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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, {Yasuhiko Tabata, {Sang Heun Lee, and *Juichi Ito

*Department of Otolaryngology—~Head and Neck Surgery, Graduate School of Medicine, and {Department of
Biomaterials, Field of Tissue Engineering, Institute for Frontier Medical Science, Kyoto University, Kyoto,
Japan; and }Department of Otolaryngology, Kyungpook National University Hospital, Daegu, Korea

Hypothesis: Local application of recombinant human insulin-
like growth factor 1 (thIGF-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 rhIGF-1 application through the hydrogel.
Conclusion: These findings indicate that local thIGF-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-labyrinth barrier (1) acting as an obstacle to
the transfer 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
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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 (thIGF-1) to the cochlea because this drug
has already been approved for clinical use. Local rhIGF-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 thIGF-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 perilymph 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 xylazine (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 rthIGF-1 (amount,
400 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 L 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 1 or 10 pwg/pL in 40 uL 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 (ADInstruments, Castle Hill, Australia).
Acoustic stimuli, consisting of tone-burst stimuli (0.1-ms cos 2
riseffall and 1-ms plateau), were delivered monaurally through a
speaker (ES1spc; Bioresearch Center, Nagoya, Japan) connected
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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 rhiGF-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 funnel fitted into the external auditory meatus. To record
bioelectric potentials, subdermal 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 Y-inch free-field microphone
(ACO-7016; ACO Pacific, 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).

Otology & 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, electric 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-pg/plL 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 V1Ia 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 VIIa, 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 IHCs and OHCs in 0.2-mm-long 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.

riyolpha
saline

Statistics

The overall effects of rhIGF-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 IHC
and OHC numbers in each region of the cochlea between thIGF-
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 * 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, 45.4 + 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/mlL.) 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 1 and 7 were
significant (control versus postoperative Day 1, p =
0.019; 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.

FIG. 4. Image showing immunostaining for myosin Vlla (myo [red]) and F-actin labeling 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-pug/pl recombinant human insulin-like growth factor 1 (thIGF-1) exhibit scattered distribution (B; arrows). In
cochleae treated with 10-u.g/pl rhiGF-1, OHCs are comparatively preserved (C). Bar represents 50 pm.
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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-pg/pl rhiIGF-1-treated cochleae. Differences in numbers
of surviving OHCs between saline- and 10-p.g/pl rhiGF-1-treated cochleae are significant in basal and middle portions of cochleae (C; *p <
0.05), whereas significant differences in numbers of IHCs 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 thIGF-1 treatment at the concen-
tration of 1 pg/uL demonstrated no significant effects
on ABR threshold shifts at each frequency, although 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 wg/pL 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/pL thIGF-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:VIla 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-pg/pL rhIGF-
I-treated specimens was: also. severe. Surviving OHCs
exhibited scattered distribution (Fig. 4B). In specimens
treated with 10-pg/pL ThIGF-1, loss of OHCs was stili
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: I-pg/pL rhIGF-1-treated
cochleae (Fig. 5A). Differences in numbers of surviving
OHCs between saline- and 10-pg/uL thIGF-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-

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

viving IHCs between saline- and 1- or 10-pg/uL rhIGF-
I-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 hydrogel 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 hydrogel 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 rhIGF-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 thIGF-1 treatment through
gelatin hydrogels on attenuation of threshold shifts due
to noise exposure. Although a tendency toward reduced
threshold shifts was observed, local rhIGF-1 application
at 1-pg/ul. concentration showed no significant reduc-
tion in threshold shifts, whereas local rhIGF-1 applica-
tion at ‘10-pg/pl. concentration (the concentration
recommended by the supplier for clinical use) exhibited
significant attenuation of threshold shifts at frequencies
of 4 and 8 kHz. Local rhIGF-1 application via hydrogels
also exhibited significant histologic protection. Similar
to functional protection, local rhIGF-1 treatment at a
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concentration of 10 pg/pl significantly increased the
numbers of surviving OHCs, whereas treatment at a
concentration of 1 wg/puL had no significant effect on
the numbers of surviving OHCs. These findings indicate
dose dependency for the effects of local 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-1 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 thIGF-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,
rhIGF-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.

10.

11
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Drug Delivery System of Hepatocyte Growth Factor for the

Treatment of Vocal Fold Scarring in a Canine Maodel

Tsunehisa Ohno, MD; Shigeru Hirano, MD; Shin-ichi Kanemaru, MD;
Masaru Yamashita, MD; Hiroo Umeda, MD, Atsushi Suehiro, MD;
Yoshihivo Tamura, MD; Tatsuo Nakamura, MD; Juichi Ito, MD; Yasuhiko Tabata, PhD

Ohjectives: Vocal fold scarring remains a therapeutic challenge. Previous studies have indicated that hepatocyte growth
[actor (HGF), a strong antifibrotic element, has therapeutic potential for restoring scarred vocal folds, To enhance the ef-
fect of HIGE in vivo, we developed a novel drug delivery system (DDS) in which HGF ts embedded in gelatin hydrogel
and continuously released over a period of 2 weeks. In the present study we investigated the therapeutic efficacy of the
HGF DD3 on vocal fold scarring by using a canine model.

Iethods: The vocal folds of 8 beagles were unilaterally scarred by stripping the entire layer of the lamina prapria. The
contruiateral vocal folds were kept intact as normai controls. One month after the procedure, hydrogels (0.5 mL) coniain-
ing 1 ug of HGF were injected into the scarred vocal folds of 4 dogs (HGF-treated group). whereas hydrogels containing
saline solution were injected in the other 4 dogs (sham group). Histologic and vibratory examinations were completed for
each group 6 months after the initial surgery.

Resnits: The excised larynx experiments showed significantly better vibration in terms of mucosal wave amplitude and
glottal closure in the HGF-treated group compared 1o the sham group. Histologic evaluation of the vocal folds indicaied
remarkable reduction in coilagen deposition and tissue coniraction, with favorable restoration of hyaluronic acid and
clastin in the HGF-treated group.

Conctusions
tory properti

: The present findingy suggest that the novel HGI DS may provide favorable effects in restoring the vibra-
o3 of scarred vocal folds.

Key Words: drug delivery system, gelatin hydrogel, hepatocyte growth factor, vocal fold scarring.

INTRODUCTION

Yoczl toid scarring may oceur afier injury or in-

pria in the vocal fold, and is believed to be closely
associated with scarless wound healing.%7 Thus, a

flammation. Scarring disrupts the layered structure
of the larnina propria, thus changing the viscocias-
ticity of the vocal fold mucosa and often vesulting in
severe and intractable dysphonia. Although various
injectable materials such as bovine autologous or
homologous collagen and autologous fat have been
used in an attempt to soften scarred vocal folds, !
it is difficult to restore vocal fold scars to a normal
stale.

Previous hisiologic studies have revealed dense
and/or disorganized collagen deposition, decreased
elastin, and cccasional decreases of hyaluronic acid
(FA) in the lamina propria of scarred vocal folds.”
Hyaluronic acid is thought to play a major role in
maintaming the viscoelasticity of the lamina pro-

material that increases HA preduction and reduces
collagen synthesis from fibroblasts in the vocal fold
iamina propria might be useful in treating vocal fold
searring.

Hepatocyte growth factor (HGF) has strong anti-
fibrotic activity, and has been proven to contribute
to the prevention or complete resolution of fibrosis
in the liver. kidney, and lung in animal models.S It
has also been found to have some therapeutic poten-
tial in restoring scarred vocal folds in animal mod-
els.”!1 However, the biological activity of HGF may
be limited in vivo because of rapid disposal by diffu-
sion.'? Hirano et al'! atempted (o treat scarred voca!
folds in a canine model by local administration of
HGF solution. Although encouraging results were
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noted with regard to vibratory function and some
hisiologic aspects, the cffects were limited by the
extensive individual variation in mucosal wave pat-
terns. Histologic cxaminations indicated a resolu-
tion of excessive collagen deposition and tissue con-
traction, but there was no improvement in the loss of
elastin. These results warranted examination of this
strategy for better regeneration of vocal {olds.

A biodegradable hydrogel has been developed to
enhance the in vivo regenerative effects of growth
factors such as HGF, basic fibroblast growth factor,
platelet-derived growth factor, and epidermal growth
factor, and has been successful in the controlled re-
fease of biologically active growth factors in other

parts of the body.1>-18 In the present study, we em-

ployed a hydrogel drug delivery system (DDS) with
HGF to enhance the regenerative effects of HGF for
treatment of vocal fold scarring. In this system, HGF
was embedded in gelatin hydrogel and gradually re-
feased in a continuous fashion over a 2-week period
in vivo. In the current study we aimed to investigate
the therapeutic efficacy of the HGF DDS on vocal
fold scarring using a canine model.

MATERIALS AND METHODS

Animals. Eight beagles weighing 10 to 12 kg were
used in this study. All experimental protocols were
approved by the Animal Research Committee of the
Graduate School of Medicine, Kyoto University.
Animal care was provided under the supervision of
the Institute of Laboratory Animals of the Graduate
School of Medicine, Kyolo University.

Preparation of HGF Hydrogel, Human recom-
binant HGF (lot 0203S201-A) was obtained from
PeproTech EC, Lid, London, England. Biodegrad-
able hydrogels were developed by the Department
of Biomaterials, Field of Tissuc Engineering, Insti-
wite for Frontier Medical Sciences, Kyoto Univer-
sity.1213 Briefly, the hydrogel was constituted by
chemical cross-linking of acidic gelatin with glutar-
aldehyde. Fifty milliliters of acidic gelatin aqueous
solution (5% wt/wt) was mixed with 50 uL of glu-
taraldchyde aqueous solution (25% wt/wt) to give a
final concentration of 6.25 mmol/L. The water con-

_ tent of the hydrogel was 94.8%. Next, | pg of HGF
solution in 20 pL of phosphate-buffered saline solu-
tion (PBS) was dripped onto the gelatin hydrogels
and left overnight at 4°C to create HGF hydrogel. It
has been confirmed that once the HGF hydrogel is
administered in vivo, HGF is gradually and continu-
ously relcased at the site over a 2-week pericd. 12

Surgical Procedure. All animals were sedated un-

der general anesthesia with intramuscular injections
of ketamine hydrochloride (15 mg/kg) and xylazine

hydrochioride (6 mg/kg). A dircet laryngoscone was
inserted into the larynx to visualize the glottis. The
vocal folds were unilaterally scarred by stripping
the entire layer of the lamina propria down to the
muscle, and the contralateral vocal foids were kept
intact to use as normai controls. The sides used for
scarring were randomly selectled.

At 1 month after the procedure, .5 mL of hydro-
ge!l solution containing 1 ug of HGF was injected
into the scarred vocal folds of 4 dogs (HGF-treated
group) with a transoral intracordal injector, and 0.5
mL of hydrogel solution containing | pg of PBS was
injected into the scarred folds of the other 4 dogs
{sham group). All animals were euthanized 6 months
after surgery by intracardiac injection of pentobarbi-
tal sodium. Whole larynges were harvested and used
for excised larynx experiments to examine vibratory
function, and then were subjected to histologic ex-
amination after the excised larynx experiments.

Vibratory Examination With Excised Larynx
Setup. Vocal fold vibration was examined with an
excised larynx setup. To better visualize the vocal
folds, we removed supraglottic structurcs such as
the epiglottis, false vocal folds, and aryepiglottic
folds after rescction of the superior portion of the
thyroid cartilage. The arytenoid adduction proce-
dure was bilaterally performed with 3-0 aylon su-
ture used to close the glottis. The larynx was mount-
ed on a table, and an endotracheal tube was inserted
into the trachea and tightly clamped. Airflow was
directed through the tube to generate vocal fold vi-
brations. During the vibratory examination, saline
solution was dripped onto the vocal folds to prevent
dehydration. A high-speed digital imaging system
(Memrecam, NAC Image Technology, (saka, Ja-
pan) was used to record vocal fold vibrations {rom
the superior view. The camera was mounted 50 cm
above the larynx, and the image was viewed on a
monitor. The images were recorded at & frame rate
of 1,000 frames per second, and the amplitude of the
mucosal wave and the glottal gap were compared
for the HGF-treated and the sham groups. The am-
plitude of the mucosal wave and the gloital gap were
measured with image analysis software (Scion Im-
age beta3b, Frederick, Maryland). The distance (d1)
from the midline of the gloitis to the free edge of the
vocal fold was measured at the anteroposterior mid-
dle portion of the vocal fold during the closed phase,
and then the same distance (d2) was measured at the
maximum open phase. The mucosal wave amplitude
was defined by subtracting d1 from d2, 2nd was nor-
malized by dividing by the length (L) from the an-
terior commissure to the vocal process [normalized
mucosal wave amplitude = (d2 - d1)/L = 100(w)].
The glottal gap was examined on the imagss daring
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Sham group

Maximum open phase

HGF gmu P

i Closed phase

Maximum open phase

Closed phase

Fig 1. Vilreiory patierns of reated vocal folds on digiial bigh-speed froaging in excised larynx experiments, A) Sham group.
Right vocal fold was scarred. B) Hepaiocyte growl ih factor HGFH’ !atd group. Left voeal fold was rreated with HGF drug

delive v systemn.

sse. and the gloital area {a) was mea-
hen normalized by dividin g by L4 {nor-
ioital gap = a/L? x 160{(w)].

Hirfvifu;ir Examination. The collagen, "usiiv“

and HA in the laminz 'nopﬂq of each vocal foid
were eremined under light microscopy. The thick-
ness rf he lamina propria was also assessed (o de-
termine he degree of scar contraction. After the ex-
cised laryox experiments, the voeal fold tissues were
{1 cd with 10% fo'mzudeh ydc and then ombedded in
araffin. Four-micrometer-thick seyial sections were
p enared m the coronal plane. The sections were

rade 10 the same systematic manner, deginning
!‘x’om the anteroposterior middle poition and pro-
ceeding through the anterior and posterior portions
of the vocal fold, Elastica—van Gieson staining was
performed to identify collagen and elastin separate-
ly. The nyalurcnidasc digestion technique was used
o detect HA For the hyajuronidase digestion pro-
cedure, 30 mg of bovinp testes hyaloronidase (Sig-
ma, St Lovis, Mzmoun) was diluted in 100 mL PES,
anef each s u,ﬂf‘; was incubated in this soluiion for
1 hour 2t 37°C. Mexi, the sections were stained with
Alcian blue (pH 2.5). Hyaluronic acid was detect-
ed by (,ump'aung the sectivns witheut digestion to
tho&e with digestion. Tmages were capiored with an
Clympu s BY50 microscope {Olympus Corporation,
'okyo, .,.},am Collagen and HA were cxamined at
2x mictoscopic power, and elastin was examined ai
0% microscopic power in the lamina prepria. The
thickness of the lamina propria was deiermined by
measring the distance from the fize f‘doe of the vor

v

cal fold down 1o the muscle layer at 2% nucroscopic

s

power with Adobe Ph mxinp image Analysis Soft-
,m; {Adobe %3'%&“1*1'- Inc, San Jx se, Califorua).
e thickness ¢i the treated lamina pr oprl a was rep-
Mned by the ratio of the pixel size of the treated
side to that of the normal side.

Sraiistical Analysis. Statistical dna!ysef;\ vere per-
formed {or comparisens m‘ the normalized 1mucesal
wave 'zmgmtudc, ihe normalized glottic gap, and the
thickness of the lamina Dmpr%a between the HGH-
treats ed and the sham groups by use of the Mann-
Yihilney U-test. A p value of less than orequa] o 05

was considercd statistic i significant

RESULTS

Vibratory Dara. Vibratory examinations showed
better mucosal vibration in the HGF-treated group
than in the sham group. Incomplete glottal closure
and volume deficiency of the vocal fold were sigpif-
icant in the sham group (Fig 1 A), whereas a smaller
glotial gap and an impioved vibratory patlern wege
observed in the HGF-treated group (Fig 1B).

The normalized mucosal wave amphitude was
signmcantiy greater in the HGF-treated group than
thc sham group (p < .05; Fig 2A). Since the nor-
mial range of the normalized mucosal wave ampli-
{nde in dogs has been reporied to be 6 o 10 units, !
alt nor rmiivcd miucosal wave amplitude values for
the current HGF-treated group were within the ner-
mal range, whereas the values in the sham group
were shown 1o be beyond the sormal range. Al-
though there was siill giotial incmm,»ckemm mn the
BGF-ueated group. the normalized glottal gap was
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Fig 2. A) Normalized mucosal —~ 12 F @ Tr
wave amplitude (NMWA) and B) 2 = 6+ w
normalized glottal gap (NGG). < 10} =
HGPF-treated group demonstrated = QL 8 2 s
significantly higher NMWA and =& °© > a4l
lower NGG than did sham group Z 6F %
(p < .05). AL 3r
) s 2 +
2 I 4 ] L
O - h g 0 - *
A HGF-treated Sham B HGF-treated Sham

significantly smaller (p < .05) in the HGF-treated
group than in the sham group (Fig 2B).

Histologic Data. Collagen and elastin were lo-
cated mainly in the superficial layer of the lamina
propria, whereas HA was distributed throughout the
entire layer in the normal control vocal folds. In the
sham group, remarkable tissue contraction and dis-
orgamzed collagen deposition were noted through-
out the scarred lamina propria compared with the
normal side (Fig 3A,B), and elastin and HA were
remarkably decreased on the sham side compared to
the normal side (Fig 3C-F).

In the HGF-treated group, tissue contraction and
collagen deposition were found to be minimal (Fig
4A,B), and the restoration of HA was well identi-
fied on the HGF-treated side (Fig 4C,D). Elastin
was also restored in the superficial lamina propria
(Fig 4E,F).

The thickness of the lamina propria was nearly
normal in the HGF-treated vocal folds, whereas it
was significantly (p < .05) thinner in the sham group
than in the HGF-treated group (Fig 5).

DISCUSSION

Vocal fold scarring remains a therapeutic chal-
lenge to date. In the Chevalier Jackson Lecture at
the annual meeting of the American Broncho-Esoph-
agological Association in 1995, Hirano!9 stated that
problems in vocal fold scar treatment awaited im-
provements, and that the most promising future di-
rection would be to develop techniques to replace
the scarred tissues with normal pliable mucosa,
or to innovate techniques to soften scarred tissues
with certain therapeutics and/or physical treatments.
Many experimental studies have since revealed the
histologic and rheological changes in scarred vocal

folds.>720-22 There have been some discrepancies
among the findings on the use of extracellular ma-
trix (ECM) in vocal fold scarring, possibiy due to
differences in the animal species used, ihe iype of
injury, and/or the duration of injury. However, these
studies suggested that disorganization of ECM com-
ponents may affect the tissue properties of the vocal
fold mucosa. Excessive or disorganized collagen, re-
duced elastin, increased fibronectin, and decreased
decorin have all been frequently noted. The density
of HA did not change in most cases, although the to-
tal amount of HA decreased. Although the effects of
these changes in ECM molecules on the tissue prop-
erties of the vocal fold remain unclear, it appears to
be useful to restore these histologic changes to the
normal state in the treatment of vocal fold scarring.
Based on these findings, various therapeutic strate-
gies for the treatment of scarred vocal folds have at-
tempted to use tissue engineering and regenerative
medicine, 10.11.23.24

Therapeutic strategies in regenerative raedicine
include cell therapy, growth factor therapy, and im-
plantation of regenerative materials, Growth factors
are one of the most potent regulatory elements that
affect cells and tissue remodeling. Recently, growth
factor therapy has been thought to be a notable treat-
ment in various fields of regenerative medicine. He-
patocyte growth factor has strong antifibrotic activ-
ity that stimulates HA production in mesenchymal
cells and dissolves the collagen matrix. Previous
studies using animal models have revealed that in-
jection of HGF solution into scarred vocal folds has
therapeutic potential.¥-1! However, incoraplete re-
generation was also noted, probably due to the in-
sufficient retention time of HGF in vivo.!2 In order
to enhance the effects of HGF in vivo in the present
study, we employed a DDS developed at Kyoio Uni-
versity that allowed a gradual release of HGF from
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Sham siude

Fig 3. Histolog
tissue contracnions and increased disorg
of sham side. M — thyroarytenoid mus
thlue stainy was markedly decreas
{black stain) wus markedly reduced on sham s

selatin hydrogels in a continuwous manner. Indecd.
this DDS of HGF has been proven to be useful in
preventing the progression of heart failure in stroke-

172,14

prone spontaneously hypertensive rats,

anized collagen depo

Normal side

ic findings in sham group. A,B) Elastwa—van Gieson stain, original x2. Compared to normal side, remarkable
o (red suun) were observed throughout sca
s fe - dTee edye of vocal fold, C,D) Alcian blue staln, orig
d compared w normal side ¥,Fy Elastica van Gresou stain, original x

red lamina propria
- Hyaluronk aad
. Clastin density

In this study, exased larynx experiments showed
a significant imprevepent of muocosal vibration in
werms of sncosal wave amplitude and glotal clo-
suse inthe HGT -treated group, The effects on muco
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Normal side

HGF-1reated side

Fig 4. Histologic findings in HGF treatwed group. AB) Elastica~van Gieson stain, original %2 Tissue contruction and collagen
deposition {red-stained region as indicated by arrows) were faund 10 be minimal on HGF-ueated side. C,D) Alcian blue stain,
original x2; Restoration of hyaluronic acid (Blue stain) was well identified on HGT-treated side. E,F) Elastica-van Giesan stain,
original x20, Elustin (bluck stuin as indivated by arrows) was present in superficial portion of HGF treated fold,

sal wave amplitude were consistent across the ani-
mals, whereas previous studies using HGF solution
demonstrated considerable individual variation. 1011
Our results suggest that the current HGF DIDS may

factiitate continuous and retentive releasc of the ac-
tive factor to elicit consistent effects in decreasing
stiffness of the scarred vocal folds, thus resulting
improvement of the vibratory properties.
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