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ey Words introduction

Hair cell - Spiral ganglion neuron - Regeneration -
Drug delivery system - Biodegradable hydrogel There are more than 300,000 deaf or highly hearing-

impaired subjects in Japan. To provide effective treat-
R ment for this population is a great challenge in the field
Abstract of otolaryngology. A major problem of developing thera-
Inner ear sensory cells are very susceptible to injuries  peutic strategies for the treatment of inner ear diseases
and recovery after damage is very difficult. Recently sev-  such as sensorineural hearing loss is the difficulty of ap-
eral drugs including neurotrophic factors have been re-  plication of effective drugs to the inner ear. One possible
ported to protect against inner ear injury. The purpose reason for this difficulty is limited blood supply to the in-
of this experimental study is to find new methods forap-  nerear and another is limited transportation of molecules
plying drugs to the inner ear that effectively protect from blood to inner ear tissues as well as to the brain.
against inner ear damage. Biodegradable hydrogel was  Sustained delivery of therapeutic molecules is another
used as a carrier for application of brain-derived neuro-  critical issue for the treatment of inner ear damage, be-
trophic factor (BDNF) into the inner ear of guinea pigs  cause bioactive molecules usually require a certain dura-
through the round window membrane. After application  tion for their pharmacological actions.
of BDNF the number of surviving spiral ganglion neu- Neurotrophic factors or some other chemicals protect
rons increased following injury of inner ear haircellsand  inner ear hair cells and spiral ganglion neurons (SGNs)
spiral ganglion neurons by ototoxic treatment. This re- from ototoxic drugs and aging [1, 2]. However, no viable
sult indicates that BDNF provides effective protection way to apply drugs to the inner ear is established [3].
against inner ear damage and that biodegradable hydro-  There are some reports describing the use of an osmotic
gel is useful for application of drugs to the inner ear. mini-pump, but it requires middle and inner ear surgery.
——— Copyright ® 2005 S. Karger AG, Basel 1 he use of virus vectors for drug application is also an

effective way, however, the risk of virus toxicity is still a

major problem for clinical use.
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Fig. 1. Concentrations of BDNF in the peri-
lymph.

3 days after) e e

The purpose of this study is to establish an effective
drug delivery system for the inner ear. In this study we
used biodegradable hydrogel as a carrier of therapeutic
drugs [4]. Biodegradable hydrogel is made from ordinary
hydro-gelatin. Biodegradable hydrogel is made from por-
cine skin type I collagen and is cationized by ethylenedi-
amine and carbodiimide hydrochloride salt. Biodegrad-
able hydrogel is harmless and the velocity of drug release
as well as the drug concentration can easily be controlled.
As there 1s no need for an extracorporeal device, it is al-
ready clinically used in the fields of bone regeneration and
cartilage regeneration [5].

The aim of this study is to confirm the permeability of
a neurotrophic factor (in this study we used brain-derived
neurotrophic factor, BDNF) using biodegradable hydro-
gel through the round window membrane (RWM) and to
estimate the protective effect of BDNF to the inner ear
against ototoxic treatments using biodegradable hydro-
gel.

Materials and Methods
Experiment 1: Assessment of the Permeability of BDNF Using
Biodegradable Hydrogel through RWM
Adult guinea pigs served as experimental animals. They were
divided into three experimental groups. In the BDNF-hydrogel
group, a piece of biodegradable hydrogel immersed in 84 pg BDNF
was placed on the RWM. In another group, the same amount of
BDNF was directly injected into the perilymph through the RWM.
In the control group hydrogel immersed in physiologic saline was
placed on the RWM, Three or 7 days postoperatively, BDNF con-
centration in the perilymph was measured by ELISA.

Drug Application to the Inner Ear
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Experiment 2: Assessment of SGN-Protective Effect of

Biodegradable Hydrogel Immersed in BDNF

Adult guinea pigs deafened by kanamycin (400 mg/kg, i.m.) and
cthacrynic acid (25 mg/kg, 1.v.) were used as experimental animals.
Protective effects of SGNs against ototoxic treatments were inves-
tigated histologically and functionally. Histological analysis was
performed by counting the number of SGNs in mid-modiolus fro-
zen sections. Functional assessment was performed using electri-
cally stimulated auditory brain stem response (EABR). On day 0,
ototoxic drugs were applied. On day 18, hydrogel with BDNF was
placed on the RWM. EABR was measured on days 21 and 24.

Results
Experiment 1: Assessment of the Permeability of
BDNF Using Biodegradable Hydrogel through RWM
BDNF concentrations in the peritymph of BDNF-hy-
drogel animals 3 and 7 days after drug application, of
animals receiving a single BDNF injection and of non-
treated animals are shown in figure 1. High concentra-
tions of BDNF in the perilymph were detected in the
BDNF-hydrogel group, whereas very little BDNF was de-
tected in the direct injection or control groups. Differ-
ences in BDNF concentrations of the perilymph between
control and hydrogel groups, and between direct injection
and hydrogel groups are significant. Biodegradable hy-
drogel permits the sustained delivery of BDNF into the
inner ear.

ORL 2005:67:272-275



Basal turn

2nd turn 3rd turn

Fig. 2. Histological evaluation of the degeneration of SGNs in each turn of the cochlea 7 days after treatment with
a hydrogel immersed in a BDNF solution or physiological saline alone. Hematoxylin-eosin staining.

Control
(saline-gel) ~
BDNF-gel
mA B3 Control [ BDNF
1,400
#*p < 0.05
1,200 - e ]
1,000 -~

3 days after 5 days after

Fig. 3. Functional assessment of protective
effects of BDNF application by hydrogel us-
ing EABR. The difference in alteration of
EABR thresholds between BDNF and sa-
line groups is significant 3 and 5 days after
BDNF application.

274 ORL 2005:67:272-275
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Experiment 2: Assessment of Protective Effect

on SGNs against Ototoxic Treatments Using

Biodegradable Hydrogel through RWM

Figure 2 shows the histological evaluation of SGN de-
generation in each turn of the cochlea 7 days after treat-
ment with a hydrogel immersed in BDNF solution or
physiological saline alone. There are significant differ-
ences in the number of surviving SGNs between control
(saline) and BDNF groups in each turn. Degeneration of
cells in Rosenthal’s canal is apparent in control specimens
compared with BDNF specimens. Figure 3 shows the
numbers of surviving SGNs per unit area. There are sig-
nificant differences between both groups. However, in the
basal turn, the differences between both groups are very
small.

Functional assessment of protective effects of BDNF
application by the hydrogel against consecutive degen-
eration of SGNs was estimated by EABR. The difference
in alteration in EABR thresholds between the BDNF and
control (saline) groups is significant.

Ito/Endo/Nakagawa/Kita/Kim/Iguchi



Discussion

Efforts to reduce inner ear damage, especially to inner
ear hair cells and SGNs, will result in the recovery from
sensorineural hearing disturbance and balance disorders.
How to deliver drugs to the inner ear has been a major
problem in the development of treatments for inner ear
degeneration. The systemic application of drugs may be
associated with side effects. The blood-inner ear barrier
inhibits the transport of drugs from the serum to the in-
ner ear [3]. The inner ear tissues are isolated from the
surrounding organs by a bony construction, which makes
drug application to the inner ear difficult. The inner ear
is connected to the middle ear cavity by the RWM, and
drug application through the RWM has therefore been
considered as a possible route of drug application.

Some neurotrophic factors have been reported to pro-
tect against inner ear damage [ 1, 3]. To apply these chem-
icals to the inner ear an osmotic mini-pump [6] or a gene
transfer method [7] by virus vectors was used. An osmot-
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Cell Therapy for Inner Ear Diseases
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Meniere’s disease and delayed endolymphatic hydrops sometimes
cause severe hearing impairment, which is sometimes irreversible.
Irreversible hearing loss due to endolymphatic hydrops is caused by
1egenerauan of hair cells and/or the Lochlecu lateral wall including
the stria vascularis and spiral tigament.! The cochlear tateral wall is a
critical component for maintenance of cochlear fluid homeostasis.
Therefore, degeneration of the cochlear lateral wall can be a reason
for production of endolymphatic hydrops. Progression of
endolymphatic hydrops sometimes causes degeneration of cochlear
hair cells, and the loss of cochlear hair cells leads to degeneration of
spiral ganglion neurons (SGNs). Protection of SGNs from cell death
secondary to hair cell loss is, consequently, important for maintaining
the hearing benefits provided by cochlear implants (Cls). Cell therapy
has been reported to be a strategy for application of neulotxophms
which are also effective for Protecnon of hair cells and SGNs,™

the central nervous system™. It might therefore be possible fox
neurotrophins to be administered into the inner ear by cell therapy.

The aim of the present study was to examine the potential of cell
therapy for the treatment of degenerative inner ear disease including
Meniere’s disease, We examined the potential of autologous bone
marrow stromal cells (MSCs) for restoration of the cells in the
cochlear lateral wall, and the ability of neural stem cells (NSCs) for
production of neurotrophins after transplantation into the inner ear.

Materials and Methods

MSC transplantation

We used five adult chinchillas weighing 450 to 540 g. The bone
marrow was collected from the right femur, and MSCs were prepared
as described previously.” Two weeks after harvesting the bone
marrow, the chinchillas were injected with a single concurrent dose
of gentamicin sulfate (GM: 125 mg/kg, 1.m.) and ethacrynic acid
(EA: 40 mg/kg, i.v.). At 4 weeks after GM-EA treatment, the cultured
autologous MSCs were collected, and labeled wnth Dil (Molecular
Probes, Eugene, OR). The cell suspension (10° cells in 20 ul of
DMEM-LG) was injected into the cochlea through the round wmeW
toward the direction of the cochlear modioius using a 30 gauge
needle. '

The temporal bones were collected and fixed with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS)
for histological examination at 3 weeks after MSC injection. After
decalcification with 3% ethylenediamine tetraacetic acid (EDTA) in
PBS, 10-um sections were prepared using a cryostat. Specimens were
stained with 4’6-diamino-2-phenylindole dihydrochloride (DAPI) (2
wg/ml PBS, Molecular Probes, Eugene, OR) to demonstrate nuclear
chromatin. The specimens were viewed with a Nikon Eclipse E600
fluorescence microscope (Nikon, Tokyo, Japan) to determine the
location that MSCs settled in the cochlea. Three sections, at intervals
of 120 um, were selected from each cochlea, and cells that exhibited
positive Dil with a distinct nucleus identified by DAPI were judged
to be transplant-derived cells and counted. The numbers of
transplant-derived cells were counted in five anatomical sub-regions
of the cochlea: the scala vestibuli; scala media; lateral wall; scala
tympani and modiolus.

12
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Section 2: Regenerative Medicine

NSC transplantation

As a source of NSCs, we used enhanced green fluovescent protein
(EGFP)-transgenic mice. The neuroepithelium of the dorsal
telemephalon of embryonic mice at unbxyoxm day 11.5 was
transferred into the neurosphere culture medium.” Secondary spheres
were collected for transplantation, dissociated and suspmded at a
density of 1 x 10° cells/ul in the neurosphere culture medium. We
injected 10 pf of the medium including NSCs into the inner ear of 3
adult C57/BL6 mice at 6 weeks of age. Animals were anaesthetized
by an intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(9 mg/kg). We made a small hole in each of the lateral and posterior
semicircular canals of the left ear. A glass needle was inserted into
the lateral semicircular canal, and the medium containing NSCs was
injected using a micro-infusion pump.

Four weeks later, the temporal bones were collected, and immersed in
4% paraformaldehyde in PBS. After decalcification with 0.IM
EDTA, cryostat sections of the temporal bones were prepared at 10
um in thickness. Mid-modiolus sections from each animal were
provided for histological analysis. The cell fate of transplant-derived
cells was determined by immunohistochemistry for microtubule-
associated protein 2 (MAP2), a cell marker of neural cells, and glial
fibrillary acidic protein (GFAP), a cell marker for glial cells. The
ability for production of neurotrophins was examined by
immunohistochemistry for glial cell line-derived neurotrophic factor
(GDNF) and brain-derived neurotrophic factor (BDNF). Anti-MAP2
mouse monoclonal antibody (1:300; Sigma), anti-GFAP rabbit
monoclonal antibody (1:200; DAKO, Carpinteria, CA), anti-GDNF
rabbit polyclonal antibody (1:200; Santa Cruz, Santa Cruz, CA) and
anti-BDNF rabbit polyclonal antibody (1:200; Santa Cruz) were used
as primary antibodies, followed by incubation with secondary
antibodies. Rhodamine-conjugated anti-rabbit goat I[gG (1:200;
Chemicon, Temecula, CA) or Alexa Fluor 394-conjugated anti-
mouse goat 1gG (1:200; Molecular Probes) was used as secondary
antibodies.

All experimental protocols were approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto

Results

MSC transplantation

We confirmed robust survival of the injected MSCs in multiple
regions in the cochlea. Transplant-derived cells were found in every
turn of the cochlea, including its apical end, in all animals. The mean
number of surviving transplanted cells in the basal end of the basal
turn - was 1307 cells/section. Transplant-derived cells  were
predominantly located in the perilymphatic space or modiolus of the
cochlea. However, transplant-derived cells were also identified in the
cochlear lateral wall including the spiral ligament and stria vascularis.
The transplanted cells in the perilymphatic space ol the scala
vestibuli appeared pyramidal or polygonal, while those in the spiral
ganglion and the cochlear nerve were oval or spindle shaped. The
transplanted cells in the lateral wall were thin or spindle shaped, and
their locations were continuous with those in the scala vestibuli.



346

fHRIEIERF DR R

12. BDNF

N H

rp 1] P 22 NAKAGAWA  Takayuki
FUB KRR IR E SN ER B AR - SIS

{HBEZE— ITO Juichi

BUSKSEAERIE TR B BRR - JRETAEIM R

™
3

HE RRAY)

R EE65ME UL E AT 6 BICEE S 4L, 758 E AODOEIZL/4A HHAEGIIER Z &
e LRVOMEZET A ERHONT VWD, & 512, FRIEERIZL000AIZ T D5
NBELHEDEWCERMBERE Th b, T2, BEEFHE CHIMEOMNER TH b2 IEIE
RAZL—JVFE Vo 2 HEEERL, ADWATAD D RBOADREEFRDLENT L, b
OHEEFES R ED, KEBHE T, 1FLAEPFHHEZETIMFOBEILLLLDOTDH
2 BItE, HOMEAED LN TVBEREE LT, AT0A NOEFREVIHET 2708, S
ORDRZEE D, APELLTLLMETEZLDOTIER Y, 85615, A7 04 NG AL
THoPED TR LEREL LT, BREBRKRER ESBITIN TV, HotkiLsd
BDTRONTVAEOPFERTH S, SNSOFRENS, HRIERHARIZE T, B HEEGR
EORBEBHEL SN TS,

Wi E, B EXKROBELY LEEMEL LTBY, ZOBITEERE, FORp, mER st
BN DR TSN 3 O0EMIC IR TS (B1), THHESEL, MEFTICE
W B EEMIIE, PREEICEET S, AEMRSEE LAY PRIER S 7 & i,
BEEOUMOIWMHELEL, AEMRE Y FTAEEE LD, W TIE, PREEFLIFIINh 5 2EH
W ST VAR (B 2 /%) OANFEHR Y TLATHY, MOEEEDA ) 7 JREN
DAY Y SEMEERT B, WY Y NEMIE, FEMROKSBICAT TS, WY /38
DTN AR R A 0HEAS, WEORBEHEET AMERL T L VHHETH 5o

INETOFERENS, REHEOREILE, WP DHRBLATFET LI b oT

37



B (4B 4 B )
BITRERS

T R BE LR
BEN

E1 AREBEOETESBFIEER
A RE (B4, §iE) £, FEOELHICEROBILHEET S, EHEBTEENLT, PEERBUERET 3,
B WBAERTER ; MBS S BURERS, PRE. SHEROIDIICHSIND, T MBEITHICES T ARSIIEET B,

dma

Who HEMBBEEL, J&romMBEEER, MELEBLIUCIXVREER L, ThL2NRE
THIATPHEEST B, TNTIFRNZENBED Y — VERTIEPHLNPIISINTES
D, BRNICHDBERESMNZHENT LI EHFMEETH 5, WE, INO O OERE M,
OB EOTRESERSIN TV EA, HIEEEZF ) BEEROBKRICHIZI WE 2Rz
BT 50WBRTH B, L7zdSo T, BRANOISHEOBAD» 51, WA DM %2 R0 #m Z2 221L,
FThb BN SRET A HEERET A ENEB L VLSL, INE T, AF{TID L
5 M e piiR S #2[K T~ (brain-derived neurotrophic factor | BDNF) 7z & O ffEacaEH -, &
BEREHR R EOADEAERICTESPIZENTVEY 2, Tho0#EW3, £8%5I1CXY
IR CRIREEBET A LREBTH D, NE~NORFESIST, TOEMENRD LN TV A,
L7eh5o T, BRTHATE 2REPOMEICNTIZEY 25T 5 HEIML SIUE, #il
W M ARSI S N BT D B

Fald, oL ERPL, WRFEFEEMFENEN - AAHEETEMEEM (E4
BEAE  FAHE BEERE) PEYERTATLELTHRELLT S - a9 —-F rlikEs
FUNnAFarN GTAA Fayr) P 2E5 L, KYAT A ENEEYHESE A7 5L T
ST 5720 ORBENGE 2 T o 720 HREMOEMNIE, WIF0—KMBHHMIZTH S T & >k
WO REE Lz, 20OMAE LT, 7€ MR miifaida Bl LT, 2kl
ELBEPERPTH AL, ERICRETZREVIEBRMICOBETE L 2L, J & U AEH
HREBNLHNEOFHEIATRZ I EFHITLNE, 22T, ALRFIIOWT, fFEICHH
Th. NLWHIZ, B, SEREHEICETIM—OBEEETH), HEZERNBIIEBRL,
ER T MR E R T 52 Lild Y, MEXBLIHETH L. Tabb, J& itk
M H B RERF L T airiud, ALAEZHEORAATORELER T HI LB TE RV,
B3 & L TWBDNF 2 BIRL7ze ZOFRE LTI, 7 TIKBDNFO T & v iR i
ERAELNTWAZ LY D, BDNFAMIA S TORMBRERICEVSNTVS I LD HIF oMb,

38

7

347





