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HEMATOPOIETIC STEM CELLS PREVENT HAIR CELL DEATH AFTER
TRANSIENT COCHLEAR ISCHEMIA THROUGH PARACRINE EFFECTS

T. YOSHIDA,2 N. HAKUBA,? I. MORIZANE,? K. FUJITA,2
F. CAO,” P. ZHU,® N. UCHIDA,® K. KAMEDA,®
M. SAKANAKA,P K. GYO? AND R. HATAP*

“Department of Otolaryngology, Ehime University Graduate School of
Medicine, Shitsukawa, Toon, Ehime 791-0295, Japan

®Department of Functional Histology, Ehime University Graduate
School of Medicine, Shitsukawa, Toon, Ehime 791-0295, Japan

°Department of Internal Medicine 1, Ehime University Graduate School
of Medicine, Shitsukawa, Toon, Ehime 791-0295, Japan

“Integrated Center for Science, Ehime University Graduate School of
Medicine, Shitsukawa, Toon, Ehime 791-0295, Japan

Abstract—Transplantation of hematopoietic stem cells
(HSCs) is regarded to be a potential approach for promoting
repair of damaged organs. Here, we investigated the influ-
ence of hematopoietic stem cells on progressive hair cell
degeneration after transient cochlear ischemia in gerbils.
Transient cochlear ischemia was produced by extracranial
occlusion of the bilateral vertebral arteries just before their
entry into the transverse foramen of the cervical vertebra.
Intrascalar injection of HSCs prevented ischemia-induced
hair cell degeneration and ameliorated hearing impairment.
We also showed that the protein level of glial cell line-derived
neurotrophic factor (GDNF) in the organ of Corti was upregu-
lated after cochlear ischemia and that treatment with HSCs
augmented this ischemia-induced upregulation of GDNF. A
tracking study revealed that HSCs injected into the cochlea
were retained in the perilymphatic space of the cochlea, al-
though they neither transdifferentiated into cochlear cell
types nor fused with the injured hair cells after ischemia,
suggesting that HSCs had therapeutic potential possibly
through paracrine effects. Thus, we propose HSCs as a po-
tential new therapeutic strategy for hearing loss. © 2006
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: cochlear ischemia, brain stem ischemia, hemato-
poietic stem cell, stem cell therapy, hearing loss, hair cell
death, GDNF.

The prevalence of acquired hearing loss is very high.
About 10% of the total population and more than one third
of the population over 65 years suffer from debilitating
hearing loss (Li et al., 2004). The most common type of
hearing loss in adults is sensorineural hearing loss
(SNHL). In the majority of cases, SNHL is permanent and

*Corresponding author. Tel: +81-89-960-5236; fax: +81-89-960-
5239.

E-mail address: hata@m.ehime-u.ac.jp (R. Hata).

Abbreviations: ABR, auditory brainstem response; Ang1, angiopoi-
etin-1; BDNF, brain-derived neurotrophic factor; DMEM, Dulbecco’s
modified Eagle’s medium; EPO, erythropoietin; FCS, fetal calf serum;
FGF, fibroblast growth factor; GDNF, glial cell line-derived neurotro-
phic factor; HSC, hematopoietic stem cell; IHC, inner hair cell; OHC,
outer hair cell; Pl, propidium iodide; SDS, sodium dodecylsulfate;
SNHL, sensorineural hearing loss; SP, side population.

typically associated with loss of sensory hair cells in the
organ of Corti. Humans are born with a complement of
about 16,000 sensory hair cells'and 30,000 auditory neu-
rons in each ear. Sensory hair cells and auditory neurons
do not regenerate throughout life, and loss of these cells is
irreversible and cumulative. At present, the only therapeu-
tic intervention for patients with profound SNHL is a co-
chlear implant that electrically stimulates residual primary
auditory neurons. In-many cases, a cochlear prosthesis
and associated speech processor can restore accurate
speech reception to a person who otherwise has little or no
auditory sensitivity. For the last two decades, cochlear
implants have been in common clinical use. Following the
loss of sensory hair cells, however, the auditory neurons
undergo secondary degeneration. Evidence from animal
studies indicates that ongoing degeneration of auditory
neurons has the potential to compromise the efficacy of a
cochlear implant (Shepherd et al., 2004). From the clinical
perspective, there are likely to be benefits if sensory hair
cells can be rescued.

Recent advances in stem cell biology have provided
hope that stem cell therapy will come closer to regenerat-
ing sensory hair cells in humans. A major advance in the
prospects for the use of stem cells to restore normal hear-
ing comes with the recent discovery that hair cells can be
generated ex vivo from embryonic stem (ES) cells, adult
inner ear stem cells and neural stem cells (Li et al,
2003a,b; Tateya et al., 2003). These stem cells are pluri-
potent, such that all cell types in the inner ear can be
derived from them. Furthermore, stem cells can secrete
several kinds of trophic factors. There is increasing evi-
dence that stem cells can promote host neural repair in
part by secreting diffusible molecules such as growth fac-
tors (Mahmood et al., 2004). These findings suggest that
stem-cell-based treatment regimens could be applicable to
the damaged inner ear as future clinical applications. Pre-
viously we have shown that neural stem cells can prevent
ischemia-induced inner hair cell (IHC) loss and ameliorate
hearing impairment. Among the several types of stem
cells, we propose that hematopoietic stem cells (HSCs)
are one of the best candidates for stem cell therapy in
clinical practice, because autologous transplantation can
not only eliminate the need to find suitable donors, but can
also avoid the problems of immunological incompatibility
and ethical concerns. in this study, we explored the feasi-
bility of HSC transplantation as therapy for hearing loss.

EXPERIMENTAL PROCEDURES

All experiments were approved by the Ethics Committee at Ehime
University Graduate School of Medicine and were conducted ac-
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Fig. 1. Flow cytometric analysis of SP cells in Hoechst-stained bone marrow (BM). SP region of whole BM stained with Hoechst in the absence
(A) and presence (B) of 50 uM verapamil. The region marked SP was sorted for transplantation experiments. Approximately 0.2—0.4% of cells fell into

the SP gate.

cording to the Guidelines for Animal Experimentation at Ehime
University Graduate School of Medicine. Animals were housed in
an animal room with a temperature of 21-23 °C and a 12-h
light/dark cycle (light on: 7 a.m. to 7 p.m.). Animals were allowed
access to food and water ad libitum until the end of the
experiment.

Induction of transient cochlear ischemia

Adult male Mongolian gerbils weighing 60—80 g were used in this
study. Following the methods of Hata et al. (1993), transient
cochlear ischemia was induced by temporarily occluding bilateral
vertebral arteries in the neck, since they lack the posterior cerebral
communicating arteries and the labyrinthine arteries are nour-
ished solely by the vertebro-basilar system. Anesthesia was in-
duced with 3% halothane in a 7:3 mixture of nitrous oxide and
oxygen, and maintained with 1% halothane. An anterior midline
cervical incision was made, and bilateral vertebral arteries were
exposed just before their entry into the transverse foramen of the
cervical vertebra. Then, a 4-0 silk suture was loosely looped
around each vertebral artery. The animals were orotracheally
intubated, and artificially ventilated to prevent systemic anoxia.
The tidal volume was set at 1 ml and the ventilation rate at 70/min.
Ischemia was induced in both cochleae by pulling the ligatures
with 5 g weights. After 15 min of ischemia, the sutures were
removed to allow recirculation, which was confirmed by observa-
tion with an operating microscope. Some gerbils were sham-
operated as control animals, where bilateral vertebral arteries
were exposed but no arterial occlusion took place. Rectal temper-
ature was maintained at 37 °C with a heat lamp during the surgical
procedure.

Isolation of HSCs

Bone marrow specimens were extracted from the tibias and fe-
murs of 6-12-week-old gerbils. The bone marrow cells were
suspended at 10% cells/m! in pre-warmed Dulbecco's modified
Eagle’s medium (DMEM) containing 2% fetal calf serum (FCS).
HSCs were isolated by the method described by Goodell et al.
(1996). In brief, the bone marrow cells were stained with 5 ug/mi
Hoechst 33342 (Sigma Chemical Co., St. Louis, MO, USA) for
90 min at 37 °C. Analysis and sorting were executed with an
EPICS ALTRA flow cytometer (Beckman Couiter, Inc., Fuller-
ton, CA, USA). Hoechst dye was excited with a UV laser at
333.4~363.8 nm. Two wavelengths, obtained by using a 450 BP
filter (Hoechst Blue) and a 675 EFLP optical filter (Hoechst Red),

were used to measure its fluorescence. Propidium iodide (Pl)
fluorescence was also measured at 675 EFLP (having been ex-
cited at 350 nm). Cells stained with P| were seen on the far right
of Hoechst red (675 EFLP) and excluded. The addition of PI
allowed exclusion of dead cells and did not affect the Hoechst
staining profile. Both Hoechst blue and red fluorescence are
shown on a linear scale. The gating on forward and side scatter
was not rigorous, and excluded only erythrocytes and debris. The
side population (SP) sorting gates were defined on the flow
cytometer using Hoechst red and blue axes to exclude dead
cells, erythrocytes (no Hoechst stain), and debris. After collect-
ing 10° events within this live gate, the SP population could be
clearly identified and defined and was considered as HSCs
(Goodell et al., 1996). The gate established on this population
is shown in Fig. 1A.

Administration of HSCs

One day before the induction of transient cochlear ischemia, the
gerbils received HSCs (2x108 cells/ul in DMEM, total 4 pl) in their
left cochleae. The right cochlea of each animal was treated with
vehicle (DMEM; total 4 ni) and used as vehicle control. Under
halothane anesthesia, the otic bulla was opened through a retro-
auricular approach and the round window was exposed. A 0.15-
mm-diameter glass microtube was inserted into the scala tympani
through the round window with a micromanipulator. HSCs or
vehicle were infused at a flow rate of 1 ul/min for 4 min using a
microinfusion pump.

Recording of auditory brainstem response (ABR)

Hearing of the animal was assessed before and 4 days after the
ischemic insult by sequential recording of ABR. Under halothane
anesthesia, ABR was recorded using a signal processor (NEC
Synax 1200, NEC Medical Systems, Japan). Stimulus sound was
led to the ear canal via a tiny polypropylene tube; thus each ear
was stimulated separately. Recording needle electrode was
placed at the vertex and retroauricle. As the animal did not tolerate
long-term anesthesia, ABR was recorded only to 8000-Hz tone
burst (0.5 ms rise/fall time and 10 ms duration). Cochlear region
corresponding to the tone of this frequency was proved most
vulnerable to ischemic injury, according to our previous study
(Hakuba et al., 2003b). Responses to 300 consecutive stimuli
were averaged, and the threshold of ABR was determined by
measuring the responses in 5 dB steps.
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Evaluation of hair cell loss

The degree of hair cell loss was assessed by staining the cochlea
with rhodamine-phalioidin and Hoechst 33342. Rhodamine-phal-
loidin is appropriate for observation of cell architecture and
Hoechst 33342 for their nuclei. Four days after ischemia, the
organs of Corti were dissected out by means of a surface prepa-
ration and were stained with rhodamine-phalloidin (Hakuba et al.,
2003b). Fluorescence was detected using an Olympus BX60 mi-
croscope with a green filter (BP 546, FT 580, L.P 590) and a UV
filter (BP 365, FT 395, LP 397). The numbers of intact and dead
hair cells were counted in the basal turn of the cochlea, and the
ratio of intact to dead hair cells was calculated.

Western blot analysis

After deep anesthesia with an i.p. injection of sodium pentobarbital
(0.1 g/kg), the otic bulla (wet weight 10 mg) was removed and
transferred to ice-cold PBS. The samples were homogenized in
microcentrifuge tubes containing 100 wl lysis buffer (0.5% sodium
dodecylsulfate (SDS), 0.5% Triton-X, 100 uM phenylmethane
sulfonyl fluoride, 20 uM Tris—HCI pH 8.0). The homogenates were
sonicated on ice and centrifuged at 13,000 r.p.m. for 10 min at

4 °C. The protein content in the supernatant was determined using .

a BCA protein assay kit (Pierce, Rockland, IL, USA) with bovine
serum albumin as a standard. The supernatant was mixed with
sample buffer (62.5 mM Tris—HCI, pH 6.8, 2% SDS, 10% glycerol
and 0.001% Bromophenol Blue) to a final protein concentration of
1 mg/ml. The samples were boiled for 5 min. Equal amounts of
protein (15 ug/lane) were resolved by SDS-PAGE electrophore-
sis, transferred onto a nitrocellulose membrane, and immunoblot-
ted with an antibody against glial cell line-derived neurotrophic
factor (GDNF) (sc-328, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Densitometric analysis of scanned bands was per-
formed to quantify the GDNF protein levels in the samples. The
integrated optical density was obtained using a NIH Image pro-
gram (National Institutes of Health, Bethesda, MD, USA). The
data were normalized to internal standards (vehicle-treated con-
trol) on each gel and expressed in percentage.

PKH67 staining

The sorted celis were labeled using a fluorescent membrane dye,
PKHG7 (Sigma), which excites at a wavelength of 496 nm and
emits at 520 nm. According to the manufacturer’'s instructions,
samples were stained with PKH&7 at room temperature for 10
min. Staining was stopped by addition of four volumes of DMEM
containing 10% FCS. The cells were collected by centrifugation
(1500 r.p.m., 10 min, 4 °C), and washed twice with DMEM.

Tissue preparation for short-term cellular tracking

The gerbils were treated with PKH-labeled HSCs as described
above. Four days after the ischemic insult, they were deeply
anesthetized intraperitoneally with a lethal dose of sodium pento-
barbital (0.5 g/kg), and perfused intracardially with saline, followed
by 4% paraformaldehyde in PBS. The temporal bones were re-
moved and fixed in the same fixative at 4 °C for 4 h. In some
animals, the fixed temporal bones were decalcified with 0.1 M
EDTA for 24 h at 4 °C and 10-um-thick cryostat sections of the
temporal bone were prepared. The sections were then mounted
on 3-aminopropyl triethoxysaline (APS)-coated slide glasses. In
other animals, the organs of Corti in the fixed temporal bones were
dissected out by means of a surface preparation, stained with
rhodamine-phallcidin and mounted on slide glasses as described
above. The sections were viewed with an Olympus BX60 fiuores-
cence microscope.

Statistical analysis

All values are presented as mean=S.D. The changes in ABR
threshold between the vehicle-treated side and HSC-treated side
were analyzed using two-tailed Mann-Whitney U test. All other
statistical significances were tested by one way ANOVA foliowed
by Bonferroni's multiple comparison test. A P value less than 0.05
was considered statistically significant.

RESULTS
ABR threshold shift

We initially evaluated the sequential changes in hearing by
ABR in six gerbils. ABR threshold to 8000 Hz tone burst
was approximately 30 dB SPL in normal animals, which
was significantly elevated by ischemic insult. Hearing de-
terioration was prevented by pre-ischemic transplantation
of HSCs (Fig. 2). Four days after ischemia, the average
increase in the ABR threshold on the vehicle-treated side
was 32.5x7.6 [mean=S.D.] dB. In contrast, the average
increase in ABR threshold on the HSC-treated side was
16.9+5.9 dB. These results suggested that treatment with
HSCs ameliorated the ischemia-induced hearing impair-
ment.

Morphological study

Previously, we reported that cochlear ischemia for 15 min
resulted in progressive IHC loss by 4 days after ischemia,
while a little outer hair cell (OHC) loss was observed
(Watanabe et al., 2001). We also reported that this pro-
gressive IHC loss was closely related to hearing impair-
ment evaluated by ABR (Watanabe et al., 2001). Hence,
we next investigated the effects of HSC transplantation on
ischemia-induced IHC loss. Hair cell loss was identified at
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Fig. 2. ABR threshold at 4 days after cochlear ischemia. Pretreatment
with HSCs (HSC-treated) significantly suppressed the elevation of
threshold in comparison with the vehicle-treated control. The average
ABR threshold shift on the vehicle- and HSC-treated sides (n=6 in
each side) was analyzed using two-tailed Mann-Whitney U test. A
P value less than 0.05 was considered statistically significant. Double
asterisk indicates statistical significance (P<<0.01). All values are pre-
sented as mean=S.D.
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Vehicle-treated side

HSC-treated side

Fig. 3. Surface structure of organ of Corti at 4 days after cochlear
ischemia. Representative fluorescence images of the organ of Corti
stained with rhodamine-phalloidin (A and C) and Hoechst 33342
(B and D). Gerbils were subjected to cochlear ischemia for 4 days. The
organs of Corti were obtained from the otic bullae on the vehicle-
treated side (A and B) and HSC-treated side (C and D). There are
three rows of OHCs and a single row of IHCs. Fluorescence micros-
copy revealed fewer deficits in IHCs on the HSC-treated side than on
the vehicle-treated side. Scale bar=20 um. Arrows indicate deficits in
IHCs.

4 days after ischemia while only a small hair cell loss was
identified in normal animals (Fig. 3). It is apparent that the
stereocilia of hair cells on the vehicle-control side disap-
peared sporadically. In contrast, the hair cell loss was
ameliorated in the specimen obtained from the HSC-
treated side. The percentages of hair cell loss are summa-
rized in Fig. 4. In each group (n=86), cell loss was more
prominent in IHCs than in OHCs. In IHCs, the percentage
of cell loss was 23.64.0% on the vehicle-treated side and
8.2+4.0% on the HSC-treated side. The difference was
statistically significant (P<0.01). In OHCs, the percentage
of cell loss was 2.5+1.4% on the vehicle-treated side and
2.9%2.4% on the HSC-treated side, representing no sig-
nificant difference. These results were consistent with a
greater change of ABR threshold in the vehicle-treated
control, compared with that in the HSC-treated group.

Fate of HSCs injected into organ of Corti

We next investigated whether the HSCs transdifferentiated
into cochlear cell types or fused with the injured hair cells
after cochlear ischemia. To confirm the fate of HSCs, we
used PKHB7 for short-term tracking in vivo. PKH has been
used for cellular tracking (Punzel et al., 2001), and this dye
has been demonstrated to be stable on the surface of

quiescent cells for periods exceeding 3 weeks, does not
compromise cellular viability, and does not impair the ca-
pacity of stem cells to reconstitute hematopoiesis in my-
eloablated recipients (Askenasy and Farkas, 2002). By
using this dye (Fig. 5A and B), tracking of the HSCs
injected into the cochleae was performed at 4 days after
ischemia. In a 10-um-thick cryostat section, transplanted
cells were predominantly located in the perilymphatic
space of the cochlea (Fig. 5C and D). In sections of a
cochlear surface preparation that were washed with PBS
several times, no PKH-labeled celis. were observed in hair
cells and supporting cells of the. organ of Corti (Fig. 5E
and F). These resulis suggested that transplanted HSCs
were retained within the perilymphatic space of the co-
chilea, but neither transdifferentiated into cochlear cells nor
fused with the injured hair cells.

Induction of trophic factor after cochlear ischemia

To gain aninsight:into the mechanisms underlying IHC
survival, we investigated the changes in the expression of
GDNF, brain-derived neurotrophic factor (BDNF), fibro-
blast growth factor (FGF)1, FGF2, angiopoietin-1 (Ang1),
neurotrophin-3 (NT3) and erythropoietin (EPO). Among
them, only GDNF protein expression was markedly up-
regulated by treatment with HSCs after cochlear ischemia.
As shown in Fig. 6A, a single protein band of the expected
size {approximately 35 kDa) for GDNF was detected by
Western blot with a GDNF-specific primary antibody. No
band was detected when the blots were incubated without
primary antibody (data not shown). Five independent ex-
periments were carried out and the results of densitometric
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Fig. 4. Percentages of defects in IHCs and OHCs at 4 days after
cochlear ischemia. Pretreatment with HSCs significantly reduced IHC
damage at 4 days after cochlear ischemia. On the HSC-treated side
(n=8), the proportion of deficits in IHCs was lower than that on the
vehicle-treated side (n=6). On the other hand, there was no statisti-
cally significant difference in the amount of OHC loss between the
HSC-treated side and vehicle-treated side. Statistical analysis was
performed by one-way ANOVA followed by Bonferroni’s multiple com-
parison test. A P value less than 0.05 was considered statistically
significant. Double asterisk indicates statistical significance (P<0.01).
All values are presented as mean=S.D.
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Fig. 5. PKHB7 labeling. HSCs were labeled with PKH67 (B: green). Gerbils were treated with PKH67-labeled HSCs. One day tater, animals were
subjected to cochlear ischemia for 15 min. Four days after ischemia, the temporal bones were dissected out, fixed, decalcified and cut into 10-m-thick
cryostat sections at —20 °C. PKH6&7-positive cells were located in the perilymphatic space of the cochlea (D: green, arrowheads). In addition, other
animals were treated with PKH67-labeled HSCs, and the temporal bones were dissected out and fixed. Then, the organs of Corti were dissected out
by means of a surface preparation and visualized with rhodamine-phalloidin (E: red). No PKH-labeled cells were observed in hair cells, supporting
cells, and other types of cochlear cells throughout the organ of Corti (F). Scale bars=50 um (A and B}, 100 um (C and D), 20 um (E and F).

analysis are shown in Fig. 6B. In sham-operated animals,
there was no significant difference in the level of GDNF
protein between the vehicle-treated control and HSC-
treated group. In contrast, the level of GDNF protein was
significantly increased at 4 days after cochlear ischemia. The
increase of the GDNF protein level was more prominent in
the HSC-treated group than in the vehicle-treated control.
These results revealed that ischemia-induced GDNF expres-
sion was augmented by treatment with HSCs.

DISCUSSION

In the present study, we used an animal model of transient
cochlear ischemia induced by extracranial occlusion of the
bilateral vertebral arteries in gerbils. This animal model has
been described as a brain stem ischemia model. By using
this animal model, selective vulnerability to ischemia in the
brain stem was closely observed (Hata et al., 1993). This
brainstem ischemia model has the following advantages:
(1) it avoids intracranial injury, (2) it produces severe re-
producible brainstem ischemia, and (3) it allows reperfu-
sion. We also showed that reversibility of the ABR after
reperfusion was correlated with ischemic lesions in the
acoustic relay nuclei in the brainstem (Hata et al., 1998).

Because the inner ear is supplied by the labyrinthine artery
from the basilar artery, Hakuba et al. (1997) first introduced
this animal model as a cochlear ischemia model, and
showed progressive IHC loss up to 4 days after cochlear
ischemia (Hakuba et al., 2000; Watanabe et al., 2001). Our
series of studies showed that this progressive IHC degen-
eration was induced by the ischemia-induced increase
of glutamate concentration in the perilymph, activation of
AMPA/kainate receptors on the presynaptic membrane of
IHCs, and the subsequent accumulation of intraceliular
Ca?™ in IHCs, leading to cell death (Hakuba et al., 2003a;
Hyodo et al., 2001; Maetani et al., 2003; Morizane et al.,
2005; Taniguchi et al., 2002). Impairment of cochlear blood
flow is thought to play an important role in the etiology of
sudden deafness, presbycusis and noise-induced hearing
loss (Nakashima et al., 2003; Roehm and Hansen, 2005).
Because of the fact that 90-95% of afferent sensory neu-
rons synapse on IHCs and only 5% of neurons synapse on
OHCs (Spoendlin, 1967), IHCs are thought to be the main
mechanosensory cells that transform mechanical stimuli
into neuronal signals (Brandt et al., 2003). In this ischemia
model, the mean inter-peaked latency between waves |
and V of ABR was not changed (unpublished observa-
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Another explanation is that HSCs can fuse with damaged
hair cells and restore their function. A Cre/lox recombina-
tion system to identify transplanted cells indicated that
bone marrow-derived stem cells fused with hepatocytes in
the liver, with Purkinje neurons in the brain, and with
cardiac muscle in the heart, resulting in the formation of
multinucleated cells (Alvarez-Dolado et al., 2003). After
transplantation of bone marrow from female wild-type mice
into male fumarylacetoacetate hydrolase knockout mice,
analysis of DNA from the tertiary recipients revealed that
hepatocytes derived from bone marrow arose from cell
fusion and not by transdifferentiation of HSCs (Wang et al.,
2003). These reports suggested that cell fusion is respon-
sible for phenotypic changes of HSCs into the target cells.
The third explanation is that HSCs can promote hair ceil
repair in part by secreting trophic factors. It has been
reported that production of trophic factors from stem cells
can confer resistance to disease, or promote the survival,
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Fig. 6. Western blot analyses of GDNF in gerbil cochlea on the
vehicle-treated and HSC-treated side. Samples were derived from the
cochlear on the vehicle-treated side (Con) and HSC-treated side
(HSC) in sham-operated gerbils, and on the vehicle-treated side (1)
and HSC-treated side (I+HSC) in gerbils subjected to cochlear ische-
mia. Statistical analysis was performed by one-way ANOVA followed
by Bonferroni’s multiple comparison test. A P value less than 0.05
was considered statistically significant. ** Indicates significantly
greater than vehicle-treated control (Con) (P<0.01). %% Indicates
significantly greater than vehicle-treated group with cochlear ische-
mia (I) (P<0.01). Data were obtained from five independent experi-
ments. All values are presented as mean=S.D.

tions), suggesting that main ischemic lesion was not lo-
cated within the brain stem. Furthermore, IHC loss started
1 day after ischemia and peaked at 4 days after ischemia,
whereas neuronal loss in the spiral ganglion started at 4
days after ischemia and peaked at 7 days after ischemia.
These data suggested that ischemia-induced IHC loss
resulted in the secondary degeneration of the spiral gan-
glion neurons (unpublished observations). In fact we
showed that progressive IHC loss was closely related to
hearing impairment evaluated by ABR (Watanabe et al.,
2001). In the present study, we clearly showed that treat-
ment with HSCs ameliorated this progressive IHC damage
and prevented a shift in the ABR threshold after transient
cochlear ischemia in gerbils.

The precise mechanism by which intrascalar injection
of HSCs prevented ischemia-induced progressive IHC
damage is unclear. There are several possibilities to en-
able functional recovery by treatment with HSCs. One
explanation is that HSCs can induce the endogenous co-
chlear cells to proliferate and differentiate into hair cells to
rescue or restore hearing loss. Several studies have
shown that both neural stem cells and inner ear stem cells
have the ability to differentiate into different inner ear cell
types in vivo (Tateya et al., 2003) or in vitro (Li et al.,
2003b). Recent studies have shown that HSCs are capa-
ble of transdifferentiating into a variety of nonhematopoi-
etic lineages in multiple organs (Masson et al., 2004).

migration, and. differentiation of endogenous precursors
(Chopp and Li, 2002). Stem cell transplantation may be
linked to the wp-regulation of trophic factors (Mahmood et
al., 2004). These reports suggest the possibility that stem
cells can also play a part in promoting functional recovery
by means other than cell replacement. in fact, bone mar-
row stem cells and neural stem cells are also known to
secrete interleukins and neurotrophic factors (NGF, BDNF,
and GDNF) (Crigler et al., 2006; Mahmood et al., 2004).
Furthermore, HSCs were reported to secrete growth fac-
tors with neurotrophic properties, such as Ang1 (Takakura
et al., 2000). In the present study, no PKH-labeled HSCs
were observed throughout the organ of Corti. PKH-labeled
HSCs were predominantly located in the perilymphatic space
of the cochiea. These findings revealed that HSCs could
survive in the perilymphatic space in the cochlea, and that at
least in our experimental conditions, HSCs were not incorpo-
rated into hair cells, supporting cells, and other types of cells
in the organ of Corti through cell fusion or transdifferentiation.
For these reasons, the third explanation may be preferable,
although further cellular and molecular biological investiga-
tions are required to clarify its mechanism.

It is well known that several kind of trophic factors
including GDNF play a crucial role in the survival of sen-
sory hair cells and auditory neurons (Gillespie and Shep-
herd, 2005; Roehm and Hansen, 2005). Because the pro-
tection by HSCs against ischemia-induced hair cell dam-
age appeared to occur through their paracrine effects, we
evaluated the ischemia-induced alterations of trophic fac-
tors (i.e. FGF1, FGF2, BDNF, NT-3, EPO, Ang1 and
GDNF) in the cochlea. Consequently, we revealed that
only GDNF expression was upregulated after cochlear
ischemia, and this ischemia-induced GDNF expression
was augmented by treatment with HSCs. GDNF belongs to
the transforming growth factor-f superfamily and was dis-
covered to be a potent neurotrophic factor for midbrain
dopaminergic neurons (Lin et al., 1993). GDNF was re-
ported to confer protection to neurons during various types
of injury to the nervous system in vitro and in vivo (Li et al.,
1995; Wang et al,, 2002). A survival-promoting effect of
GDNF on inner ear hair cells against ototoxicity has been

Please cite this article in press as: Yoshida T, et al., Hematopoietic stem cells prevent hair cell death after fransient cochlear isch-
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reported in vivo (Kuang et al., 1999). In our previous report,
we also showed that adenovirus-mediated overexpression
of GDNF significantly prevented progressive IHC degenera-
tion after cochlear ischemia in gerbils (Hakuba et al., 2003b).
In accordance with these previous reports, we showed that
HSCs had the potential to upregulate the GDNF protein level
in the organ of Corti after ischemia, suggesting protective
effects of GDNF against ischemia-induced hair cell damage.
In normal adult rodent, GDNF expression is observed in IHCs
(Ylikoski et al., 1998) and the level of GDNF in IHCs was
upregulated after noise exposure (Nam et al., 2000). We,
then, speculate that cochlear ischemia can upregulate the
GDNF level in IHCs and H3Cs can modulate the GDNF level
in the organ of Corti after ischemia, although further histo-
chemical investigation must be required to confirm this
assumption.

CONCLUSION

In conclusion, our study clearly showed that intrascalar
injection of HSCs prevented a shift in the ABR threshold
and attenuated the progressive IHC damage after cochlear
ischemia. In addition, injected HSCs had the potential to
upregulate the protein level of GDNF in the organ of Corti
after cochlear ischemia. At present, there are some diffi-
culties for the clinical use of HSCs because we can get
only a small amount of HSCs from the bone marrow and
the technique for proliferating HSCs exo vivo is not estab-
lished yet. Moreover, long-term effects of HSC transplanta-
tion are not fully elucidated and unexpected adverse effects
such as malignancy and inappropriate immuno-response are
not negligible. However, these data suggest that HSC trans-
plantation could be useful in the treatment of SNHL.
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Summary

Drug delivery to the cochlea is hampered by blood-inner ear barrier

: together with its dense bony capsule. The round window is a pbséible '
A access to deliver drugs effecnvely into the cochlea. Intratympamc injec- v
tions and osmotic mini- pump has been utilized to get access to the
round window membrane (RWM). Gelatin hydrogel immersed wtth
brain derived-neurotrophic factor (BDNF) or IGF1 is successfully
applied to the RWM to protect spiral ganglion neurons or cochlear hair
cells. PLGA nano-particles are shown to penetrate round window mem-

brane, and are expected to provide sustained-release in the cochlea.
Drug delivery to the retina is also a challenge due to the existence of
blood-retina barrier. Photo dynamic therapy and intraocular implants
are clinically utilized methods to overcome this difficulty. lontophoresis
using drug immersed hy\drogel as a contact electrode effectively brings
drugs into vitreous. PLGA nano-particles with pigment epithelium-deliv-
ed factor protected the retina from ischemic injury. PLGA nano-parti-
cles may also be used as vehicles to transfect cells with plasmid DNA.
Pegaptanib, an RNA aptamer which inhibit vascular endothelium-delived
growth factor, is used for ocular vascular disease. PLGA nano-particles -

will also be used for better sustained-release of pegaptanib.
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Drug delivery systems for the treatment of sensorineural hearing loss

TAKAYUKI NAKAGAWA & JUICHI ITO

Department of Otolaryngology-Head and Neck Surgery, Kyoto University Graduate School of Medicine, Kyoto, Japan

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 initiate 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 SNHI.. 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-
tion is a simple 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 treatment 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 SNHL 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 PL.GA 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 (PL.GA) 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.

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-microimplant 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 PLLGA 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 PLGA 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
PIL.GA 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 nanoparticles 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
PLGA nanoparticles, and applied as intratympanic
drugs. The efficacy of encapsulating betamethasone
phosphate in PLGA nanoparticles has already been
confirmed using animal models for rheumatoid
arthritis and autoimmune uveoretinitis [35,36].
Local gentamicin application has been used for the
control 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 crosslinking
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 biopolymers,
(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 treatment of SNHIL. 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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