process results in the inhibition of Notch signaling [12].
Recent studies using explant cultures of auditory epithelia
have demonstrated that a y-secretase inhibitor increases HC
numbers in the auditory epithelia of embryonic [13] and
newborn mice [14]. These findings prompted us to

investigate the potential for pharmacological inhibition of
Notch signaling in inducing HC proliferation in mature
auditory epithelia.

Our working hypothesis was that pharmacological
inhibition of Notch signaling induces the transdifferentia-
tion of SCs into HCs in the damaged cochleae of adult
animals. We therefore examined the effects of this pharma-
cological inhibition in the damaged auditory epithelia of
adult guinea pigs in vivo.

Materials and methods

Experimental animals

Hartley strain guinea pigs weighing 350400g were
purchased from Japan SLC Inc. (Hamamatsu, Japan). The
Animal Research Committee of the Graduate School of
Medicine, Kyoto University, Japan, approved all of the
experimental protocols. Animal care was supervised by the
Institute of Laboratory Animals of the Graduate School of
Medicine, Kyoto University. All of the experimental
procedures were performed in accordance with the National
Institutes of Health’'s Guide for the Care and Use of
Laboratory Animals.

Ototoxic treatment

The animals were deafened bilaterally with a single
intramuscular injection of kanamycin sulfate (KM;
500mg/kg; Wako Pure Chemical Industries Ltd, Osaka,
Japan), followed 2h later by an intravenous injection of
ethacrynic acid (EA; 50mg/kg; Wako Pure Chemical
Industries Ltd). Measurements of auditory function were
performed by recording auditory brain-stem responses at
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frequencies of 4, 8 and 16 kHz on day 2 or 3 after ototoxic
treatment. Animals that exhibited greater than 90 dB sound
pressure level of auditory brain-stem response thresholds at
all frequencies were used in the following experiments.

Immunohistochemistry for Notchl and Jagged1

To evaluate Notch signaling activation, we determined the
expression level of Notchl and Jaggedl in auditory
epithelia. Cochlear specimens from guinea pig embryos
(embryonic day 50; n=4), normal adult guinea pigs (n=4)
and adult guinea pigs on days 2 (n=4), 4 (n1=4) and 7 (n=4)
following ototoxic treatment were fixed with 4% para-
formaldehyde in 0.01M phosphate-buffered saline (PBS;
pH 7.4) at 4°C for 12h. After decalcification with 0.1M
ethylenediamine tetra-acetic acid for 14 days at 4°C, 10-um
thick cryostat sections were prepared. Four midmodiolus
sections were chosen from each cochlea, and antigen
retrieval was accomplished by boiling the slides for 5min
in 0.01 M citrate buffer (pH 6.0). Slides were incubated with
antimyosin VIla rabbit polyclonal antibody (1:500; Proteus
Bioscience Inc., Romana, California, USA), anti-Notch1 goat
polyclonal antibody (1:200; Santa Cruz Biotechnology Inc.,
California, USA) and anti-Jagged1 goat polyclonal antibody
(1:200; Santa Cruz Biotechnology Inc.) as primary anti-
bodies, followed by Alexa Fluor 555 donkey antirabbit
immunoglobulin G (IgG; 1:500; Molecular Probes, Eugen,
Oregon, USA) and Alexa Fluor 488 donkey antigoat IgG
(1:500, Molecular Probes) secondary antibodies. Nuclei
were counterstained with 4/,6-diamidino,2-phenylindole
dihydrochloride (DAPI; 1 pg/ml in PBS; Molecular Probes).
Cochlear specimens obtained from mice at postnatal day 2
(P2) were used as positive controls for Notch1 and Jagged]1.
Nonspecific labeling was tested by omitting the primary
antibody from the staining procedures. The specimens were
viewed with a Nikon Eclipse E600 fluorescence microscope
(Nikon, Tokyo, Japan).

Pharmacological inhibition of Notch signaling
On day 4 after ototoxic treatment, the y-secretase inhibitor
MDL28170 (MDL; Sigma-Aldrich, St Louis, Michigan, USA)
was locally applied to the perilymph. Under ketamine
(75mg/kg) and xylazine (9mg/kg) general anesthesia, a
silicone tube (180um in outer diameter) connected to a
micro-osmotic mini pump (pumping 0.25ul/h for 14 days;
Alzet, Cupertino, California, USA) was inserted into the
scala tympani of the basal turn of the left cochlea of 15
guinea pigs. MDL was dissolved in dimethyl sulfoxide
(DMSO) and diluted with PBS to give a final concentration
of 1mM containing 0.3% DMSO. The MDL solution was
continuously injected through a micro-osmotic pump into
the left cochleae of seven deafened and four normal
animals, whereas the corresponding right cochleae received
no local drug application (n=7). An additional four deaf-
ened animals received PBS containing 0.3% DMSO in the
left cochlea instead of MDL solution. On day 14 after local
drug application, the temporal bones were collected and
immersed in 4% paraformaldehyde in PBS at 4°C for 12h.
After decalcification with 0.1 M ethylenediamine tetra-acetic
acid for 14 days at 4°C, the cochleae were subjected to
histological analysis of whole mounts.

Cochlear specimens were permeabilized in 0.2% Triton X
in PBS for 30 min at room temperature. Inmunohistochem-
istry for myosin Vlla and F-actin labeling by phalloidin was

performed to determine the location of the HCs. After
immunostaining for myosin VIla, the specimens were
stained with fluorescein-phalloidin (1:400; Molecular
Probes), and viewed with a Leica TCS SP2 confocal
microscope (Leica Microsystems Inc.,, Wetzlar, Germany).
Quantitative analysis for numbers of ectopic myosin VIla-
positive cells and inner HCs (IHCs) was performed.
Cochlear specimens treated with systemic KM and EA
application followed by local MDL application and those
treated with KM and EA alone were used. The numbers of
ectopic myosin VIla-positive cells and THCs were counted in
a 0.2-mm long region of the midbasal portion at 7-mm
distance from the hook portion. The difference in numbers
of ectopic myosin Vlla-positive cells or [HCs was examined
by the unpaired t-test. Values of P less than 0.05 were
considered statistically significant. Values are expressed as
mean +standard error of the mean (SEM).

Results

Immunchistochemistry for Notchl and Jagged1

The expression of Notchl and Jagged1 was identified in the
auditory epithelium of guinea pig embryos, as previously
reported in mouse embryos [15]. Strong expression of
Notchl was observed in SCs, and moderate expression
was detected in the greater epithelial ridge, which is located
between the spiral limbus and THCs of immature cochleae
(Fig. la). The expression of Jaggedl was distributed
throughout the auditory epithelium of guinea pig embryos,
similar to that of Notchl (Fig. le). By contrast, with
embryonic cochleae, the auditory epithelium of normal
adult guinea pigs exhibited virtually no immunoreactivity
for Notchl or Jagged1 (Fig. 1b, f).

On days 2 and 4 after the systemic application of KM and
EA, immunostaining for myosin VIla demonstrated the loss
of outer HCs (OHCs). Immunoreactivity for Notchl was
found in the inner sulcus cells, which are located between
the spiral limbus and the IHCs of mature cochleae (Fig. 1c).
We observed weak expression of Notchl in the SCs of other
regions of the auditory epithelium. Immunoreactivity for
Jagged1 was also identified in the inner sulcus cells and SCs
of the organ of Corti (Fig. 1g). Weak or no expression of
Notch1 or Jaggedl was observed in the auditory epithelia on
day 7 after ototoxic treatment (Fig. 1d, h).

Pharmacological inhibition of Notch signaling

Normal animals treated with local MDL application
exhibited no loss of HCs, and no ectopic myosin VIla-
positive cells were seen in their auditory epithelia. Cochlear
specimens treated with systemic KM and EA application
followed by local DMSO application exhibited total OHC
loss in each turn of the cochleae, and partial loss of IHCs in
the basal turn similarly to those treated with KM and EA
alone (Fig. 2a). Total OHC loss and partial [HC loss were
also observed in cochlear specimens treated with systemic
KM and EA application followed by local MDL application
(Fig. 2b, c). No significant difference in the number of IHCs
was found between cochlear specimens treated with KM
and EA followed by MDL treatment and those with KM and
EA alone (Fig. 2d).

No ectopic myosin VIa-positive cells were found in the
basal portion of cochleae treated with KM and EA alone
(Fig. 2a) or followed by DMSO application, whereas in those
treated with KM and EA followed by MDL application,
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KM + EA day 2

KM + EA day 7

Fig. | Expression of Notchl and Jagged1 in auditory epithelia of embryonic and adult auditory epithelia with or without ototoxic treatment. The
embryonic auditory epithelium exhibits immunoreactivity for Notchl and Jagged1 (Jaggl) in the greater epithelial ridge (GER) and the supporting cells
(arrowsin a, e), whereas neither expression is found in normal adult epithelia (b, f). The adult auditory epithelium on day 2 after kanamycin and ethacrynic
acid application (KM + EA day 2) exhibits immunoreaction for Notchl in the inner sulcus cells (arrow in c), and that for Jaggl in the inner sulcus cells and
the supporting cells (arrows in g), while neither expression is found in that obtained on day 7 (d. h). Red fluorescence shows immunoreactivity for myosin
Vila (myo), and blue shows DAPI. The locations of inner hair cells are indicated by asterisks and those of outer hair cells are indicated by arrowheads. Bars

represent 25 um. DAPI, 4,6 -diamidino,2-phenylindole dihydrochloride.

ectopic myosin VIla-positive cells were identified in the
inner sulcus region of the basal turn of cochleae (Fig. 2b, ).
Ectopic myosin VIla-positive cells were found in four of
seven experimental animals. The mean and SEM for
numbers of ectopic myosin VIa-positive cells was 0.71
and 10.29 (cells/200 um). The difference in numbers of
ectopic myosin VIla-positive cells between specimens with
MDL treatment and those KM and EA alone was statisti-
cally significant (P=0.028, Fig. 2d).

Discussion

In this study, we examined the activation of Notch signaling
in adult and embryonic guinea pig auditory epithelia, with
or without systemic KM and EA application. Notchl and
Jagged1 immunohistochemistry indicated a quiescent state
of Notch signaling in the nonaffected auditory epithelia of
adult guinea pigs and the activation of Notch signaling in
damaged auditory epithelia. Strong immunoreactivity for
Notchl and Jagged1 was found in the auditory epithelia on
days 2 and 4 after systemic KM and EA application.
Immunoreactivity for these molecules then returned to the
levels seen in normal adult tissues on day 7. These findings
indicate that transient activation of Notch signaling might
occur in adult auditory epithelia after systemic KM and EA
application.

The nonaffected auditory epithelia of adult guinea pigs
exhibited no ectopic myosin VIla-positive cells following
local MDL application, which supported the present
immunohistochemical findings for Notchl and Jaggedl.
By contrast, local MDL application to cochleae on day 4 after
systemic KM and EA treatment, which demonstrated
Notchl and Jaggedl expression, induced the appearance
of ectopic myosin VIla-positive cells in the auditory
epithelia. Notchl and Jagged1 expression was found in the
inner sulcus region of damaged auditory epithelia, and a
limited number of ectopic myosin VIla-positive cells were
identified in this region. These findings indicate that
pharmacological inhibition of Notch signaling by a y-

secretase inhibitor generates the appearance of ectopic
HCs in adult auditory epithelia.

In this study, we applied an ototoxic treatment that was
used previously in a study of Atohl overexpression by virus
vectors [9]; we also introduced a y-secretase inhibitor at the
time point when the virus inoculation occurred in the
previous report [9]. Atohl overexpression by virus vectors
induced the generation of a number of new HCs in various
portions of the auditory epithelia, whereas local MDL
application resulted in a limited number of ectopic HCs in
the inner sulcus region. In addition, viral overexpression of
Atohl generated some ectopic HCs in normal adult guinea
pig cochleae {8]. Atohl might have had a direct effect on the
transdifferentiation of SCs into HCs, whereas the pharma-
cological inhibition of Notch signaling indirectly induced an
increase in Atohl expression, which might explain the
difference in effect on ectopic HCs.Atohl overexpression in
auditory epithelia, however, requires viral vectors with their
associated risk of toxicity, whereas pharmacological inhibi-
tion of Notch signaling requires only local drug application
to the cochlea. We therefore consider pharmacological
inhibition of Notch signaling to be preferable for clinical
applications, although its effect on the generation of new
HCs is limited.

In this study, the expression of Notchl and Jagged1 and
the generation of ectopic HC-immunophenotypes were
observed in the inner sulcus region of the auditory epithelia.
The greater epithelial ridge of embryonic and neonatal
auditory sensory epithelia corresponds to the inner sulcus
region in mature auditory epithelia, and is necessary for the
normal development of the auditory epithelium [16].
Several cell-culture studies have demonstrated the existence
of progenitor cells, even in adult auditory epithelia, with the
potential to differentiate into HCs [2,3,17]. In addition,
Malgrange et al. [17] reported on the preservation of such
progenitor cells in the inner sulcus region of adult animals,
suggesting that the inner sulcus cells might be important for
the restoration of adult auditory epithelia. Future investiga-
tions should elucidate the unique characteristics of these
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Fig.2 Ectopic hair celi-immunophenotypes in damaged auditory epithe-
lia. An auditory epithelium affected by kanamycin (KM) and ethacrynic
acid (EA) exhibits no ectopic myosin'Vlla (myo)-positive cells (a). In audi-
tory epithelia treated with systemic KM and EA treatment followed by
local MDL application, ectopic myo-positive cells are found in the inner
sulcus region (arrows in b, ¢). IHC indicates the location of inner hair cells
and OHC indicates that of outer hair cells. Bar represent 50 um. The num-
bers of ectopic hair cells (EHCs) and inner hair cells (IHCs) in the midbasal
portion of MDL-treated and nontreated cochleae following KM and EA
application are shown in d. The difference in EHC numbers between two
groups was significant (*P=0.028 in d). No significant difference in IHC
numbers was found. Bars represent SEM. ‘

cells in relation to the temporary activation of Notch
signaling, which will contribute to the optimization of the
pharmacological inhibition of Notch signaling.

Conclusion

The present findings demonstrate that pharmacological
inhibition of Notch signaling has the potential to generate
ectopic HCs in the damaged auditory epithelia of adult
guinea pigs. The functionality of these ectopic HC immuno-

phenotypes, however, remains to be determined. In addi-
tion, an increase in the number of new HCs will be
necessary for functional recovery. We therefore aim to
determine the optimal conditions for the pharmacological
inhibition of Notch signaling in our future work.
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This study investigated the potential of bone-marrow stromal
cell transplantation for cell replacement therapy in the cochlea.
Bone-marrow stromal cells labeled with enhanced green fluores-
cent protein were injected into the perilymphatic space of normal
cochleae in mice. Histological analysis 2 weeks after transplanta-
tion demonstrated that transplanted cells settled within the
cochlear tissues, especially in the spiral ligament and the spiral

Keywords: bone-marrow stromal cell, cell therapy, cochlea, migration, transplantation

limbus, although most transplants were located in the perilympha-
tic space. Some of the transplanted cells expressed the cochlear
gap-junction protein connexin 26. These findings indicate the po-
tential of bone-marrow stromal cells for defivering therapeutic
molecules and for the restoration of cochlear celis, particularly in
the spiral ligament and the spiral limbus. NeuroReport 18:351-354
© 2007 Lippincott Williams & Wilkins.

introduction
Treatment options for sensorineural hearing loss (SNHL) are
currently limited to cochlear implants and hearing aids.
Hence, there is a requirement for alternative means of
biological therapy, including cell and/or gene therapy.
Indeed, recent studies have indicated that cell or gene
therapy could be utilized to regenerate hair cells [1,2] and
neurons [3] in the inner ear, and to deliver therapeutic
molecules to the inner ear [4-6]. More recently, transplanta-
tion of gene-transfected cells has been reported as an
efficient strategy to deliver genes into the inner ear [7].
Bone-marrow stromal cells (BMSCs) are possible candi-
dates for transplants for cell therapy for the treatment of
SNHL. They have the potential for differentiation into
various types of cells and are easily obtained from one’s
own bone marrow. In addition, BMSCs are capable of
secretion of several growth factors [8], which are included in
cochlear protectants [9-11]. BMSC transplantation, there-
fore, could be utilized in three different strategies for inner
ear treatment, restoration of missing cells, providing growth
factors and delivering genes. In this study, we examined the
distribution and characteristics of BMSCs after transplanta-
tion into cochleae of C57BL/6 mice to evaluate the potential
of BMSCs as a source of cells for cell-replacement-therapy
for the cochlea.

Materials and methods

Animals

Male C57BL/6 mice (n=6, SLC Japan, Hamamatsu, Japan)
aged 10 weeks were used as the recipients. The experi-

mental protocols were approved by the Animal Research
Committee of Kyoto University Graduate School of Medi-
cine, and were conducted in accordance with the US
National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals.

Bone-marrow stromal cells

The BMSCs were obtained from enhanced green fluorescent
protein (GFP)-transgenic mice [strain B6;C3-Tg(ACtb-
EGFP)CX-EM1390sb] [12]. Under general anesthesia with
ketamine (75 mg/kg) and xylazine (9 mg/kg), the tibias and
femurs of the animals (n=4) were collected, and the
medullary cavity was aspirated to harvest the bone marrow.
The BMSCs were cultured in a 25-cm? flask with 8 ml of
Iscove’s modified Dulbecco’s medium (Invitrogen, Carls-
bad, California, USA) supplemented with 20% fetal bovine
serum (Thermo Trace, Victoria, Australia), 100U/ml of
penicillin (Nacalai Tesque Inc., Kyoto, Japan) and 100 ug/ml
of streptomycin (Nacalai Tesque Inc.). The cells were
cultured at 37°C under 5% CO,. The medium was changed
twice weekly until the cells were 80% confluent. Non-
adherent cells were removed during the medium-change
procedure and the adherent cells were collected. After two
passages, the cells were suspended in Iscove’s modified
Dulbecco’s medium at a concentration of 1 x 10° cells/pl.

Transplantation

Cell transplantation was performed under general anesthe-
sia with ketamine and xylazine. A retroauricular incision
was made in the left ear of each mouse and the otic bulla
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was exposed. The bony wall of the bulla was partially
resected to expose the basal turn of each cochlea. A small
perforation was then made in the lateral wall at the basal
turn of the cochlea corresponding to the location of the scala
tympani (ST). Cell suspensions of GFP-labeled BMSCs
(2 ul; 10° cells/pl) were injected through a fine glass needle
using a microinfusion pump. Subsequently, the perforation

was plugged with a fat graft and covered with fibrin glue:

Histology

Under general anesthesia, the animals were transcardially
perfused with phosphate-buffered saline at pH 7 4, followed
by 4% paraformaldehyde in phosphate buffer at pH 7.4 on
day 14. The temporal bones were immediately dissected out
and immersed in the same fixative for 4h at 4°C. After
decalcification, cryostat sections (8 um thickness) were cut
and immunohistochemical analysis for GFP, CD43, nestin,
B-II-tubulin, E-cadherin and Cx26 was performed. BMSCs
grown on sterile cover glasses were also subjected to
immunocytochemical analysis to determine the character-
istics of the BMSCs before transplantation. Anti-GFP mouse
monoclonal (1:200; Invitrogen, San Diego, California, USA)
or rabbit polyclonal (1:500, Molecular probes, Eugene,
Oregon, USA), anti-CD43 rat monoclonal (1:200; Pharmin-
gen, San Diego, California, USA), anti-nestin rat monoclonal
(1:200; Pharmingen), anti-p-II-tubulin mouse monoclonal
(1:500, Covance Research Products, Berkeley, California,
USA), anti-Cx26 rabbit polyclonal (1:500; Zymed, San
Francisco, California, USA) and anti-E-cadherin mouse
monoclonal antibody (1:200; Takara Bio, Otsu, Japan) were
used as the primary antibodies. The secondary antibody
was Alexa-546 or 488-conjugated anti-mouse, rat or
rabbit antibody (1:400; Molecular Probes). Counterstain-
ing - by 4,6-diamidino,2-phenylindole dihydrochloride
(DAPL1ug/ml in phosphate-buffered saline; Molecular
Probes) was performed at the end of the staining proce-
dures. Specimens stained without primary antibodies
served as negative controls. Cryostat-sections of mouse
cerebellum on embryonic day 12 were used as positive
controls for nestin. The specimens were viewed with a
Nikon Eclipse E600 fluorescence microscope (Nikon, Tokyo,
Japan) or a Leica TCS-SP2 confocal laser-scanning micro-
scope (Leica Microsystems, Tokyo, Japan).

Four mid-modiolar sections were chosen from each
cochlea and subjected to quantitative analysis of the number
of transplanted cells in the cochlea. We counted the number
of cells expressing both GFP and DAPI as transplant-
derived cells. The distribution of the engrafted cells was
divided into four compartments: the scala vestibuli (SV), the
scala media, the ST and the cochlear tissues. In addition, the
cochlear tissues were further subdivided into three com-
partments: the spiral ligament (SL), the spiral limb (SLB)
and the other components of the cochleae. The number of
transplant-derived cells expressing CD34, nestin or Cx26
was also counted in four sections from each cochlea. The
expression ratio for each marker was then determined by
dividing the numbers of transplant-derived cells expressing
each marker by those of transplant-derived cells in each
section. The average in four sections was defined as the data
for the cochlea. The expression ratios for these markers were
also calculated using four samples of BMSCs grown on
sterile cover glasses. All the data were represented by the
means and the standard deviations.

Statistics

Statistical analyses for the location of BMSC-derived cells
in the cochlea were performed using one-way analysis
of variance followed by the Scheffe’s test. The unpaired
t-test was used in analyses of the expression ratios for
CD34, nestin and Cx26. A P value <0.05 was considered
statistically significant.

Results

BMSC-derived cells labeled with GFP were found in all the
transplanted cochleae (Fig. 1a). The mean number of GFP-
positive cells in one mid-modiolar section per cochlea was
180+ 38 (n=6). The transplanted cells were distributed from
the base to the apex of the cochleae. No apparent difference
in distribution of transplanted cells was found among the
turns of cochleae. BMSC-derived cells were predominantly
located in the perilymphatic space of the cochleae:
67.3+7.3% in the ST and 18.1+10.8% in the SV (Fig. 1b).
The ST was the region in which BMSC-derived cells were
most frequently observed. BMSC-derived cells were also
observed within the cochlear tissues (12.8 +£9.2%), indicating
the migration activity of BMSCs into various parts of the
cochleae. Of BMSC-derived cells located in cochlear tissues,
57.448.0% were found in the SL (Fig. 1b—d) and 17.3+3.4%
were found in the SLB (Fig. 1b, e, p and s). In addition, cell
aggregates of transplants that were located in the perilym-
phatic space were adjacent to those located in the SL (Fig. 1c
and d). Within the SLB, the transplanted cells were located
in the medial region, which faced the SV (Fig. 1e, p and s).
BMSC-derived cells were also observed in other compart-
ments of the cochleae: the sensory epithelium (Fig. 1f and g),
the osseous spiral lamina (Fig. le and f) and the acoustic
nerve (Fig. 1h).

Before transplantation, 74.2+17.6% of the BMSCs ex-
pressed CD34 (Fig. 1i-k) and 3.5+2.0% were immunoreac-
tive for nestin (Fig. 11-n). No immunoreactivity for the other
markers used in this study was identified in the BMSCs
before transplantation. Two weeks after transplantation
into the cochleae, CD34-positive transplants were found
(Fig. 1p-r); however, the expression ratio for CD34 in the
BMSC-derived cells had significantly decreased to
7.318.3% (Fig. 1o, P=0.0003). Immunoreactivity for nestin
was still detected, but was significantly reduced to
0.91+0.8% (Fig. 1o, P=0.04). Cx26 expression was detected
in 4.7+2.7% of the BMSC-derived cells that had settled in
the cochleae (Fig. 10, s—u). The difference in the ratio of Cx26
expression between before and after transplantation was
significant at P=0.02. By contrast, immunoreactivity for
E-cadherin and B-III-tubulin was not found in these cells.

Discussion

We hypothesized that BMSC transplantation could be
utilized in three different strategies for inner ear treatment,
restoration of missing cells, providing growth factors and
delivering genes. These findings demonstrate that BMSCs
can survive in various parts of the cochleae after injection
into the perilymphatic space of cochleae, indicating possible
use of BMSC transplantation for providing growth factors
in the cochlea. These results, however, demonstrated
significant decrease of the rate for CD34 expression in
BMSC-derived cells in cochleae in comparison with that
in BMSCs before transplantation, indicating maturation
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